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Volume 21 of Annual Reports in Medicinal Chernktry contains 31 chapters in seven sec- 
tions: CNS Agents, Pharmacodynamic Agents, Chemotherapeutic Agents, Metabolic 
Diseases and Endocrine Function, Topics in Biology, Topics in Chemistry and Drug 
Design, and Worldwide Market Introductions. The last of these sections, first introduced 
in Volume 19, continues to be a popular adjunct to the more classic topics of this serial. 

In this volume, the Section Editors have been granted latitude in addressing the process 
and future of drug discovery, as well as the more traditional reporting of the last year’s 
events. Thus, in each section there appear chapters that attempt to add the perspective of 
future opportunity to the established accomplishments of the past and present. These 
chapters include potential mechanistic approaches to the discovery of safer neuroleptics 
(chapter l), and agents for the treatment of acute ischemic stroke (chapter l l) ,  
atherosclerosis (chapter 19), and autoimmune diseases (chapter 20). Issues confronting 
discovery research in the maturing antibiotic area are addressed in chapter 12. In Section 
VI, the utility of powerful tools to probe molecular interactions (chapter 28) and structure 
(chapter 30) is described. 

Because of their scientific importance and rapidly evolving therapeutic potential, 
various aspects of molecular biology have been covered in several chapters. In some in- 
stances these general chapters extend across therapeutic areas. For example, chapters 16 
and 22 discuss the oncogenic potential of peptide growth factors, the former from a more 
medical viewpoint and the latter from a biochemical perspective. 

Updated in this volume are the areas of anxiolytics, anticonvulsants, sedative-hypnotics, 
analgesics, antihypertensives, pulmonary, antiarrhythmic and antiallergy agents, and anti- 
infectives. In addition, the potential medical utilities of atrial natriuretic factor and colony 
stimulating factors are reviewed. The current status of bioisosterism in drug design and the 
use of computers in planning organic syntheses are discussed in Section V1. 

In its continuing effort to vitalize the format of Annual Reports, the editorial board has 
elected to experiment with the addition of an in-depth review of an area globally important 
to drug discovery. In this year’s volume the concept and function of receptors are exten- 
sively covered in the section on Topics in Biology (chapter 21). 

It has been a pleasure to work with the Section Editors and contributors to this volume. 
They have, indeed, generated and assembled a fine collection of reports. As usual, this 
volume could not have been completed without the assistance of Martha Johnson, to 
whom I am most grateful. 

Denis M. Bailey 
RensseIaer, New York 

May 1986 

xiii 
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Section I - CNS Agents 

Editor: Barrie Hesp, Stuart Pharmaceuticals 
Division of ICI Americas, Wilmington, DE 19897 

Chapter 1. Atypical Antipsychotic Agents 

Fredric J. Vinick and Michael R. Kozlowski 
Pfizer Central Research, Groton, CT 06340 

Introduction and Background -While neuroleptic drugs continue to represent the best form 
of treatment for schizophrenia, they still possess two major weaknesses. First, as many as 
one-third of the patients suffering from this disorder, particularly those with a preponderance 
of negative symptoms, do not respond to neuroleptic treatment.1.2 Second, all neuroleptics 
currently approved in the United States produce extrapyramidal side effects (EPS).' The most 
common forms of EPS are Parkinsonism, dystonia, akathisia and tardive dyskinesia (TD). The 
first three types occur early in the course of neuroleptic treatment and can usually be ameliorated. 
The fourth form, TD, develops only after months or years of therapy. It can be life-threatening 
and is very difficult to reverse even after termination of neuroleptic treatment.3 Both acute and 
chronic EPS are believed to result from blockade of dopamine (DA) receptors in the neostriatum 
of the brain.2~3 The acute symptoms are likely due to a decrease in striatal DA functioning. 
On the other hand, TD appears to result from the ability of the striatal DA system to overcome 
the neuroleptic blockade and ultimately reestablish more normal levels of neurotransmission. 
Since the striatal DA receptors have been made supersensitive by chronic blockade, the restored 
dopaminergic stimulation produces the abnormal movements of TD.3 

In recent years efforts have been focused on the need for drugs with greater clinical effi- 
cacy, and/or reduced liability to produce EPS, especially TD. Drugs which possess this clinical 
profile, or are predicted to exhibit it based on preclinical data or mechanistic hypotheses, have 
been termed "atypical antipsychotics." 

Putative Mechanisms Subserving Atypical Activity - The pharmacological mechanisms 
most often suggested as contributing to atypical antipsychotic activity (sometimes in combination) 
are described in this section. 

Selective antagonism of limbic DA receptors - The consensus is that antipsychotic drugs 
ameliorate psychosis by blocking the DA receptors in limbic regions of the brain (e.g., nucleus 
accumbens, olfactory tubercle, frontal cortex) while EPS result from the concomitant blockade 
of DA receptors in the striatum.4~5 It follows that a drug which preferentially blocks limbic DA 
receptors might have a lower propensity to produce EPS.6 Behavioral tests are generally used 
to identify DA antagonists which are selective for the limbic system. Inhibition of the enhanced 
locomotor behavior resulting from the administration of dopamine agonists is thought to result 
from limbic (i.e., nucleus accumbens) DA receptor blockade, while reversal of the stereotyped 
behavior produced by higher doses of DA agonists appears more related to the inhibition of 
striatal DA receptors.7-9 Likewise, the blockade of striatal DA receptors seems important in 
mediating catalepsy.10-12 Therefore, limbic DA receptor blockade, and presumably anti- 
psychotic activity, would be indicated by the inhibition of locomotor activity, while decreased 
striatal DA receptor blockade, and reduced EPS liability, would be predicted by little or no 
inhibition of stereotypy, and the absence of catalepsy. The absence of supersensitivity to DA 
agonists in behavioral paradigms subserved by striatal mechanisms, following chronic 
administration of a putative antipsychotic, may be indicative of reduced TD liability; the 
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- 2 Section I - CNS Agents Hesp, Ed. 

neurochemical correlate of such behavioral measures is the absence of striatal DA receptor 
proliferation.3 

AnNmuscarinic Activity - Blockade of muscarinic receptors in the striatum produces 
behavioral effects opposite to those caused by blockade of DA receptors. Thus, antimuscarinic 
drugs, such as scopolamine, potentiate the stereotypy induced by amphetamine, while atropine 
reverses haloperidol-induced catalepsy.8.13 The antimuscarinic potencies of antipsychotic drugs 
are inversely correlated with their liabilities to produce EPS in man.14915 This supports the 
hypothesis that concomitant antimuscarinic activity will attenuate the effects of DA antagonists 
in the striatum. 

Gamma-Arninobutyric acid (GABA) agonist activity - Chronic administration of neuroleptics 
causes many changes in brain GABAergic systems, including a decrease of GABA turnover 
in limbic and striatal regions, decreased activity of glutamic acid decarboxylase (GAD) in the 
substantia nigra and a proliferation of nigral GABA receptors. 18-18 These changes in the 
GABAergic system could contribute to TD in two ways. First, since the GABAergic striatonigral 
pathway affects neurotransmission from the striatum to other brain regions, a proliferation of 
nigral GABA receptors could facilitate the passage of information down this pathway, thereby 
enhancing the effects of striatal DA receptor activation and (ultimately) inducing TD.19 Con- 
versely, the decrease in nigral GAD levels and GABA turnover could itself lead to TD.20 It has 
been suggested that the combination of a GABA agonist with a dopamine antagonist could 
prevent these processes, either by preventing nigral GABA receptor proliferation or by main- 
taining tonic GABAergic activation, and that such a combination would have a reduced TD 
liability.1@~~ However, since GABA agonists do not improve psychosis (and may even worsen 
it), drugs with this profile would not be expected to have increased clinical efficacy.21'22 

Noradrenergic antagonist activity - Norepinephrine (N E)-contai n ing brain systems have 
also been implicated in the etiology of schizophrenia. Schizophrenic patients, particularly those 
with the chronic form of the disease, have elevated levels of NE and its major metabolite, 
3-methoxy-4-hydroxyphenylglycol (MHPG), in some brain areas as well as elevated NE levels 
in their cerebrospinal fluid.23-25 These results point to altered noradrenergic system function- 
ing in schizophrenia, interpreted as increased activity by sorne,23*28 and decreased activity 
by others.24~25 Altered noradrenergic function might contribute directly to psychosis or the ef- 
fects could be indirect via modulation of the DA system. The latter possibility is supported by 
experimental data showing an interaction of noradrenergic and dopaminergic systems in a 
number of behaviors including amphetamine-induced hyperactivity, amphetamine-induced 
stereotypy, conditioned avoidance, aggression, feeding, motor activity and catalepsy.27-30 Sup- 
port for a beneficial effect of NE system antagonism in schizophrenia has also come from clinical 
trials of propranolol in this disorder. Most studies have shown benefit with propranolol alone 
or in combination with a neuroIeptic,31-37 although some have failed to demonstrate 
eff icacy.38-40 

serotonin (5-HT) entagonist activity - 5-HT antagonists can reverse some of the biochemical 
and behavioral effects of neuroleptics. Thus, neuroleptic-induced catalepsy is prevented or 
reduced by 5-HT receptor antagonists (cyproheptadine, mianserin, or methysergide), or by 
lesions of the serotonergic system.41-44 In addition, methysergide, mianserin and cinanserin 
block the increase in DA turnover produced by haloperidol in the striatum.6 Cyproheptadine 
and methysergide also reverse fluphenazine's inhibitory effect on the locomotor behavior 
produced by direct administration of DA in the nucleus accumbens: on this basis, it is unlikely 
that 5-HT antagonists would improve antipsychotic efficacy,* although serotonergic overactivity 
has been associated with some syndromes of schizophrenia.47 

Other mechanisms - A drug which does not directly block DA receptors, but produces 
some of the electrophysiological, biochemical or behavioral effects common to clinically active 
neuroleptics, might possess antipsychotic activity without the risk of EPS. The behavioral tests 
usually employed to search for this activity, such as conditioned avoidance behavior, intracranial 
self-stimulation and unconditioned behaviors, are independent of a priori DA receptor blockade.@ 
However, some investigators have also employed DA-induced behaviors including the climb- 
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ing and aggressive behaviors induced by ap0morphine.~8 Several neuropeptides, including 
cholecystokinin (CCK), neurotensin and des-tyrosine-gamma-endorphin (DTGE) produce effects 
on DA turnover or behavior that simulate those of neuroleptics without binding directly to DA 
receptor sites.49-55 However, clinical trials of DTGE have shown only modest, short-lived anti- 
psychotic activity, while trials of CCK have failed to demonstrate activity reproducibly.56-58 
Recent studies have described a putative endogenous peptide which binds to the sigma opiate 
receptor.= Since agonists which bind to this receptor typically have potent psychotogenic activity 
(e.g., phencyclidine, PCP),GO it is thought that an antagonist might possess antipsychotic 
efficacy.61 Again, blockade of DA receptors would be circumvented. 

Clozaplne: The Prototypical Atypical - The clinical effectiveness of clozapine has been 
documented in a large number of studies which, almost without exception, have noted the 
virtual absence of EPS.62-67 Furthermore, clozapine has often been rated as more efficacious 
than classical agents such as chlorpromazine.68-75 The extensive efforts to elucidate the 
mechanisms underlying clozapine’s unique and desirable clinical profile can be analyzed with 
regard to the six putative rationales for atypical activity set forth in the previous section. 

Selective antagonism of limbic DA receptors - Selective activity in limbic systems has 
been noted in the behavioral, biochemical, neurochemical and electrophysiological effects of 
clozapine. In behavioral tests, clozapine inhibits the locomotor stimulation but not the stereotypy 
induced by apomorphine, and does not produce catalepsy.76.77 Biochemically, clozapine pro- 
duces a greater enhancement of DA turnover (at least with optimal treatment parameters) in 
limbic than striatal brain regions, while conventional neuroleptics produce an equal or greater 
effect in the striatum.78-82 Likewise, while classical drugs (with the exception of thioridazine) 
acutely produce an increase, and chronically a decrease, in the firing rates of DA-containing 
neurons projecting to both limbic and striatal brain regions, clozapine produces these effects 
preferentially or exclusively in neurons projecting to the limbic region.83184 Furthermore, 
clozapine selectively binds to limbic compared to striatal brain regions, whereas conventional 
neuroleptics do not reproducibly show any preference or are striatally selective.85-87 However, 
selective binding may not occur in man.88 

While the consensus is that clozapine does induce supersensitivity on chronic administra- 
tion, this effect is believed to apply more to behaviors mediated by limbic, rather than striatal 
systems.m2 Also, in contrast to conventional neuroleptics, chronically administered clozapine 
does not cause a proliferation of striatal DA receptor binding sites.92193 These data suggest 
that clozapine produces a weak striatal DA receptor blockade, and are consistent with the 
reported absence of TD in patients treated for extended periods of time with this drug. 

Antimuscarinic activity - Clozapine is an anticholinergic agent with high affinity for 
muscarinic cholinergic receptors.77 A study of the effect of clozapine (intra-accumbens 
administration) on amphetamine-induced stereotypy concluded that clozapine’s potent anti- 
cholinergic activity modulates its mesolimbic dopaminergic properties: the combination of 
clozapine with a cholinergic agonist effectively antagonized stereotypy, whereas clozapine in 
combination with an anticholinergic agent significantly potentiated the stereotyped behaviors.94 
Muscarinic binding in the mouse brain (cortex, hippocampus, and striatum) is increased upon 
chronic administration of clozapine, consistent with its anticholinergic activity; this up-regulation 
of muscarinic sites may offer protection against TD.95 The anticholinergic effects of clozapine 
might also be responsible for its preferential elevation of DA turnover in limbic areas, since 
this effect can be mimicked by co-administration of haloperidol and an anticholinergic drug.78 

GABA agonist activily - Unlike haloperidol or chlorpromazine, clozapine does not up- 
regulate GABA receptors in the substantia nigra following chronic administration. It has been 
speculated that the anticholinergic activity of clozapine interferes with the activation of 
nigrostriatal pathways required for the suppression of GABA transmission, thus preventing 
the development of supersensitive GABA receptors “downstream” from dopamine receptors.” 
However, clozapine may exert a more direct effect on GABA receptors since it has been found 
to facilitate the binding of 3H-flunitrazepam to mouse brain in vivo (an effect produced by GABA 
agonists).96 



4 - S e c t i o n  I - CNS Agents Hesp, Ed. 

Noradrenergic antagonist activity - Chronic administration of haloperidol to rats was shown 
to inactivate both A9 (striatal) and A1 0 (limbic) neurons in an electrophysiological study, whereas 
clozapine under the same treatment protocol inactivated A1 0 cells selectively. Chronic co- 
administration of haloperidol and an alphal antagonist drug (prazosin) mimicked the chronic 
clozapine effect. The combination of haloperidol with an alpha?, antagonist did not produce 
clozapine-like A10 selectivity. Thus, alpha, antagonism may be responsible in part for some 
of clozapine’s selective limbic effects.97 

5-HT antagonist activity - The 5-HT2 antagonist properties of clozapine have been demon- 
strated by several investigators. In addition to inhibiting 5-HT2 receptor binding, clozapine blocks 
the ability of rats to discriminate quipazine, a direct 5-HT receptor agonist.98 In another set 
of experiments clozapine blocked the potentiation of apomorphine-induced hypermotility by 
LSD in the rat,998100 an effect whose locus of action appears to be the median raphe nucleus. 
Chronic administration of clozapine causes adaptive changes in the serotonin system: 5-HT2 
receptors (frontal cortex) are down-regulated by 63% in the rat.101 

Other mechanisms - 3H-Clozapine has been utilized in several binding experiments in 
efforts to determine whether this drug might label a novel, pharmacologically relevant site. 
Much of the binding was to muscarinic receptors, and the remaining specific binding was largely 
non-dopaminergic.1oz-104 To date there is no conclusive evidence for a unique, functionally 
significant “clozapine binding site.” 

Clinically Tested Putative Atypical Agents - In addition to clozapine, a number of drugs 
from diverse structural classes have been reported to exhibit atypical clinical activity. The 
substituted benzamides (e.g., sulpiride) have not been included in this review for two reasons. 
First of all, controversy still exists as to whether sulpiride, the most well-studied agent from 
this structural class, truly displays atypical activity: it has been difficult to determine if, in fact, 
sulpiride, compared to classical neuroleptics, possesses roughly equivalent EPS liability when 
administered in doses high enough to be antipsychotic.105 Sulpiride is a relatively weak antago- 
nist at the D2 DA receptor but has no effect on NE, 5-HT, ACh, histamine, or GABA recep- 
tors.106-108 Chronic administration of high doses of sulpiride does produce behavioral and 
biochemical supersensitivity to DA agonists.109 Very high doses of this agent given acutely 
have been shown to induce catalepsy.87 

Secondly, the newer benzamides are, like sulpiride, selective D2 blockers. Drugs such as 
etoclopride and raclopride differ from sulpiride primarily in terms of greater potency as DA 
antagonists.110.111 Since little or no clinical information regarding the potent benzamides is 
available at the present time, it will be best to review these drugs after a number of independ- 
ent studies of efficacy and tolerance have been published. 

Fluperlapine (1) - This drug was effective in several open and single blind trials and did 
not produce EPS.112-117 Like clozapine, its atypical activity could be due to any of a number 
of mechanisms.118 Fluperlapine may be a selective antagonist at limbic DA receptors since 
it is weak as a blocker of apomorphine stereotypy and does not induce catalepsy (both striatal 
effects). However, its activity against DA agonist-induced hyperlocomotion has apparently not 
been examined, so that no limbic versus striatal comparison of behavioral effects can be made. 
In receptor-binding studies fluperlapine shows weak affinity for the DA receptor but binds potently 
to muscarinic, 5-HT2 and alpha,-adrenergic sites. While fluperlapine is anticholinergic in vivo, 
and increases striatal levels of the DA metabolite, homovanillic acid (HVA), it is much less 
effective at increasing levels of the norepinephrine metabolite, MHPG, in the brain system. 
Thus, some combination of antidopaminergic, antimuscarinic or antiserotonergic activities may 
be responsible for the atypical psychotherapeutic profile of this drug. 

Rimcazole (2) - This agent has been tested in several open clinical trials where it has 
reportedly shown efficacy with minimal EPS.119-123 The antipsychotic activity of rimcazole ap- 
pears not to involve DA receptors directly: it is extremely weak as an inhibitor of D2 receptor 
binding.124 Rirncazole may act as a selective DA antagonist in the limbic system since it in- 
creases the concentrations of the DA metabolites, HVA and 3,4-dihydroxyphenylacetic acid 
(DOPAC), in the prefrontal cortex but not in the striatum.125 In addition, it does not block apomor- 
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phine or amphetamine-induced stereotypy, nor does it induce catalepsy.126 Rimcazole does 
block apomorphine-induced climbing in mice and inhibits several forms of aggressive behavior, 
but does not inhibit conditioned avoidance behavior.126 The only potent binding interaction 
of rirncazole is at the site labeled by 3H-SKF-10047.127 While this observation may suggest 
sigma receptor antagonism as a mechanism of action, rimcazole did not inhibit binding of the 
putative sigma receptor agonist and psychotogen, 3H-PCP.127 
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Ritanserin (3) - This drug has shown clinical efficacy with reduced EPS liability in both 
open and controlled clinical trials (with or without an added neuroleptic).12B-130 Ritanserin is 
a very potent 5-HT2 antagonist. By comparison, it is considerably weaker as a D2 receptor 
blocker. Despite its binding potency at DA receptor sites, ritanserin does not alter levels of 
DA or its metabolites, except at very high doses. It is also ineffective in antagonizing behaviors 
produced by dopaminergic stimulation. Ritanserin has moderately high potencies at alphal- 
and alpha2-adrenergic binding sites, which may contribute to its atypical profile.131 
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Setoperone (4) - This drug has been tested in open clinical trials in patients with mainly 
negative schizophrenic symptoms.132 It was efficacious in these studies with a reduced liability 
to produce EPS. Setoperone inhibits DA and 5-HT2 binding with approximately equal poten- 
cies, and blocks the in vivo effects of tryptamine, as well as those of amphetamine and apomor- 
phine (including apornorphine-induced stereotypy).13*134 It is devoid of anticholinergic 
activity.‘% 

Other Putative Atypical Antipsychotics - This section will discuss those agents which have 
been purported to possess atypical antipsychotic activity based on preclinical biochemical, 
neurochemical or behavioral data. We have omitted from this review the selective D1 DA antagon- 
ist, Sch 23390, which has been recently described elsewhere.135 A functional interrelation- 
ship between D1 and D2 receptors has been noted by several investigators.136~137 Like 
conventional neuroleptics, Sch 23390 has been reported to induce catalepsy,l38 although there 
has been some disagreement as to whether the observed immobile state is a true haloperidol- 
like catalepsy.135 Also, this drug has been found to potentiate haloperidol-induced dyskinesias 
in sensitized squirrel monkeys.139 Although Sch 23390 has been shown to differ from classical 
agents by virtue of a lack of direct effects on DP receptors,140~141 it is difficult to categorize 
this drug as atypical in the absence of clinical data. 

BMY-14802 (5) - The putative atypical activity of this compound is based on its neuroleptic- 
like effects in electrophysiological, biochemical and behavioral tests in the absence of in vitm 
DA receptor blockade. BMY-14802 lacks affinity for any binding sites thus far examined, including 
dopaminergic (D2), muscarinic, serotonergic or adrenergic (alphal- or beta-).14”1w However, 
it inhibits conditioned avoidance behavior, apomorphine-induced stereotypy and amfonelic acid- 



- 6 Section I - CNS Agents Hesp, Ed. 

induced locomotion, and does not produce catalepsy.142-144 Also, like neuroleptics, it increases 
DA cell firing and DA turnover in the striatum when administered systemically.~4~ 
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CGS70746B (6) - This compound displays neuroleptic-activity without in vitro DA receptor 
blockade.145 It blocks neither D2 nor muscarinic binding sites. However, CGS-107468 inhibits 
conditioned avoidance behavior and intracranial self-stimulation, and does not produce the 
acute dyskinetic syndrome in monkeys. Like other neuroleptics, it produces an increase in 
striatal levels of the DA metabolite, DOPAC; however, this increase is small. CGS-107468 also 
possesses weak alpha-adrenergic antagonist properties. 

Cinuperone (7) - This agent selectively inhibits DA-dependent behaviors mediated by 
the limbic system.14@,147 Thus, cinuperone inhibits methamphetamine-induced locomotor 
behavior with higher potency than it blocks amphetamine-induced stereotypy, and does not 
induce catalepsy. In addition, this drug inhibits apomorphine-induced climbing, conditioned 
avoidance behavior, intra-cranial self stimulation and apomorphine-induced turning in lesioned 
animals. Cinuperone is a potent inhibitor of DA (Dz) and NE (alphal), but not muscarinic binding. 

Amperozide (8) - This compound is selective for presynaptic DA terminals in the limbic 
system and is also a potent 5-HT antagonist.l@ In principle, attenuation of DA systems via 
presynaptic mechanisms could result in reduced EPS liability. However, although behavioral 
data suggest that amperozide acts selectively at presynaptic DA terminals, it apparently does 
not affect DA synthesis.149 Amperozide inhibits the locomotor behavior, but not the stereotypy 
caused by amphetamine, and does not cause catalepsy. These findings provide behavioral 
evidence for limbic selectivity.149~150 The potent 5-HT2 receptor binding and decreased 5-HT 
cell firing produced by amperozide suggest functional antagonism of the serotonergic system.150 
However, these antagonist properties may be partially mollified by the ability of this agent to 
inhibit 5-HT uptake.150 Amperozide also has weak effects on noradrenergic binding (alpha,- 
and alpha2-), uptake and cell firing.150 

DapipraZOre (9) - Dapiprazole is reported to be neuroleptic-like but devoid of direct DA 
receptor-blocking activity. However, the claim for lack of DA receptor inhibition rests on the 
failure of this compound to inhibit apomorphine stereotypy or to induce catalepsy.151 These 
activities are also absent in some known DA receptor antagonists (e.g., clozapine). Dapiprazole 
does block amphetamine locomotor behavior, which indicates selectivity for the limbic system, 
and also inhibits conditioned avoidance behavior.151 It is a potent noradrenergic blocker (alpha-, 
but not beta-) and a somewhat less potent inhibitor of serotonin, but is devoid of anticholinergic 
activity.152 
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Mezilamine (70) - This agent is classified as an atypical antipsychotic on the basis of 
its selectivity for the limbic DA system and its weak induction of catalepsy.153~154 Mezilamine 
inhibits DA (D2) binding in vitro (JH-haloperidol) more potently in the olfactory tubercle than 
in the striatum. It also increases DA turnover to a greater extent in the nucleus accumbens 
than in the striatum.153.154 However, some of these effects may be attributable to alpha- 
adrenergic mechani~ms.153~154 Mezilamine does not inhibit muscarinic cholinergic binding and 
does not display GABA agonist activity in vivo.155 Like other neuroleptics, mezilamine blocks 
apomorphine-induced stereotypy and yawning, and conditioned avoidance behavior.155~156 

MJ-73980-1 (77) - On the basis of its failure to produce catalepsy on acute administra- 
tion, or striatal supersensitivity on chronic administration, it is predicted that this compound 
will show decreased EPS liability.157,158 MJ-13980 does, however, block apomorphine-induced 
stereotypy and striatal 3H-spiroperidol binding, which indicates inhibition of the striatal DA 
system.158 It is devoid of antimuscarinic activity.157 

Tiasperone (72) - Tiasperone is weakly cataleptogenic and fails to induce striatal DA recep 
tor binding site proliferation on chronic administration; it does, however, inhibit conditioned 
avoidance behavior and arnfonelic acid-induced locomotor behavior.1BJm Tiasperone is more 
effective in preventing firing of DA-containing neurons which project to limbic than to striatal 
areas, following chronic administration.161 The above effects are consistent with limbic selectiv- 
ity. By contrast tiasperone is as potent an inhibitor of apomorphine-induced stereotypy (a 
striatally-mediated behavior) as of amfonelic acid-induced hyper locomotion.^^^^^^^ Receptor- 
binding studies show that 12 has high affinity for DA (Dd, adrenergic (alphal) and 5-HT receptors: 
it does not bind to muscarinic receptors.160 

Summary - We have described many of the compounds under development which are claimed 
to be atypical antipsychotic drugs free from the major deficiencies of currently marketed agents. 
However, it will take many years of clinical studies before it can be determined, which, if any, 
of these are truly “atypical” antipsychotics, both from the standpoint of improved efficacy and 
reduced EPS liability. 
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Chapter 2. Anxiolytics, Anticonvulsants arid Sedative-Hypnotics 

Michael Williams and Naokata Yokoyama 
Research Department, Pharmaceuticals Division, 

CIBA-GEIGY Corporation, Summit, NJ 07901 

Introduction - Public interest in anxiety has continued to increase, with 
over 13 million individuals in the U.S.A. being affected by this dis- 
order,' At the preclinical level, the emphasis has been on attempts to 
separate the various pharmacological actions of the benzodiazepines 
(i.e. anxiolytic, sedative, anticonvulsant and muscle relaxant), into 
distinct processes mediated via different receptor subtypes, although 
this approach is more molecular than physiological. *-' Concurrently 
based on the activity of buspirone (1)6 and related compounds (2)-(5),7-4 
the mechanistic emphasis has switched to the role of serotonin in the 

etiology of an~iety.~ Compound 1 does not interact with central benzo- 
diazepine (BZ) receptors, is devoid of sedative and muscle relaxant 
action8 and does not potentiate alcohol.6 There have been new develop- 
ments pertaining to the putative endogenous ligand for the central recep- 
tor1' and the functional role of peripheral BZ receptors (PBZR) .11'12 

Benzodiazepine receptor ligands - Compounds directly interacting with the 
central BZ receptor include the pyrazoloquinoline, CGS 9896 (5), a non- 
sedating anxiolitic devoid of muicle relaxant activity and wi% reduced 
propensity to potentiate alcohol, l3 which continues to be distinguished 
from typical BZ anxiolytics in various animal models.14-17 A close 
analog, CGS 9895 (6) is a potent BZ partial agonist" and a selective 
antagonist of some anticonvulsants, as is 8-CMC (8).19 - Classical BZ 

H 
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structures also remain of interest. SAS 646 (11) and the 'hetrazepine', 
brotizolam (WE 941, 12) have been introduced a s  anxiolytics in Europe. 
Metaclazepam, (KC-2547, 14) is a putative anxiolytic with less muscle 
relaxant properties than diazepam or bromazepam. 2 o  

F R=COOEt 
A=H 

w N 2 M e  -N 

v 

Me 

Br J%fHzOMe -N 

Loflazepate (CM 6912, 3) is a potent inhibitor of radioligand binding 
to the central BZ receptor, although a metabolite, (CM 7116, E), is more 
effective in potentiating the suppression of guinea pig cerebellar 
Purkinje cell firing by GABA.21 A series of 1-azacycloalkyl BZs has been 
reported to have antianxietylantidepressant actions. 22 The rauwolfia 
alkaloid, raubasine, can inhibit BZ binding to the receptor competitively 
and has anticonvulsant activit in v ~ v o . ~ ~  SR 95195 (17) has been 

GABA-A receptor antagonist, is non-selective and binds to glycine recep- 
tors at equivalent concentrations. 2 5  The quinoline partial agonist 
PK 8165, has anxiolytic activity in humans.26 Compound 2 is active in 
binding assays and animal models . 2 7  "Hetrazepine" 20 has anticonflict 
but no anticonvulsant, activity.28 Ro 15-3505 (g)m and compound 2236 

reported to be a BZ antagonist. Y - -  Pitrazepin (Is), a potent competitive 

are BZ antagonists. 

BZ Receptor Subtypes - Controversy still surrounds the delineation of BZ 
receptor subtypes, as assessed by ligand binding studies, and their phar- 
macological relevance. 3 ' 4  The temperature dependence of BZ binding has 
questioned the physiological relevance of the minutiae generated in bind- 
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ing studies ,31’32 while the anomalous binding properties of triazolam 
(2) have been linked to its hypnotic actions.31 New studies have cast 
doubt on the earlier suggestion that the BZ-1 subset of binding sites 
constitutes the anxiolytic re~eptor.~ The BZ-1 sites are enriched in the 
cerebellum, a brain region more involved in motor than in cognitive func- 
tion. By default, the hippocampal BZ-2 receptor was deemed responsible 
for the ancillary pharmacology of the BZs. The h notic, zolpidem 
(SL 80.0750, 24) binds selectively to BZ-1 receptors.33q4 BZ-1 and BZ-2 
receptors are each located at pre- and postsynaptic ~ i t e s , ~ ” ~ ~  The 
chloride channels associated with the central BZ receptor complex appear 
to exist in multiple forms, their number being eight- and four-fold 
higher than the respective numbers of BZ and GABA-A  receptor^.^' Other 
studies have shown that the functional state of the chloride channel is 
markedly dependent on GABA. 38-40 

Monoclonal antibodies to the bovine central BZ receptor complex interact 
with four antigenic determinants on the receptor. 41 The antibodies 
cross-reacted with rat and human brain receptor complexes but did not 
affect BZ binding to these receptors. The molecular weights of the BZ 
binding site in the central receptor complex, and the picrotoxinin/ 
barbiturate binding site, are 51K and 138K daltons, respectively, as 
determined by radiation inactivation studies. 42 When isolated by CHAPS 
solubilization, the BZ receptor from rat brain has a Stokes radius of 
7.7 nm and is GABA-sensitive in terms of its binding characteristics; 
the complex isolated using Triton X-100 has a radius of 6.0 nm and is 
insensitive to GABA. 43 

The use of protein modifying reagents has further confirmed that the 
binding site for suriclone on the BZ receptor complex is distinct from 
that for the BZs ,44 while averruectin interactions with the complex 
involve a binding site distinct from that for  barbiturate^.^^ BZ recep- 
tors are present in the pituitary gland.46 

M y .  Me0 Meo)e$ -N Me0 -N 

c CH2CONMe2 
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z 
Preliminary reports have shown that the BZ receptor can undergo phos- 
phorylation and glycosidases can alter BZ ligand binding to the 
rece~tor.~’ A comparison of the X-ray structure of the BZ antagonist 
Ro 15-1788, the pyrazoloquinoline inverse agonist CGS 8216 (1) and 
members of the p-carboline series has allowed delineation of the receptor 
site topography for both agonists and antagonists: the model suggested 
on the basis of this limited SAR has seven conformationally mobile bind- 
ing points.48 BZ receptor sites in 
human brain using positron emission tomography. 49’p0 The GABA effector, 
valproate has minor tranquilizer activity,51 while GYKI-51 189 (g), a BZ 
that does not bind to the central BZ receptor, can enhance binding of 
GABA to a low affinity site.52 This compound is also more active as an 
anxiolytic/antidepressant than its analog, tofizopam 26. The arylamino- 
pyridazine derivative of GABA, SR 95103 (a), is a potent inhibitor of 

[llC]-Ro 15-1788 has been used to ma 
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GARA-stimula ted BZ bindings3 thereby reducing seizure threshold. 54 The 
glucocorticoids, corticosterone and pregnenolone sulfate, enhance binding 
to the GABA-A receptor. 5 5  Other compounds affecting ligand binding to 
the BZ receptor complex are cannabinoids , 56 methylimidazoleacetic acid, 57 
the antagonist compound 1, 58 as wel.1 as several beta-carboline related 
entitie~.~~-~l The involvement of GABA in the anxiolytic, as opposed to 
the sedative, actions of BZs has been questioned as has the predictive 
value of the 'GABA-shift'.62'63 Studies of the effects of GABA on the 
binding of the "hetrazepines" (vide supra) to central BZ receptors have 
suggested that facilitation of GABAergic transmission may be related to 
the hypnotic, rather than the anticonflict or anticonvulsant actions of 
the B Z S . ~ ~  In this context, binding of compound 12 undergoes a "GABA- 
shift" while the binding of the analo WE 973 ( 1 3 ) T 0  which lacks hyno- 
tic activity, is unaffected by GABA.6g' BZ receptor activation has been 
linked to the modulation of acetylcholine release from rat brain striatal 
slices .65 Patch-clamping studies in adrenal chromaffin cells have shown 
that the dose-response curve for GABA-A receptor-activated chloride 
channels (which are similar to those in the CNS) has a Hill coefficient 
consistent with a bimolecular interaction: the GABA-induced currents are 
potentiated by diazepam. 66 

Peripheral BZ receptors - Since the discovery of PBZRs in the 
kidney eight years ago, much effort has been expended in elaborating 
their physiological significance. This is of relevance in the CNS, since 
such receptors are present in nervous t i s ~ u e . ~ ~ ' ~ ~  While earlier reports 
classified PBZRs as "acceptor" sites rather than receptors 2-4 studies 
with the agonist Ro 5-4864,  and the antagonist PK 1 1 1 9 5 , 1 d y 6 9 ' 7 0  have 
shown that the receptor may have functional significance. Binding 
studies have shown PBZRs to be localized in kidney, adrenal cortex, 
spinal cord, testis, pineal gland and skin. A PBZR can enhance muscimol- 
dependent phospholipase A-2 activation in C6 glioma cells. 71 Associa- 
tions between the PBZR and calcium channels have been reported in cardiac 
tissue, 12'69'70 the GH pituitary cell line,72 and glial cell 
cultures.73 In guinea pig papillary muscle, the effects of the PBZR 
antagonist PK 11195, the agonist Ro 5-4864, and the calcium agonist 
Bay K 8644,  have been tentatively linked to a model which relates the 
PBZR to voltage-sensitive calcium channels (VSCCs) . l2 However, direct 
interactions of Ro 5-4864 with VSCCs have also been reported74 and work 
in leech neurones has indicated a relationship between a micromolar BZ 
receptor and calcium channels. 75 Since clonazepam is effective in this 
system, the BZ receptor may be of the central type. BZ de ression of 
calcium conductance in myenteric neurons has been observed. 7g PK 11195 
may be useful for the treatment of angina and cardiac ischemia.7Q Other 
effects of BZs in non-neural tissues include the antagonism of the 
actions of platelet aggregation factorll (an effect that appears to 
involve the arachidonic acid pathway) ,77 and a chemotactic effect in 
neutrophils. 7 8  BZs also inhibit neurite outgrowth in PC12 cells, 79 an 
action that may be independent of a rece tor-mediated event. Endogenous 
ligands for the PBZR have been 

Endogenous ligands - The protein termed DBI (Diazepam Binding Inhibitor) 
has been isolated and shown to consist of 104 amino acid residues.10'82 
The peptide, which is located in non-GABAergic neurons in rat cerebral 
cortex, can elicit proconflict responses when administered to rats. Pre- 
liminary studies have shown that two fragments of DBI, an octadecapep- 
tide (28 ODN) and an octapeptide (ON), have similar activity to that of 
the parent moeity. 82 Monoclonal antibodies to 3-hydroxyclonazepam have 
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been used to identi.fy an endogenous BZ-like factor in mammalian brain. 83 
Although clonazepam was used to raise the antibodies, they have limited 
affinity for the parent They bind Ro 5-4864, diazepam, and 
flunitrazepam but not Ro 15-1788, compound 7 or the beta-carbolines. 
While reports related to GABA-modulin continue to appear, 85 this entity 
has still to fulfil several of the criteria proposed for endogenous 
ligands. g6 

Gln-Ala-Thr-VaCGly-Asp-VaCAsn-Thr-AspArg-Pro-Gl~Leu-Leu-Asp-Leu-Lys a 

Opiate and thyrotropin releasing hormone (TRH) receptor interactions - 
The antagonistic effects of BZs on the antinociceptive actions of cho- 
lecystokinin-8 sulfate have been related to effects on CCK-mediated 
opioid peptide release-effects that may reflect a non-specific calcium 
antagonist-like action. g7'88 Naloxone can enhance the de ressant effects 
of chlordiazepoxide on mouse spontaneous motor activity, 8g while hydroxy- 
methylbetacarboline can antagonize the respiratory depressant effects of 
fentanyl." These findings have led to the suggestion that there may be 
a "cross reactivity" between BZ and opiate receptors. BZs can interact 
with central TRH  receptor^'^'^^ and chlordiaze oxide is a competitive TRH 
antagonist in the GH3 pituitary cell line.'3 BZ inhibition of [3H]- 
methyl-TRH binding shows marked regional specificity in brain tissue, 
with BZs being much less active in amygdala than in ~triatwo.'~ Further- 
more, blockade of central TRH receptors * was found to have no 
functional correlation, either biochemical or behavioral, in terms of 
agonist or antagonist activity. 94 

Serotonergic aspects of anxiety - Studies on the buspirone analog TVX Q 
7821 (2) have shown that this compound is a selective agonist at seroto- 
nin 5-HT1A receptors consistent with previous observations that buspirone 
had serotonin agonist activity." The prototypic 5-HTlA agonist 8-OHDPAT 
(29)) has also been reported to have anxiolytic a~tivity.~ Gepirone ( 3 ) )  
ayecond-generation buspirone analog with reduced antidopaminergic acti- 
vity, is currently undergoing extensive preclinical e~aluation;'~ a 
related compound (2)) has been reported.8 Binding of 3H-buspirone is high 
in parietal cortex and amygdala (in contrast of that of BZs),' providing 
further evidence that buspirone and similar compounds act as "midbrain 
modulators". Fluprazine (DU 27716, 30) a compound with serotonergic 
properties has anxiolytic activitygg as does the 5HT2 antagonist, 

ritanserin (~),99'100 Compound 32 was reported to be twice as active as 
chordiazepoxide versus electroshock-induced aggression in mice and was 
effective clinically. ID1 Mechanistically, the compound had weak activity 
(10-'M) at 5-HT2 and D-2 receptors, but like other serotonergics did not 
affect either BZ or GABA binding to the complex. The clinical attrac- 
tiveness of the buspirone series of antianxiety agents is clouded by the 
possibility that their intrinsic antidopaminergic activity may result in 
extrapyramidal symptomatology. lo*' lo3 The reduced incidence of such 
activity in compounds z7 and 39 may make these second generation analogs 
of compound 1 potentially more attractive clinically. 
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Compound 1 does not induce the serotonin behavioral syndromelo4 and 
dopaminergic, rather than serotonergic, mechanisms are believed to sub- 
serve its activity in a novel acoustic startle model of anxiety.lo5 A 
selective up-regulation of 5-HT1 receptors in rat frontal cortex has 
been described with clonazepam, but not with diazepam. lo6 This effect has 
been related to clonazepam's ability to increase brain serotonin levels. 
Chronic treatment with compound 2 can reduce cortical 5-m~ receptors. 

Behavioral aspects - With the shift in focus from BZs to serotonergics 
and other factors, the classical conflict paradigms are proving to be 
inadequate as preclinical models of anxiety. As a result, acoustic 
startle, lo5 distress vocalization, lo7 aggression, lo8 brain stimulation 
reinforcementlog and defense burying'" paradigms are undergoing evalua- 
tion, as are various neophobic models, including arm mazelll and open 
field behavior. 112 This latter paradigm has shown genetic differences 
in neophobic behavior. l2 An electrically-induced head turning model in 
rat has been reported to reflect a functional expression of the BZ recep- 
tor complex.113 The evaluation of BZs as antiaggressive agents has been 
questioned. From behavioral testing of the atypical anxiolytic, com- 
pound 30, the term "serenics" has been introduced to describe agents with 
pronounced antiaggressive, as opposed to anxiolytic , activity. Concur- 
rent biochemical and behavioral studies have led to the identification of 
an 'anxiolytic locus' in the lateral am~gda1a.l~~ The BZ antagonist 
Ro 15-1788, is undergoing evaluation for the treatment of BZ overdose1" 
and as a potential analeptic. 11' FG-7142, a beta-carboline with anxio- 
genic activity, can induce 'learned helplessness'. '18 

Sedative/hypnotics - The aminopyridazine SR 41378 (33) has hypnotic 
activity."' Quazepam has been introduced as a hypnotic. Zopilcone was 
as effective as temazepam in the treatment of insomnia.lZO The profile 
of 34 and related analogs is similar t o  that of methaqualone.lZ1 3-Hy- 
droxymethylbetacarboline antagonizes the effects of pentobarbital, sug- 
gesting a common locus of action at the BZ receptor.122 Reports on the 
hypnotic activity of SC 33963 (2) continue to appear.123 ZK 93423 (5)  
is a muscle relaxant. lZ4 
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Anticonvulsants - Etifoxine (HOE 36801, 36),125 ZK 91296 and LY 
175644 (z)l'' have been reported as antzonvulsants. Chronic treatment 
with carbamazepine can up-regulate adenosine A-1 receptors. 128 Adenosine, 
which may function as an endogenous anticonvulsant, is released following 
seizure initiation129' 130 and can attenuate, but not prevent postictal 
spike formation, thereby acting to prevent seizure spread. Prenatal 
administration of chlordiazepoxide results in a reduced susceptibility to 
metrazole-induced convulsions in the offspring. This has been correlated 
with a decrease in the number of BZ receptors in cortex arid 
cerebellum.131 A deficit in the number of BZ/GABA-A receptor complexes 
has been reported in substantia nigra and mesencephalic periaqueductal 
gray matter in the seizure-susceptible gerbil. 13* These decreases, which 
appear to be genetically predetermined, have been suggested to underlie 
the etilogy of certain types of epileps SKF 89976 (38), a GABA uptake 
inhibitor, has anticonvulsant activity. yi3 Reports onthe clinical pro- 
file of MK 801 (39) - continue to appear.134 

Novel approaches to anxiety - Antagonists of excitatory amino acids can 
display similiar pharmacology to compounds which facilitate the actions 

of inhibitory amino acids. In 
CHZPO3Hz Me Me this context, the N-methyl-D- 
I aspartate antagonist, 2-amino-7- 
(p)4 4p O ~ N ~ ~ ~ O  phosphonoheptanoic acid (AP7, 
FHNHZ a , \  N - 4 0 ) ,  has been reported to have 
COOH Me Me anticonflict activity13= (cf 

benzodiazepines which facilitate 
the actions of GABA).136 Mebicar (41) a novel anxiolytic developed in 
the USSR is a derivative of allantoin, an oxidation product of uric 
acid. 137 
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Chapter 3. Analgesics, Opioids and Opioid Receptors 

Roger James 
ICI Pharmaceuticals Division, Macclesfield, Cheshire, England 

Introduction - Opioid research continues to dominate the search for new 
analgesic drugs and to provide further insight into the nature and 
function of endogenous opioid systems. The proceedings of the 1985 
International Narcotics Research Conference have been published1 together 
with those of a symposium on multiple opioid receptors2. The history of 
opioid research, as reflected in the discovery of buprenorphine, has been 
as~essed.~ Methods available for evaluating opioid analgesics and ant- 
agonists have been reviewed4 and a collection of articles on agonist- 
antagonist analgesics has been made available.5 Reviews have been provided 
on the mechanisms of pain and opioid induced analgesia,6 particularly at 
the spinal level 7p8 the role of opioid receptor sub-types in relation to 
antinociception,4 the significance of o ioid-neurotransmitter interactions 
in analgesia, tolerance and dependencero and the role of opioid pe tides 
and antagonists in circulatory shock11 and in respiratory function.lg The 
implications of the pharmacology of quaternary antagonists for their use 
in future experiments have been discussedl3 and the evidence for stereo- 
specific opioid receptors on excitable cell membranes has been assessed. 14 

CLINICAL HIGHLIGHTS 

Non-opioid analgesics - Reviews have appeared on the harmacology and eff- 
icacy of the NSAIDs,  tiaprofenic acid15 and suprofen f6 , and on the animal 
pharmacology of ketorolac tromethamine(l)l7 which has been shown to be as 
effective (10mg and 3Omg, im) as morphine (12mg, im) in the first 6 hours 
following surgery in man.18 In patients with cancer pain, diclofenac 
(75mg, im) was claimed to be significantly better than pentazocine (30mg, 
im) with fewer side effectslg and ibuprofen has been used to improve the 
efficacy of oral narcotics without increasing side effects.20 Indoprofen 
(200mg, PO) was found to be superior to aspirin (600mg, PO) in the relief 
of dental pain21 and as effective in post-partum episiotomy pain.22 Lysine 
acetylsalicylate has been reported to be an effective analgesic when given 
by iv infusion for the treatment of post-operative pain.23924 A brief 
review has been provided for emorfazone (21, an antiinflammatory analgesic 
which increases vascular permeability and inhibits bradykinin release 
without affecting prostaglandin biosynthesis .25 

1 - 2 - 
A pilot study has shown that epidural somatostatin afforded complete 

analgesia without serious side effects after abdominal surgery in man.26 
Ceruletide has been recommended as a first choice analgesic agent in the 
treatment of biliary colic pain,27 whilst infusion of salmon calcitonin 
(iv) has been shown to be effective in the relief of bone pain in patients 
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with osteolytic metastases.28 The methods available for the assessment of 
pain in healthy volunteers have been reviewed with the emphasis on E . E . G .  
analysis as a powerful tool for identifying weak analgesic effects29 and a 
critical review of pain perception and analgesia as functions of circadian 
rhythm has been provided .30 

Opioid analgesics - Newer methods of opioid delivery, including controlled 
release formulation, sublingual dosing, intravenous infusion and spinal 
administration, have been revie~ed.~l The strategy of patient-controlled 
analgesia has been discussed32 and its application illustrated by morphine 
infusion (iv) in post-operative pain relief .33 Epidural injections of 
morphine administered "on demand", either alone or as a supplement to an 
epidural infusion, gave good post-operative analgesia with a low incidence 
of respiratory depression after a variety of surgical procedures .34,35 
Significantly less nicomorphine was needed for adequate ost-operative 
analgesia when given by epidural, rather than im, injection.56 Preliminary 
studies showed that dynorphin A (Dyn A )  and human B-endorphin (BH-EP) 
reduced intractable pain without side effects, when administered intra- 
t h e ~ a l l y . ~ ~  In double-blind studies, ciramadol (6Omg, im) compared 
favorably with morphine (lOmg, im) as a post-operative analgesic,38 while 
dezocine appeared slightly more potent than morphine on a mg basis and 
gave a more rapid onset of analgesia.39 The pain relief provided by 
viminol (Smg, iv) was not significantly different from that obtained with 
pentazocine (3Omg, iv) post-operatively, though the incidence and severity 
of side effects was less.40 Buprenorphine has been shown to be satisfac- 
tory for major surgery as part of a balanced anaesthetic te~hnique.4~ It 
has been suggested that the differences in analgesic profiles of bupren- 
orphine and fentanyl in man can be explained in terms of their pharmaco- 
dynamic properties as observed in in vitro receptor binding assays.42 
Reviews have afjeared on the animal pharmacolo y and clinical evaluation 
of sufentanil, naltrexone44 and meptazinol.48 In recent studies mept- 
azinol (175rng, im) was equivalent to morphine (IOmg, im) in the relief of 
severe post-operative pain46 while lOOmg (im) was equivalent to, or better 
than, morphine (15mg, im> in the treatment of pain due to traumatic 
injury.47 The cholinergic component of meptazinol has been ascribed to its 
inhibitory effect on cholinesterases.48 

OPIOID RECEPTOR STUDIES 

Receptor isolation - Progress has been reported towards the purification 
of sufficient binding-site material for sequencing, using techniques in- 
volving detergent solubilization, affinity chromato raphy and gel electro- 

used as the affinity ligand,49 a 450-fold purification of binding sites 
with molecular weight 62,000 was a~hieved.5~ Studies with hybromet (31, an 
opioid claimed to have high af€inity €or ~-receptors,5~ afforded a 500- 
fold enrichment of a single class of high affinity sites comprising three 
sub-units of molecular weights 94,000, 44,000 and 35,000, respectively.52 
A 3,200-fold purification of an opioid binding fraction was obtained with 
6-succinylmorphine as the ligand and conditions which a1 lowed co-elution 
of acidic lipids. The purified material exhibited high affinity, stereo- 
specific, Na+-dependent binding of a variety of opioids, with the same 
rank order of potency observed for membrane bound 0-receptors .53 The 
potent &selective acylating agent 4 has been used to purify an opioid 
receptor sub-unit from NC108-15 neuroblastoma-glioma hybrid cells by 
30,000-fold, affording a homogeneous protein with molecular weight 58,000, 
which showed a strong tendency to dimerise.54 In another study, irrev- 
ersible cross-linking with [1271]-B" EP, followed by gel electrophoresis, 

phoresis of rat brain membranes. When [D-Ale2-Leu B Ienkephalin (DALE) was 
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revealed major bands with molecular weight 65,000 from rat thalamus and 
53,000 from NG108-15 cell membranes, considered to be p- and 6-sites, 
respectively.55 B-Naltrexyl-6-ethylenediamine was used as the affinity 
ligand for the isolation of p-sites from bovine striatum, affording 
60-75,000 fold purification of a protein with molecular weight 65,000.56 - M OCHx 

CH: 

C H ~ C H  ,CH WCH *CIH \CH,HgBr 
un 

Receptor classification and pharmacology - The use of ligands with limited 
selectivity (<IOO-fold) for one opioid receptor type, in tissues contain- 
ing low concentrations of that site, may produce effects mediated through 
other opioid  receptor^.^^ Sophisticated techniques, often using non-phys- 
iological conditions to maximize the interaction of compounds with their 
primary recognition sites, continue to be reported. The results of such 
studies should be interpreted with caution. 

The differential ontogeny of the commonly acce ted u-, 6- and k-rec- 
eptor types has been demonstrated in the rat brain.5g Species differences 
have been shown in the concentrations and distributions of opioid binding 
sites59 and differential laminar distribution has been found in rat and 
guinea pig spinal cord.60 Computer analysis of the binding of tritiated 
dihydromorphine (DHM), DALE and ethylketocyclazocine (EKC) to mouse brain, 
identified a fourth site which bound EKC with high affinity but which did 
not bind naloxone.61 A preliminary report has appeared of an intact brain 
cell assay in which [3H]-naloxone binds in a saturable, concentration 
dependent, stereospecific manner, but a high level of non-specific binding 
occurs with [ 3H]-DHM.62 

u-Receptors - 6-Funaltrexamine (6-FNA), an irreversible antagonist with 
p-selectivity on the guinea pig ileum (GPI),63 has been used to identify 
a subset of GPI binding sites, termed u', which interact only with opioid 
peptide agonists yet can be blocked by naloxone.64 Evidence has been pre- 
sented which suggests that despite their relative lack of selectivity & 
vitro, - [ 3H]-diprenorphine65 and [3H]-etorphineb6 bind predominantly to p- 
receptors in vivo. Compatible results were obtained in vivo and ex vivo 
with a series of oripavines but considerable differences were noted from 
corresponding in vitro data.67These studies suggest that direct comparison 
between receptor binding and pharmacolo ical response must rely on binding 
data obtained in intact, live tissue.6E Binding studies with dermorphin 
have suggested that it interacts preferentially with p-receptors.68 
Chronic administration caused tolerance to the analgesia produced in the 
rat (icv) and led to deper~dence.~g 

6-Receptors -Further characterization of the &receptor on the hamster 
vas deferens has been reported.70 The mechanism by which &receptors 
modulate adenylate cyclase in cultured NG108-15 cells continues to be 
explored. 71-73 Stud ies with [ D-Ala2-D-LeusI enkephal in (DADLE) have 

indicated that multiple affinit states of the receptor exist in intact 
cells under coupling conditions 79 and this has been confirmed for a number 
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of opioids by computer analysis of the binding isotherms .75 A preliminary 
report has appeared suggesting the presence of [D-A1a2-Met5]enkephalin- 
amide binding sites which regulate adenylate cyclase activity in human 
neuroblastoma cells .76 

u- and &Receptors - The concept that p- and &receptors co-exist in a 

and from a rat flurothyl seizure 
single receptor complex has 
techniques applied to in vitro data, 
model in vivo.79 However, kinetic analysis of the effects of ions and 
nucleotides on opioid binding to rat brain membranes was said to support 
the existence of two independent u- and &binding sites.80 

k-Receptors - The profile of k-agonists in the rabbit vas deferens (which 
does not respond to p- or 8-agonists) implies that this tissue has a high 
intrinsic activity requirement .81 Pretreatment of rat brain membranes 
with u- and &selective site-directed acylating agents afforded a prepar- 
ation highly enriched with k-binding sites.82 Data have been presented 
which indicate that [3H]-EKC binding (p- and &suppressed) to rat brain 
sites is differentially affected by Na' and is GTP sensitive, though less 
so than the binding of other ~ p i o i d s . ~ ~  Binding studies with a variety of 
tritiated k-selective ligands rovide evidence that k-receptors are heter- 
ogenous in guinea-pig brain,st rat brain85 and bovine adrenal-medula.86 
The finding that Dyn A-related peptides did not generalize to the EKC- 
discriminative stimulus in rats was attributed to the possible existence 
of k-receptor subtypes.87 

The putative endogenous k-ligand, Dyn A,88 is a more potent analgesic 
in mice when given intrathecally as opposed to intracerebroventricularly 
( ~ C V ) . ~ ~  In rats the opioid antinociceptive effects of Dyn A at the level 
of the spinal cord did not appear to be u-related.90 It has been proposed 
that the analgesic and motor effects observed in this model may be k-med- 
iated.g0,91 In addition, an increase in spinal immunoreactive Dyn A has 
been demonstrated in response to chronic arthritic pain in the rat.92 On 
DRG neurons in cell culture dynorphin-gene products appeared to act at 
opioid receptors coupled to voltage dependent calcium channels which were 
neither u- nor 6-sites.g3 

from computer curve-fitting 

&-Receptors - Further studies have been reported to characterize the bind- 
ing of BH-EP to the putative &-receptor in the rat vas deferens (rvd).94 
In rat brain, the distribution of &-EP immunoreactivity was found to be 
similar to that of benzomorphan binding sites but different from u-, 6 -  
and k-sites.95 The correlation (r = 0.96) observed between the effects of 
pro-enkephalin A-derived peptides (including BH-EP) on the rvd and anal- 
gesia in the mouse tail-flick model (icv) was tentatively attributed to 
&-receptor occupancy, though the paucity of biochemical information about 
the s-receptor did not allow more definite concl~sions.~~ 

ENDOGENOUS OPIOIDS 

Physiology and pharmacology - Evidence for the involvement of opioid pept- 
ides in the immune response to stress and in tumor growth has been 
reviewed.97-99 Footshock stress (thought to release endogenous opioids) 
has been shown to suppress immune function and decrease resistance to 
tumor challenge in rate - effects mimicked by morphine administration.100 
The origins of the diversity in opioid peptides have been reviewedlol and 
specific studies in the adrenal-pituitary axis have been reported .lo2 
Reviews have been provided on endorphins and exercise,l03 the involvement 
of endorphin-related peptides in non-opioid effects associated with stress 
and the endocrine system, 104 and the endocrinology of opioids. 1°5 
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New peptides - The post-translational processing of opioid peptide precur- 
sors ,  and the possible function of the products, has been briefly reviewed 
with the emphasis on leumorphin.lo6 Amidorphin, isolated from bovine ad- 
renal-medulla, was shown to correspond to residues 104-129 of bovine pro- 
enkephalin A, amidated at the C-terminus. lo7 Immunoreactive metorphamide, 
the only other C-amidated endogenous opioid known, has been found in human 
adrenal extracts.lo8 Two peptides which have a common C-terminal tetra- 
peptide sequence and cross react with an antiserum raised against FMRF-NH2 
(H-Phe-Met-Arg-Phe-NH2) have been isolated from bovine brain. log Both 
decrease tail-flick latency in the rat (icv) and the smaller octapeptide, 
H-Phe-Leu-Phe-Gln-Pro-Gln-Arg-Phe-NH2, also attenuates morphine analgesia 
in this model. 109 

Peptide antagonists - f3H-EP-(1-27) and Tyr-MIF-1 (H-Tyr-Pro-Leu-Gly-NH2) 
have been shown t o  block the analgesic effects of opioids in the mouse, 
implying that these endogenous ligands might act physiologically as 
antagonists. llOylll In addition, MIF-1 si nificantly increased pain 
score& in human volunteers receiving morphine .?I2 Studies with proglumide 
(4-benzoylamino-5-dipropylamino-5-oxopentanoic acid), a cholecystokinin 
(CCK) receptor anta onist, demonstrated that it potentiates the analgesic 
effect of morphine,?l3 f3-endorphinl14 or environmentally-induced release 
of endogenous opioids. 115 Proglumide attenuated tolerance to the analgesic 
effects of morphine in the rat1169117 and significantly potentiated 
morphine analgesia in human volunteers.l18 These findings have been inter- 
preted to support the hypothesis that CCK-8 may function physiologically 
to antagonize the effects of endogenous opioids. 

Enzyme inhibition - The concept of modifying peptidergic neurotransmission 
by inhibition of enkephalin-degrading enzymes has been reviewed.119 
Studies with rigid analogues and the enantiomers of thiorphan, obtained by 
asymmetric synthesis,lZ0 have shown no correlation between enkephalinase A 
inhibition and analgesic potency.121 The S-isomer of thiorphan appeared t o  
be responsible for angiotensin converting enzyme inhibition and, while 
both R- and S-forms were equally effective against enkephalinase in vitro 
and -- in vivo, analgesic activity resided mainly in the R- isomerF2- 
synthesis and analgesic properties of a series of bidentate ligands has 
been described. Kelatorphan (N-[3(R)-[(hydroxyamino)carbonyl]-2-benzyl-l- 
oxopropyll-L-alanine) was the most potent and inhibited three different 
metallopeptidases, as did other analogues. 123 Preliminary evidence has 
been published for a new receptor-associated aminopeptidase which degraded 
Met5-enkephalin and co-purif ied with opioid receptors. lZ4 

Morphine - The isolation and characterization of non-peptide opioids from 
bovine brain and adrenal samples125 and from toad, rat and rabbit skin has 
been reported.126 The material from toad skin, and one of the four sub- 
stances purified t o  homogeneity from bovine extracts, were identical with 
morphine by immunological, pharmacological and physicochemical criteria. 
Biosynthetic evidence would be necessary to establish that morphine is an 
endogenous ligand in vivo. 125, 12’ -- 

OPIOID RECEPTOR PROBES, NOVEL COMPOUNDS AND ANALGESICS 

Opioid receptor probes - The available affinity labels have been reviewed 
with emphasis on the utility of irreversible electrophilic antagonists 
such as 6-FNA.128 In primates, f3-FNA pretreatment selectively antagonized 
the behavioral effects of acute morphine but not those elicited by EKC.129 
However, in certain other experimental paradigms, 6-FNA afforded long- 
lasting blockade of 11- and &receptors both in vitr06~ and in vivo.130 The 
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syntheses of various 11C-labeled ligands suitable for positron emission 
tomography have been reported, including lofentanil,65 ~arfentanill~~ and 
diprenorphine.l32,133 It has been suggested that incorporation of 18F into 
6-deoxy-66-f luorooxymorphone (2) and 6-deox -66-f luoronaltrexone (a>, 134 
or (+)-N-(3-fluoropropyl)normetazocine (21, 115 could provide ligands with 
longer half lives for this technique: the synthesis of [ 18F]-3-acetyl- 
cyclofoxy ( I> has been reported. 136 

11 - 5 R=CH, , R'=H - I) R = (CH&F, X=OH - 
- 6 R = C H z d  ,R '=H - s R = CHI ,  X=SCOC,Hs 

, R = C H ? ~  , R ' = C O C H ~  lo R = C H I ,  X=oH - 
The synthesis and evaluation of tritiated opioids which are selective 

for 8- and k-receptors has been reported. Studies with [3H]-[D-Pen2,5]- 
enkephalin ([3H]-DPDPE) in NG108-15 cells have confirmed that it is a pot- 
ent and selective 6-ligand.l37 It has been suggested that [3H]-DPDPE can 
be used to examine &receptors in regions containing a high proportion of 
v-sitesl38 and it has been utilised to demonstrate a unique distribution 
of &sites in rat brain.139 [3H]-[D-Thr2,Leu5]enkephalyl-Thr6 has been 
proposed as an alternative ligand by other workers who have claimed that 
[3H]-DPDPE exhibits low 6-affinity in NG108-15 cells, thereby inducing 
high experimental errors and cancelling the benefits of its &select- 
ivity.140 [3H]-Tifluadorn was shown to be more specific for the k-receptor 
than [3H]-bremazocine or [3H]-EKC141 but none of these ligands was 
said to be selective enough for meaningful studies.l42 An analogue of 
U50488H, [3H]-U69593 (111, has recently been shown to bind with high 
affinity to guinea-pig, mouse and rat brain membranes, with a high 
preference for k- over ~-sites.l~~ 

Novel compounds - The (+)-9-amino analogue 11 was the most potent of a 
series of 1,5-methano-l,4-benzodiazocines tested in a mouse writhing 
assay. l44 8-Benzoyl thio-2,6-methanobenzazocine 
(9) was half as active as metazocine (lo) and 
less toxic in the mouse. 145 The (-1-acetylmor- 
phinan derivative 12 was orally active and 
comparable in potency to morphine in analgesic 

no de endence liability in morphine dependent 
rats. p46 

42SN 
tests and naloxone binding, yet with little or - \4 NHZ 

12 

42q 5% CH f N$$ 

C O W S  
OH ' OH 

r3 li is 
Analgesic activity equivalent to morphine has been reported for the 

racemic 9a-hydroxyphenylmorphinan If! whereas the corresponding gp-isomer 
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was virtually inactive.147 The (R)-Diels-Alder adduct 15, derived from 
6-deoxythebaineY was a potent analgesic in a rat tail-flick model (2200 x 
morphine, sc). 148 Selective k-antagonist activity has been claimed for 
TENA (161, a dimeric B-naltrexamine analogue which is 27-fold more effect- 
ive vezus U50488 than morphine in vitro.149 Electron acceptor properties 
of the aromatic ring and amine functions, and conformational energy const- 
raints, appear to play a significant role in determining p-binding affin- 
ity in a series of trans-N-[2-(methylamino)cyclohexyl]benzamides (17) .l50 

-- 

[ & N g  cH'cHac] 

2 ' OH 

le 11 
The rigid 131nembered ring compound, H-Tyr-D-Orm-Phe-Adp-NH2, has 

been claimed to be one of the most selective p-ligands known, while the 
more flexible peptide H-Tyr-D-tys-Phe-dlu-NH2 (15-membered ring) showed no 
preference for M- over In addition, 
efficient binding and p-selectivityhasbeendemonstrated for the somato- 
statin analogue, H-D-Phe-C's-Tyr-D-Trp-Lys-Thr-Peh-ThrNH2 (CTP) which 
contains a 20-membered ring.rS2 Studies with modified analogues of der- 
morphin have shown that the guanidine 19 is more potent than the 
parent peptide in producing both analgesia and akinesia in ~ a t s , l 5 ~  while 
the partially retro-inverso tetrapeptide 20 is equivalent to dermorphin in 
the mouse tail-flick test (icv) and five times more potent in vitro.l54 
The pentapeptide dimer 2 was half as potent as DALE-amide in a rat anal- 
gesic assay (icv) ,155 whereas the tripeptide dimer 22 approached morphi- 
ceptin in terms of potency and u-selectivity in rat brain and NG108-15 
cell binding assays. 156 

6 -  receptors in binding studies.151 

X-Tyr - D-Ala-Phe-Y (TYP D- AI~-GIY-X -CH, f 

2_! X= Phe-Leu-NH 

L2 X= NH 

18 X = H I  Y=Gly -Tyr -Pro -Ser -NH, 

12 X=HzN> ,Y=Gly-Tyr-Pro-Sir-NH, 

2_0 X= H I  Y=NHCH,NHCO 

- 

-8 HN 

1. 
2. 
3. 

4. 
5. 
6. 
7 .  
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
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Introduction - Memory dysfunctions have been reviewed from preclinical 
and clinical perspe~tives.l-~ No effective therapy exists for primary 
degenerative dementia (PDD, Alzheimer's disease), mild (or minimal) 
memory impairment (benign senescent forgetfulness), or for multi-infarct 
dementia (MID). However, a better understanding of these disorders and 
their prevalence, of the biological changes accompanying cognitive 
impairment and decline, and the development of animal models based on 
increasing knowledge of affected brain systems, gives hope that new 
treatments based upon rational approaches will soon be available. 

PDD remains the focus of most clinical research on cognitive 
disorders, but the pseudo-dementias, Korsakoff's syndrome, geriatric 
depression, and attentional deficit disorder are beginning to receive 
appropriate attention. Development of effective therapy for PDD is 
hindered by unknown (perhaps multiple) etiologies, the absence of 
efficacious agents to validate preclinical models, and the lack of 
early, reliable diagnostic methods. Possible causes of PDD include 
genetic predisposition, altered proteins (e.g. amyloid), infectious 
agents, toxins, blood-flow disorders, neurotransmitter abnormalities, 
and multiple fa~tors.~,~ 

Cholinergic system - The cholinergic hypothesis7 remains a viable 
explanation for memory deficits in PDD, but it is unlikely to account 
for the entire range of biochemical, pathological, anatomical, and 
pharmacological deficits in dementia.8-11 

Clinical studies in PDD with muscarinic a onists (e.2. RS-86, 1 
and intracranially-infused bethanecol, 2 ) ,  I f ,  chol i ne s t e ra se 
inhibitors (e.g. physostigmine, 3),14,15 and cholinergic releasing 
agents (e.g. 4-aminopyridine)16 showed significant , albeit weak 

Minaprine (i), which facilitates serotonergic and dopaminergic 
neurotransmission, and also has "procholinergic" activity, may be more 
effective in MID than in PDD.18*19 

activity. Cholinergic precursors such as choline (Ch) were inactive. I f  
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Scopolamine challenges represent a potential diagnostic tool for 
PDD.  P D D  patients may be supersensitive to muscarinic antagonists 
because of their underlying cholinergic def In vivo imaging of 
muscarinic receptors in a PDD patient, using single photon emission 
computed tomography showed impaired binding of 1231-labeled 
quinuclidinyl benzilatef21 

Animal models for cognitive disorders remain an area of intense 
research, but an appropriate model for P D D  does not exist. 
Physostigmine and cholinergic ventral forebrain grafts into the 
neocortex alleviate memory deficits caused by ibotenic acid lesions of 
the nucleus basalis of Meynert in rats as measured by passive 
a ~ o i d a n c e . ~ ~ , ~ ~  Ibotenic acid lesions of the basal forebrain impair 
serial reversal learnin in marmosets with low doses of scopolamine that 
do not affect controlsj4 Ibotenic acid lesions of the nucleus basalis 
disru t and physostigmine enhances, performance on delayed matching in 
rats. f5:26 In the rat, functional and neurochemical cortical cholinergic 
impairment results from lesioning the nucleus basalis magnocellularis 
with kainic or quinolinic acid.27 Cholinergic neurons of the basal 
nucleus degenerate following kainic or N-methyl-D-aspartic acid 
application to rat cerebral cortex.28 Aziridinium analogues of choline 
(AF64A, 2)29 and oxotremorine (BM130A, 5)30 may be useful in developing 
animal models of cholinergic hypofunction. AF64A causes long-lasting, 
marked reductions in acetylcholine (AcCh) levels and release, in high 
affinity Ch uptake, and in Ch acetyltransferase (ChAcT) activity, with 
no effect on muscarinic receptor binding. Use of the choline false 
precursor, N-aminodeanol ( I ) ,  was proposed for development of animal 
models of cholinergic hypof~nction.~~ Inbred strains of rodents may 
ultimately be useful in establishing new models of cognition sensitive 
to cholinergic agents.32 

OH 

5 - 

L 

6 - 

Me 1 

7 - 

Muscarinic receptors were r e ~ i e w e d . ~ ~ ~ ~ ~  Several studies reported 
functional and biochemical bases for multiple muscarinic r e c e p t o r ~ , ~ 5 , ~ ~  
but classification problems remain.37 338 Reductions in M2 receptor 
number and in ChAcT activity are observed in cortical samples from PDD 
patients and from rats cholinergically denervated with ibotenic acid. 
M1 receptors are unchanged. M2 receptors may regulate AcCh release 
with M1 receptors facilitating postsynaptic cellular e x ~ i t a t i o n . ~ ~  
Theoretical methods were used to describe cholinergic neurotransmitter 
receptor interactions.40,41 

Analogues of arecoline (5) were evaluated in smooth muscle and 
cardiac tissue preparations: examples included the dihydro derivative, 
esters of arecaidine and isoarecaidine 11 and 3, the thiane 5, and the 
rigid analogue 16.42 The deconjugated and 5-substituted derivatives 15, 
- 9, and 10 were studied as y-aminobutyric acid uptake inhibitors, but 
cholinergic activity was not in~estigated.~~ Combinations of agonists 
(e.g. arecoline plus oxotremorine) display supra-additive enhancement of 
memory in a mouse T-maze active avoidance paradigm.44 
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The oxotremorine (16) analogue 17 stimulates inositol phospholipid 
BM-5 (5) is a presynaptic antagonist and a postsynaptic t u r n ~ v e r . ~ ~ - ~ ~  

agonist.49 

N-CH2CECCH2-N 

R 

16 R = H  
17 R = CH3 
- 
- 

dH3 

18 - 

The bisquaternary pyridinium oximes 19-23 are allosteric 
No allosteric activators have inhibitors of the muscarinic receptor.50 

yet been reported. 

R R' 
19 L-CH=NOH 3'-COPh 
20 2-CH=NOH 3'-COCCgHll 
21 2-CHzNOH 3'-COIBu 
22 2-CHzNOH 4'-CONH2 
23 4-CH=NOH 4'-CH=NOH 

- 
- 
- 
- 
- 

Most research on cognition and the cholinergic system has focused 
on muscarinic receptors. However, nicotinic receptors are increasingly 
of interest as evidence accumulates for changes in both muscarinic and 
nicotinic receptors in PDD.51 Nicotine affects attention, memory, and 
rapid information processing in  human^,^^^^^ and learning and memory in 
mice as measured by passive avoidance.54 It also stimulates AcCh 
relea~e,~5 and, in humans, counteracts depressed performance caused by 
scopolamine. 56 

The cholinergic system interacts with several other neurochemical 
s y ~ t e m s . ~ ~ , ~ ~  Examples include serotonin,59 amino acids,60 adenosine,61 
adenylate cyclase, and phosphodiesterase (PDE).62 The potential exists, 
therefore, for many classes of agents to alleviate the cholinergic 
deficit in PDD. Nerve growth factor (NGF) may be involved in the normal 
functioning of forebrain cholinergic neurons as well a s  in 
neurodegenerative disorders. The biochemical and neurochemical effects 
of NGF on ChAcT a ~ t i v i t y ~ ~ , ~ ~  and in adult rats with fimbria lesions 
were described.65 Bifemelane (MCI-2016, z), reported to be a 
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“cholinergic potentiator,” ameliorates age-related decreases in AcCh 
release and exerts a protective effect on cerebral ischemia in 
gerbils.66 Chronic administration of the thiamine derivative 
salbutiamine (25) improves long-term memory in mice, possibly by a 
cholinergic mechanism.67 

0 

26 - 25 - 24 - 

Biogenic amines - Clonidine (26) ameliorates cognitive deficits in aged 
monkeys on a delayed response task. The site of action may be the 
prefrontal cortex where catecholaminergic neurites are found in senile 
 plaque^.^^,^^ However, clonidine impaired paired-associate learning but 
had no effect on short or long-term memory in normal humans.70 

Alaproclate (x), a specific inhibitor of neuronal serotonin (5HT) 
reuptake, may have a positive effect on emotional functions in PDD;71 
others report little effect in MID and PDD,72 Zimeldine (g), another 
5HT reuptake blocker, has no effect on memory or reaction time in PDD.73 
The hallucinogenic amphetamine derivative MDA (g), which selectively 
destroys serotonergic nerve terminals, 
models of serotonergic defi~it.7~ 

may aid in developing animal 

27 - 
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Neuropeptides - Somatostatin-like immunoreactivity (SLI) is reduced in 
parietal but not frontal cortex, and in the hippocampus and putamen in 
PDD.75,76 Decreases in somatostatin receptor number correlate with SLI 
decline, suggesting either degeneration of postsynaptic neurons, or 
increased somatostatin release leading to posts naptic down- 
r e g ~ l a t i o n . ~ ~  SLI is present in neuritic  plaque^,^^.^^ and a subclass 
of somatostatin-containing neurons selectively affected in PDD contains 
neuronal tangles.80 Low cerebrospinal fluid (CSF) levels of somatostatin 
were found in PDD patients.81 The somatostatin analogue L-363,586 (30) 
did not improve memory impairment in PDD patients, but the absence of 
side effects suggests that higher doses should be tried.82 Evaluation 
of linear and cyclic forms of somatostatin, as well as certain fragments 
(somatostatin 3-6,  7-10), indicates that the entire peptide sequence is 
required for prevention of electroconvulsive shock (ECS) induced 
retrograde amnesia in rats.83 

30 - 
7 

(NMe)Ala-Tyr-D-Trp-Lys-Val-Phe 
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Vasopressin (VP) enhances memory though probably not by central 
mechanisms. Its behavioral effects may involve peripheral reinforcement 
and central modulation of arousal.84 The VP analogue DDAVP (31) 
facilitated memory in males,85 but not in females.86 DDAVP did not 
improve the memory impairment of chronic  schizophrenic^,^^ nor was it 
effective in reversing ethanol-induced deficits in memory or cognitive 
function in normal subjects.88 Another VP analogue, DGAVP (s), was not 
effective in PDD or Korsakoff's DiseasenBg In a separate study, DGAVP 
produced slight improvement in list learning of low imagery words.90 

I I 
S-(CH2)2C(=O)-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-GlyNH2 2 

I I 
HCys-Tyr-Phe-Gln-Asn-Cys-Pro-ArgOH 32 HMet(S=O)-Gln-His-Phe-Lys-Phe 2 

ORG 2766 (x), a synthetic analogue of ACTH 4 - 9 ,  was well 
tolerated but failed to produce significant effects on cognitive 
function in PDD.91 ORG 2766 was not beneficial on impaired performance 
related to working overnight or disturbed sleep.92 It did not reduce 
severity of depression o r  anxiety,93 or improve learning, consolidation, 
or retrieval of memorized material in the elderly, although a higher 
degree of sustained attention was noticed during drug treatment.94 CSF 
levels of ACTH are low in PDD.95 

%-Endorphin produces a retrograde amnesia in animals which is 
blocked by opiate antagonists (e.g. naloxone) and by cholinergic agents 
(e.g. oxotremorine, p h y s o ~ t i g m i n e ) . ~ ~ , ~ ~  Dynorphin 1-13 does not cause 
retrograde amnesia in rats.98 CSF levels of B -endorphin are low in PDD 
and MID, but levels of 8-lipotro in are unchanged.99 Naloxone did not 
improve impaired cognition in or in depressed patients after 
ECS therapy.lol 

The therapeutic potential of thyrotropin releasing hormone (TRH) 
and its analo ues in treating PDD and amyotrophic lateral sclerosis was 
reviewed. log  Two stable TRH analogues were evaluated against 
experimentally-induced spinal trauma in cats: CG-3509 (34) improved 
neurologic recovery but MK-771 (35) did 

CCK-8 (cholecystokinin-8; sulfated and nonsulfated) was marginally 
active in preventing ECS-induced amnesia in rats (i.c.v.), and may 
indirectly influence memory.lo4 CSF levels of vasoactive intestinal 
polypeptide are unchanged in PDD, but reduced in MID.105 Neuropeptide Y 
(NPY) may inhibit memory retention in PDD.lo6 NPY-like immunoreactivity 
is found in PDD neuritic plaques.lo7 Neurotensin immunoreactivity is 
unaltered in several brain regions in PDD, but is increased in the 
frontal and temporal cortex of Down's patients. The latter changes 
appear related to the presence of plaques and tangles.108 Angiotensin- 
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I1 facilitates learning and retention in active avoidance paradigms in 
shuttle-box-trained rats when administered (i.c.v.) before or after 
training. Saralasin, while having no effects of its own, blocked the 
effects of angiotensin-I1 on 1earning.lo9 The peptide HPhe-Ile-Tyr-Ser- 
Tyr-LysOH (36) reverses ECS-induced amnesia and facilitates T- 
discrimination task learning in rats.l1° 

Nootropics and other agents - Most compounds described as nootropics are 
pyrrolidone derivatives, the first example being piracetam (37). 
Piracetam-treated dyslexic boys were faster readers, but no effects were 
observed on reading accuracy or comprehension, Piracetam improved 
auditory short-term memory in individuals with relatively poor 
memory,lll produced clinical improvement in some adult males with 
alcoholic psychosis and increased cerebral blood flow and 
somatosensory evoked potentials in hypotensive cats.l13 Peak serum 
concentrations are reached within one hour, and little metabolism 
occurs.l14 Specific combinations of piracetam and Ch enhanced 
habituation of exploratory activity in mice, but neither drug alone had 
an effect.l15 Piracetam-Ch combinations affect hippocampal rhythmic slow 
activity in rabbits.l16 Piracetam potentiates the anticonvulsant effects 
of carbamazepine.lI7 
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Structure activity relationships were proposed for piracetam 
analogues that affect spontaneous locomotor activity, ECS-induced 
retrograde amnesia, and survival under hypoxic conditions.l18 Compound 
- 38 is twice as active as piracetam in protecting mice against acute 
hypoxia.l19 Oxiracetam (ISF-2522, 2) was more effective than piracetam 
in improving neurological and somatic symptoms associated with chronic 
cerebrovascular insufficiency in elderly patients, possibly via platelet 
aggregation inhibition.120 Oxiracetam is excreted unchanged (>go%) in 
urine after oral administration.121 The synthesis and activities of a 
series of analogues of pramiracetam (CI-879, 9) were described.122 
Pramiracetam shows a "therapeutic window" in terms of  effects on learned 
behavior, gross EEG activity of the hippocam us and frontal cortex, and 
firing rate of single hippocampal neurons. p23 Aniracetam (Ro-13-5057, 
- 41) improved the accuracy of pigeons and monkeys on variable-delay 
matchin -to-sample and antagonized scopolamine-induced impairment in 
monkeys. k24 The activity of tenilsetam (CAS-997, 43) in animal models 
of cognition was reviewed.125 Beneficial effects observed with CAS-997 
may reflect positive actions on metabolic and cholinergic functions.126 
The chemistry and pharmacology of CI-844 (g),lz7 rolziracetam (CI-911, 
- 45),128 and CI-933 were briefly reviewed. 
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Pentoxifylline ( 4 6 ) ,  a PDE inhibitor, reverses age-related spatial 
memory deficits.130- Propentofylline (HWA 285, 47) reverses 
cycloheximide-induced amnesia in mice,131 and affects rat cerebral 
metabolism132 and human psychomotor performance, mood, and memory.133 
Hoe 175 (48) enhances memory in mice.134 Pyritinol (49) facilitates 
retention of a learned task in poor learners only.l35 ?debenone (CV- 
2619, 50) protects against cerebral ischemia-induced amnesia in rats.136 
Sulfoxazlne (Y-8894, 51) protected mice against ECS-induced amnesia and 
hypoxia but had no effect on learning and memory.137 Buflomedil (52) was 
well tolerated in demented patients, and some improvement in cognitive 
function was noted.138 

46 R-Me 
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While preclinical and preliminary clinical studies have often been 
encouraging with the newer cognition activators, well-designed, double- 
blind, placebo-controlled trials have thus far failed to demonstrate 
unequivocal drug effects. 
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Introduction - Since the last review on central 5-hydroxytryptamine (5-HT, 
serotonin) receptors appeared in this series, major advances have been 
made in the definition of the functional consequences of he stimulation 
and blockade of these multiple receptor sites in the CNS. To a large 
degree, these advances have been made possible by the availability of 
drugs, both agonists and antagonists, with a degree of selectivity and 
activity at the various central 5-HT receptor subtypes. The purpose of 
this review i s  to identify the key drugs which have led to these advances 
and to give an indication of their potency and selectivity at central 5-HT 
receptors. Central 5-HT r ceptors have been the subject of several recent 
reviews and monographs. Important advances have also been made in the 
identification of compounds with effects at peripheral 5-HT re e tors and 
the reader is referred to a series of reviews on this subject. 

F: 

1-5 

$ P  

Central 5-HT receptor classification - On the basis of radioligand binding 
studies, central 5-HT recognition sites wer;e originally classified into 

1u 
two subtypes, designated 51HT 
that the 5-HJ recognition sik,, define2 on the basis of high affinity 
binding of [ A]-spiperone or [ H]-ketansfiin, has many functional 
correlates in the CNS and the peripheryj Correlates of  the 5-HT 
recognition site, which is labeled by [ H]-5-HT, have proven more 
difficult to determine and indeed the relati n ip of these binding sites 

Over the last few years, to functional receptors has been questioned. 
however, it has become increasingly evident that the original definition 
of the 5-HT site as a single homogeneous entity was an oversimpli- 
fication an& that at least three subt ygtB3may exist. These have been 

1c' 
designated 5-HTlA, 5-HT1 and 5-HT 
studies of the regio Pttl!istribution of central 5-HT recognition sites 
have been published. 

and 5-HT . It is now generally accepted 

1 

a,sP 

Extensive autoradiographic 

- 5-HT 
for f-HT as compared to 5-HT recognition sites. T se include the 
putative agonists, 5-carbamoyitryptamine (5-CT, A ) ,  
(1,2,3,6-tetrahydropyridin-4-yl]pdole (RU 24969, 2), 1-(3-acetamido- 
pheny1)piperazine (BEA 1654, 3)  
propranolol, pindolol and cyanopindolol. In general, the above- 
mentioned drugs have similar affinities for both the 5-HT and 5-HTlB 
subtypes of the 5-HT1 recppition site, and cannot be use!lAas tools to 
distinguish between them. 

Recognition sites - A number of compounds shows selective affinity 

1 9% 
1j-methoxy-3- 

and seYerqt, putative antagonists such as 

5-HT Recognition sites : identification and functional correlates - The 
functional effects of stimulation of the putative 5-HT receptor have 1A - 

1 A  
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received considerable attention over the last 3 years. Of crucial 
importance to these studies was the finding that the tetralin derivati 
8-OH-DPAT (?), is a selective agonist at the putative 5-HT receptor. 
In radioligand binding studies this compound proved t 
potent at 5-HT sites than at 5-HT 
been gfjepared and is now used to lake1 selectively the 5-HTIA recognition 
site. 

'25 , 
&A600 times more 

or 5-HT sites. q6'57 Tritiated f! has 
1A B 2 

Compound 4 has many central and peripheral actions ins4uding 
effects ogOthe cardiovascula51system, feeding 
behavi 95,  sexual activity, he startle re- 
sponse and body temperature .35 Attempts have 
been made to confirm the receptor type involved in 
the functional responses to 8-OH-DPAT. For 
example, the potent stimulant effect on adenylate 
cyclase activity in guinea pig hippocampus homo- 

genates is blocked by spiperone, a potent 5-HT receptor antagonist which 
has 5-HT receptor antagonist activity, but not by the more selective 

onis$, luH, 3u, 5aH-tropan-3-yl-3,5-dichlorobenzoate (dDL 72222). 
Electrophysiological studies in the rat dorsal hippocampal slice prepara- 

35 tion indicate that the decreases in the CA1 population spike amplitude, 
induced by 5-HT or a-OH-DPAT, are also mediated by the 5-HT receptor. 
Contraction of the canine basilar artery inducjgd by 8-OH-DPAt appears 
similarly to be mediated by 5-HT1 
complemented by in vivo experiments which demonstrate that certain of the 
behavioral effects of 8-OH-DPAT are the result of the sti ion of 
5-HT A receptors, as are its effects on body temperature. 
inhihition of transmitter release following field stimulation of the 
guinea pig ileum & a functional correlate of the 5-HT 
in the periphery. 

Nfi 

- 4 
2 

1A 
5-HT receptor antagonist, ketanserin, nor by the 5-HT receptor y p g -  

receptors. These in vitro studies are 

recognition site 
1A 

- 5-HTIA Recognition sites : new ligands - Compounds with appreciable 
affinity for the 5-HT recognition site can be classified under the 
f o 1 lowing headings : 

1A 

Tetralin derivatives - Compound 4 was of particular interest in that 
its tetralin structure was chemically distinct from earlier classes of 
5-HT receptor agonists. The position of the hydroxy substituent is crucial 
for the potency and selectivity of the compound at the 5-HT site. Thus, 
whereas 4 has no effect on central catecholamine receptors,'$-, 6- or 
7-h rox lated derivatives have powerful dopamine receptor agonist activi- 
ty. 
tivitx2at central 5-HT receptors using biochemical and behavioral tests in 
rats. Quantification of this activity by measuring changes in 5-HTP 
turnover in limbic structures, striatum and cortex allowed the following 
conclusions: (i) 0-methylation of 4 results in a 6-fold decrease in activ- 
ity; (ii) modification of the amino substituent gives the order of potency 
-NH-nBu < -NH-iPr << -NH-Me * -piperidine < -NMe <-NH-Et < -NH-nPr < 
-NEt < -N(nPr)2; (iii) the R(+) enantiomer of 5 is slightly, but signifi- 
cant?y, more potent than the S(-) enantiomer. This last observation has 
been confirmed by direct measurement the affinity for the 5-HT 
recognition site in rat brain cortex.'5 Compounds 2 to 2 have alsk%eeth,k5 
prepared and shown to have agonist activity at central 5-HT receptors. 

x j  
Many other tetralin analogues have been prepared and tested for ac- 

2 
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Two pu@;&ye 5-HT receptor alkylating agents 8 and 2,  have been 
synthe s ised. 
irreversibly to the [ Hl-8-OH-DPAT recognitioz6site, but these findings 
remain to be confirmed by functional studies. 
is a selective antagonist of the ZTrdiovascular response to 8-OH-DPAT but 
the effects are not irreversible. 

Of hese, 8 is reported to bind selectively and 5 lA  
The other derivative, 9 ,  

I F' 

Indole derivatives - As mentioned a &vet RU 24969 (2) has high 
t5f89 affinity for the 5-HT1 recognition site, 

capacity to discriminate between the 5-HT 
Nevertheless, its structure is o f  interest since the tetrahydropyridine 
ring prevents superposition of the basic nitrogen and the indole ring with 
the same structural feature- in 5-HT or lysergic acid diethylamide (LSD). 
Various analogues have been examined for their abilityOto decrease rat 
brain-stem 5-hydroxyindoleacetic acid concentrations. Several analogues 
of 5-methoxytryptamine (N,N-dimethyl, N,N-diethyl and N,N-di-n-propyl-5- 
methoxytryptamine) have q o d  affinities and some selectivity for the 
5-HTIA recognition site. There is a correlation between their capacity 
to discriminate between the 5-HT and 5-HT sites and the length of the 
N-alkyl substituent. This trend was also evigent with analogues of 5-CT ; 
for example the N-di-n-propyl derivative lo (DP-5-CT) had similaEjaffinity 
to 5-CT for the 5-HT binding site but was much more selective. DP-5-CT 
is the most potent at% selective 5-HT A site ligand described to date. Two 
other indole derivatives, 11 and g, kave recently been disclosed as 

52 potent and relatively selective 5-HTlA ligands, suggesting that more 
extended N-substitution does not necessarily lead to a l o s s  of affinity. 

but it shows only lim 
and 5-HTlB subtypes. 

1A . 

1A 

Aryl piperazine derivatives - The activity of BEA 1654 (2) has 
already been mentioned. ' >  Buspirone (g), a clinically effective 
anxiolytic drug, is an example of an aryl pipe53zine derivative with 
affinity and selectivity for the 5-HTlA sites. 
on dopamine and a -adrenoceptors, but negligible activity on  a 
muscarinic, 5-HT2, y-aminobutyric acid or benzodiazepine receptors. 
has been suggested that the anxiolytic 3fyjyrties of buspirone arise 
through an interaction at 5-HT sites. Gepirone (G) ,  an analogue 
of buspiroyg which is devoid ok'significant effects at dopamine 
receptors, 
5-HT recognition site. Many other structural analogues of buspirone 
havelbeen described, but n o  structure act&ity study involving affinities 

for the 5HT A site has yet been reported. TVX Q 7821 ( 3 1 ,  a compound 
which contains the saccharin moiety, binds with reasonable affinity to 

It has moderate effects 

1 

has recentlrgbeen shown t o  have selective activity at the 
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the 5-HTIA recognition site of rat frontal cortex.61 C3H]-TVX Q 7821 has 
been g5epared and appears t o  be a useful ligand for the 5-HT 
site. 

recognition 
1A 

? 0 

1-[3-(Trifluoromethyl)phenyl]pipera~j,ne has greater affinity for 
the 5-HTlB site than for the 5-HT site. 
derivatives, 16 and 2, are reported to display both high affinity and 
selectivity for the 5-HT 

1A 
gepbsr substrate towards 5-HT 

1A 
in the selectivity pattern of a 5-HT re 
activity as a result of N-substitution. 
ligand [ HI-WB 4101 labels the 5-HT receptor with high affinity : its 1 
efficient6gisplacement by spiperone suggests that the 5-HTlA subtype is 
involved. 

In contrast, two of its 
1A 

site, providing a further example of a shift 

Finally, the ct -adrenoceptor 1 3 

- 5-HT1 
A limated number of compounds has been shown to have a degree of 
selectivity for the 5-HT 1B r e ~ o g g t ~ ~ o ~ ~ ~ i ~ ; ~ T h e s e  are RU 24969 (i), 
the indolylogypropanolamines and several pipera 
derivatives. A number of ot&r2bompounds includin*6tryptamines, some 
P-adrenoreceptor antagonists, ' and methiothepin displays affinity 
but no selectivity for the 5-HT 
site can be labeled selectively 1B with 3-[ I]-2-~yanopindolo~~(~) 
in the presence of 30 JJM isoprenaline. The autoreceptor of the terminal 
5-HT neurones appears to be the functional correlate of the 5-HT 
recognition site. Thus, compounds which show affinity for the 5-i! 
have effects at the 5-HT autoreceptor. For example 2-cyanopindolo11f~) is 
a potent 5-HT autoreceptor antagonist, a@c~;$j it does not discriminate 
between the 5-HT1 RU 24969, which has good 
affinity for the $-HT 
8-OH-DPAT which is selective for the 5-HT 
Correlation analysis of a range of some 3bAdrugs of diverse structures, 
with affinity and various degrees of selectivity at the central 5-HT 
recognition sites, has established that t& terminal 5-HT autoreceptor 
does indeed belong to the 5-HTlB subtype. 
functional relationship between the 5-HT autoreceptor and the presynaptic 
5-HT reuptake site. Thus, it has been clearly demonstrated that a number 
of 5-HT uptake blocker yo;7y reduce the efficacy and potency of 5-HT 
autoreceptor agonists. The 5-HT autoreceptor located on the 5-HT 
neuronal cell bodies i n  thg2dorsal raphe is an interesting exception and 
may be of the 5-HTlA type. 

recognition sites : identification and functional correlates - 
48,67 

f kne 

recognlsion site. The 5-HT 
rec,,;.&ion 

site 

and 5-HTlB subtypes. 

E8:k$reas site, is a potent autoreceptor agonis 
site is inactive. 

There appears to be a 
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5-HT Recognition sites : identification and functional role - Palacios 
a n d k F s  colleagues were the first to define a subclass of the 5-HT 
recogniti ns,7jte which could not be classified as either 5-HT *,.5-HT 
or 5-HT 
choroid plexus, have been designated 5-HT . 
sites can be labeled by [ HI-mesulergine kith the use of 51fiT or 
mianserin to define non-specific binding. 
autoradiographic studies have established that the choroid plexuses of 
rat, pig and man are especially rich in 5-HT sites and that significant 
numbers exisi3ff40ther brain areas includinglfrontal cortex and 
hippocampus. Several established 5-HT receptor antagonists show 
nanomolar affinity for 5-HT sites including metergoline, mianserin, 
LSD, cypro)5yigdine, methiotgepin and mesulergine ; none is, however, 
selective. Agonists have generally lower affinities and several, 
including 4-hydroxytryptamineY 5-aminotrypigmine and tryptamine, show a 
degree of selectivity for the 5-HT site. A functional role for the 
5-HT recognition site remains tol&e defined. However, since they are 
mainly located in the choroid plexus, they may be involve 
of the volume and composition of the cerebrospinal fluid. 

1B These sites, which are conceni5;izd particulariy in the 
The 5-HT recognition 

2' 
3 

Both receptor binding and 

C in the control 94' 

5-HT Recognition sites : identification and functional correlates - The 
5-HT 
studies using the tritiated neuroleptic [ HI-spiperone. However this 
ligand is less than ideal since its affinity for the dopamine D 
receptor is 33 times higher than that for the 5-HT receptor (Table). 
Several other radioligands have since been evaluated in an attempt to 
achieve both high affiy&:s6.agf selectivitj for the 5-AT 
proven unsatisfactory. Although [ HI-ketanserin is only 25 tim 
less active at H -histamine and a -adrenoceptors than 5-HT2 receptors, 
it is the radioligand most commoniy used to label thelz-HT sites, with 
mianserin present to deffg? the non specific binding. A recent paper 
identifies N -methyl-2-[ 

1 
reported and the best overall selectivity for the 5-HT 

2 - 
recognition site was first characte ized in radioibgand binding 2 5 

2 8,75 
2 .  

site. Most have 
2. 

82 
1 

2 

I]-LSD (3) as having the highest affigjty yet 

2 receptor. 

Administration of 5-HT precursors or directly acting agonists 
results in head twitch in the mouse. Th original postulate th 
response is mediated bx 5-HT receptorsg4 has received general 
not universal support. receptor antagonists are able to block 
the discriminative stimulus properties of hallucinogenic compounds, such 
as LSD and l-[2,5-dimethoxy-4-methylphenyl]-2-aminopropane, leading to 
the suggestion that the mechanggm of action of these agents involves 
5-HT receptor related events. Electrophysiological studies of the 
facial and spinal motoneurones indicate that the facilitatory effect of 
5-HT or 5-HT receptor agonists on the depola 64;48g action of excitatory 
amino acids is mediated by a 5-HT receptor. Similarly, from 
antagonist studies, the 5-HT receptor appears to mediate the 
depolarisation 9 f  cell bodies of sympathetic preganglionic neurones 
evoked by 5-HT. 

The 3-HT 2 

2 

2 

2 The clinical significance of drugs with selective actions at 5-HT 
receptors remains unclear. The initial indication that 
antagonists would be hypotensive has now been largely 
animal studies, chronic administration of antidepressant drugs or 
electroconvulsant treatment leads to a decrease in 5-HT receptor number 
and a role Gtr 5-HT receptor antagonists in affective %isorders has been 
postulated. 
ritanserin, suggest an anxiolytic activity in this class of drug. 

2 .  
95 

Early clinical studies with the 5-HT2 antagonist, 
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5-HT Recognition sites : new ligands - A number of new 5-HT receptor 2 2 
ligands has been characterized in binding assays and/or relevant 
functional tests. The table includes the details of the activities and 
selectivities of these compounds in comparison with those of established 
5-HT receptor antagonists. They can be classified as follows : 

- 

2 

Butyrophenone derivatives - Many butyrophenone derivatives were 
2 described in the Tarlier review as having high affinity for the 5-HT 

recognition site. Additions to this list include benperidol ( 2 1 ,  a 
c ose analogue of spiperone whb5h is only slightly less potent in the 
[ HI-ketanserin binding assay. 

!3 

HN 

0 

Tricyclic compounds - Compounds classified under this heading include 
binding site. The neuroleptic clozapine (2) ha2 $%en shown 

' 91 

cyproheptadine, pizotifen and mianserin, all of which show high affinity 
for the 5-HT 
to be an antagonist of 5-HT receptors n vitro and in vivo. ' C1 i- 
pazan (2) has very high afginity for [ HI-ketanserin labeled sites 
WAL 1307 (2) is active in functional tests of 5-HT 

2 
4- 88 

receptor activity. 
2 

'- \ 

C) Me 

2 2  - 
Me 

2 3  - 2 4  - 
Ketanserin derivatives - Several new analogues of ketanserin (5) 

2 

have recently been described : altanserin (g), setoperone (c), R 56413 
(2) and ritanserin (2). All display very high affinity for the 5-HT 
receptor with different profiles vis-2-vis gbher receptors. All are 
undergoing clinical trial in CNS disorders. Ritanserin is of particular 
interest as an extremely potent, long acting and centrally-active 5-HT 
receptor antagon $jY98hich shows anxiolytic effects in preliminary 
clinical trials. 7-Azido-ketanserin has been reported t o  bind 
irreversibly to the 5-HT 
marked affinity for H -histamine receptors. 

1 

2 

recognition sites 99.a{6bough it also shows 2 
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3 
Table - 5-HT receptor affinities determined in [ HI-ketanserin binding 

2 studies. (Ki values for the 5-HT 
selectivities are expressed as ratios of  K values). 

receptor are in nM ; 
2 

i 

2 
5-HT 5-HT1/5-HT H /5-HT a /5-HT a 15-W D /5-HT 

2 2 1  2 1  2 2  2 2  
Compounds 

Ketanserin Derivatives 

0.16 > 6000a 2 00 25 620 3 50 
98 

A1 tanserin 
Ritanse 48n9’ 0.19 > 5000; 125 185 315 115 
R 56413 82 0.26 > 3000 75 280 2 50 480 

0.28 - - - - - 
0.37 > 2500; 145 35 65 70 

Pirenperon 

0.39 > 2500 25 25 > 2500 565 
Setoperone 
Ke tans e r in 

.......................................................................... 

68 
98 

Butyrophenone Derivatives 

Spiperone 
Pi pampe ron 
Benpe r ido 1 

0.53 190 > 1800 18 > 1800 0 .3  
0.78 - - - - - 
1.20 - - - - - 

8,82 
82 

52 

Ergoline Derivatives 

2-iodo-LSD 
Metergoline 8’82 0.28 46 3 900 135 1300 80 

d-LSD ’ 2.50 8 > 440 65 35 8 
Me su le rg &ye 3.16b - - - - - 

0.9 3 5a 1300 110 110 44 80 

Methyaeg9ide 82 0.94 - - - - - 

Me - I - LSD 0. 26b 180 - 60 280 34 
LY 5 3 5 8 7 O1 0.05 No effect 260000 5800 - - 

Tricyclic Derivatives 

0.28 
82 

0.39 - - - - - 
Pizot if en 
Clopipazan 

Cyproheptgt&ge 82 0.44 - - - - - 
Mianse r in 1.4 710 2.0 58 43 442 

- - - - - 
82 

Methiothepine8’82 0.39 95 14 1 80 10 

Miscellaneous 

C1 ozapi ne 
Xylamidine 
Cinanserin 

2.6 
1.5 
2.0 

82 - - - - - 
- - - - 82 

82 
- 

- - - - - 
19 

a: Selectivity versus the high affinity 5-HT1 site. 
b: Dissociation constant 

Ergoline derivatives - The classical 5-HT receptor antagonists, LSD, 

rnesulergine (31)’ 99’i0’ and LY 53857 

methysergide and metergoline have been joined recently by several new 
highlgoactive compounds containinggshe ergoline skelet -iodo-LSD 
(30) , 
(Z).lo1 A11 these compounds show a degree of selectivity €or the 5-HT2 
site. LY 53857, which lacks al-adrenoceptor and dopamine receptor 
antagonist activities, sQ8y385tivity in animal models predictive of 
antidepressant activity. 

N -methyl-2-iodo-LSD ( 2 1 ,  
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x R ,  R l  a 
- 30 1 H CONEt, 

- 32 H MI NHSO~NMI, HH 

33 H ,.Pr CO,CH(Mo)CHOKCH, HH 

- 31 1 MO CONE12 

- 

Miscellaneous - Diverse chemical structures have been reported 
to have 5-HT receptor antagonist properties. For example, 
1-( 1-naphthy?)-piperazine (34)  shows good affinity for the 5-HT2 receptor 
and, beinglatme 2000 times less active at al-adrenoceptors, is maftf3dly 
selective. Ty&,other aryl piperazine derivatives, TR 2515 (2) and 
trazodone (s), are also 5-HT receptor antagonists. The benzazepine 
3 (SCH 2 3 3 9 0 ) ,  which is a dopamine D -receptor antagonist, {@ibits 
[ HI-spiperone binding in rat cortex with an IC of  112 nM. 
Verapamil,l~8c\~~s I1 calcium-antagonist, had an IC 
same test. Two related amidines, xylamidine 8)  and BW 501C67 
(E), display high affinity for the 5-HT2 receptor."BW 501C67 
discriminates effectively between 5-HT2 and a -adrenoceptors 
remarkable in being unable to block central 5-HT 

2 
1 

50 of  290 nM in the 

1BP:lfSL 1 
2 receptors* 
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Chapter 6. Formation and Degradation of Neuropeptides 

Jan van lispen and Roger Pinder 
Organon International, Oss, The Netherlands 

Introduction* - Synaptic communication was long thought to be mediated 
solely by classical neurotransmitters such as monoamines, amino acids 
and acetylcholine. In the last decade, however, an increasing number of 
peptides has been found in CIS neurons.1-3 leuropeptides can be 
defined as those peptides which affect communication between neurons 
either by direct transmitter action or indirectly y& neuromodula- 
tion.4 The availability of newer diagnostic and analytical techniques 
has greatly facilitated the identification of such peptides, many of 
which had already been described in the gastrointestinal tract, pancreas 
and pituitary. A growing number of neuropeptides has been identified 
through gene sequencing of their peptide precursors. The neuroana- 
tomical localization of many of the neuropeptides listed in Table 1 is 
described by Nieuwenhuys . 

The situation is further complicated by the frequent coexistence of 
neuropeptides with each other (eg. CCK and VIP, CCK and UT, VIP and IYT, 
CRF and AVP, CRF and OT, TRH and SP, OT or AVP and enkephalins) or with 
classical neurotransmitters (eg. CCK and dopamine, AVP and norepi- 
nephrine, UPY with epinephrine or norepinephrine, SP or TBH with 5-HT, 
SS with norepinephrine and GABA, and WT or VIP with acetyl- 
choline) . l s 5 s 6  Cotransmitters may greatly increase the number of 
chemical signals available for neuronal communication. Ueuropeptides 
are involved in homeostatic systems, including the regulation of pain, 
blood pressure, temperature, thirst, feeding, learning, memory and 
trophic function. Ueuropeptides have also been implicated in neuro- 
logical diseases7 such as Alzheimer's disease,* schi~ophrenia,~ 
Huntington's choreaS9 and epilepsy,1° as well as in the immune 
system.ll The amino acid sequences of the majority of characterized 
neuropeptides are given in Table 2. 

Biosynthesis and post-translational processing - Waturally occurring 
peptides are biosynthesized either directly from amino acids, by more or 
less peptide specific enzymes, or by cleavage (processing) of precursor 
proteins synthesized at the level of the ribosome. Peptides of the 

*Peptide abbreviations used in this chapter are: ACTH, adrenocortico- 
tropic hormone; CCK. cholecystokinin; CGRP, calcitonin-gene-related 
peptide; CLIP, corticotropin-like intermediate lobe peptide; CRF, corti- 
cotropin releasing factor; DSIP, delta-sleep-inducing peptide; F" and 
GAWK are names, not abbreviations; GHRH, growth hormone-releasing 
hormone; GRP, gastrin-releasing peptide; LPH, lipotropin; LHBH, lutein- 
king hormone-releasing hormone; HSH, lnelanocyte stimulating hormone; 
NPY, neuropeptide Y; WT, neurotensin; ODU, octadecaneuropeptide, frag- 
ment of diazepam binding inhibitor; OT, oxytocin; POHC, pro-opiomelano- 
cortin; SP, Substance P; SS, somatostatin; TRH, thyrotropin-releasing 
hormone; VIP, vasoactive intestinal peptide; VP, vasopressin. 
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Table 1. Neuropeptides in Uauunalian CIS 

Chain Length 
of nost 

Beurovevt idesa Abundant Formb 

ACTH 39 
Amidorphin12 26 
Angiotensin 8 
~trin13 9 c 28 
Bombesin14 9 14 
Bradykinin 9 
Calcitonin 32 
QCGRP 37 
6CGRP15 37 
Carnosine (EAla-His) 2 
CCK 8 
CRF 41 

DSIP 9 
Dynorphin A 17 
Dynorphin B-29 (leumorphin) 29 
Dynorphin B (rimorphin) 13 
&Endorphin 31 

Cyclo(His-Pro)16 2 

Leu-Enkephalin 5 
net-Enkepha lin 5 
FURF-amide 4 
Galaninl7 29 
Gastrin 17 
 GAWK^^ 74 
Glucagon 29 
GHBH (sornatocrinin) 44 
Hydra head activator 11 
Insulin 51 

Chain Length 
of Host 

Neuroveptidesa Abundant Pornb 

Kyotorphin 

Locust Adipokinetic 
honnone19 
LHRH (GnRH) 
a-nSH (see also Ref.20) 

not i 1 in 
a-Neoendorphin 
B-Neoendorphin 
Neokyot orphin22 
Neuromedin B-3223 
Neuromedin U-25 ; U-824 
Neuropeptide K25 9 26 i e  
NPY (see also Ref.27) 
IYT 
O D N ~ ~  
OT 
Prosomatostat in 

Secret in 
ss 
SP 
Synenkephalin30 
TBH 
VIP 
w 

6-LPH 

y3-USH2I 

fragments29 

2 
89 

10 
10 
13 
26 
22 
10 
9 
5 
32 
25;8 
36 
36 
13 
18 
9 

76,44 
27 
14 
11 
70 
3 
28 
9 

(a) putative neuropeptides are referenced; (b) human Where available, 
but other biologically active fragments exist; (c) see chapter titled 
"Atrial Uatriuretic Factor" by R. W. Lappe and R. L. Wendt which is 
included in this volume (Ch. 27); (d) probably GRP; (el C-terminal deca- 
peptide also called neurokinin A o r  a, neuromedin L or substance K. 

first group are usually small and often contain amino acids which are 
not found in proteins; carnosine (Table 1) and glutathione are 
examples. In the case of the second group an initial translational 
product, the "pre-protein", contains a signal sequence at its I-terminus 
which can be removed by a "signal peptidase" to yield the "pro- 
protein". This in turn serves as the precursor molecule for component 
peptides. The concept of this post-translational proteolytic cleavage 
of large precursors was based on pulse-chase studies with radioactive 
amino acids. * 31-33 Application of recombinant DNA techniques has 
subsequently elucidated the amino acid sequences of many neuropeptide 
precursor proteins. 34 However, precursor proteins may contain several 
biologically active products. For instance, pro-opiomelanocortin (POUC) 
was shown to be the precursor protein for ACTH, 0-LPH and yg-MSH; 
smaller neuropeptides were found upon further processing of ACTH and 
6-LPH, each with their own characteristic pattern of biological activity 
(see Fig. 1).35 Pro-enkephalh A, on the other hand, contains four 
copies of let-enkephalin and one copy each of Leu-enkephalin, Xet- 
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enkephalin-Arg-Phe-OH and Met-enkephalin-Arg-Gly-Leu-OH; in addition to 
these molecules several larger enkephalin-containing peptides have been 
found, all with the opioid-like activity.36 

In the first well-documented case, insulin, it was found that 
cleavage took place at the carboxyl site of paired basic amino acid 
residues in the pro-protein, followed by enzymatic removal of these 
basic amino acids. Cleavage at paired Lys and/or Arg residues was later 
found to be characteristic for many precursors. Precursors of the 
following neuropeptides are processed in this way: ACTH (Fig. 1); 
calcitonin and CGRP;37 CCK (at the C-terminal end of CCK-8);38 
CRF;39 dynorphin A and the other peptides generated from prodynorphin 
(= proenkephalin B), such as Leu-enkephalin, a- and B-neoendorphin and 
dynorphin A(1-8) i40 B-endorphin (Fig. 1) ; net- and Le~-enkephalin;3~ 
gastrin;41 glucagon42 (two glucagon-like peptides are also present 
between doublets of basic amino acid residues in human preproglucagon) ; 
insulin;43 6-LPH (Fig. 1); a-HSH (Fig. 1); sS-14;44 SP (bovine, at 
C-terminal end) ;45 substance K (the C-terminal decapeptide of bovine 
neuropeptide K);45 TRH (rat)46 and V I P ~ ~  (a closely related 
peptide of 27 amino acids, P)M, is also present). Cleavages at a sinsle 
arginine are also known; for example in the precursors of dynorphin B 
(rimorphin) ,40 CCK-8,38 SS to give the 28-pe~tide~~ and brady- 
kinin. 48 No precursor (sequence) has been found for FKRF-amide, GHLZH, 
hydra head activator, kyotorphin, LHRH, motilin, NT, NPY, DSIP, procto- 
lin (insects) and secretin, although in several cases imsnunoreactive, 
high molecular mass, material has been identified (eg. for motilin and 
DSIP). In other cases the presence of an U-terminal pyroglutamic acid 
residue (eg. WT, LHRH) and/or a C-terminal amide (m-amide, GHRH, LHRH 
and t?PY) strongly suggests post-translational modification of a pre- 
cursor (see below). 

Uodifications to pro-proteins which occur before cleavage include 
disulfide bridge formation, glycosylation, sulfation, methylation and 
possibly phosphorylation.32.4g*50 CCK (large and small forms) 
contains a sulfated tyrosine in the C-terminal region which is essential 
for secretion of pancreatic enzymes and gall-bladder emptying but not 
for certain CIS activities. About half of the gastrin-related peptides 
are sulfated but this has no effect on gastric acid secretion in 
mannnals. A small amount of Leu-enkephalin from rat striatum is sulfated 
but it is biologically inactive. Very little is known about the sulfo- 
transferase activities involved in the tyrosine sulfation step. Phos- 
phorylation of ACTH and CLIP has been found at serine 31, where the 
sequence -Ser-X-acidic- appears to be part of a recognition site. 32 
Biosynthetic studies indicate that phosphorylation and glycosylation 
occur at about the same time, shortly after the synthesis of POUC; 
neither process seems to influence the biological activity greatly. 32 

Post-translational modification reactions which occur after 
cleavage of the peptide from its precursor include C-terminal amidation, 
W-terminal acetylation and pyroglutamic acid f0rma.tion.31-3~ s49 s50 In 
the first-mentioned case, cleavage at doublets of basic amino acid 
residues by trypsin-like enzymes31,33*51 is followed by removal of 
these basic amino acids by carboxypeptidase B-like pro- 
teases.31,33,52~~~ In all known cases there is a glycine residue at 
the N-terminal end of the basic doublet, which is thought to serve as a 
recognition site for amidation. Human plasma, CSF and CIS tissue 
contain enzymes with "peptide a-amidation" a ~ t i v i t y . 3 ~ * ~ ~ * ~ ~ , 5 5  
Examples of -X-Gly-Lys(or Arg)-Lys(or Argl- systems that result in 
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-X--W2 are calcitonin, CCK, gastrin, a-MSH, OT, SP, TRH, VIP and 
VP. Acetylation of the I-terminal end, also e n ~ y m a t i c , ~ * * ~ ~  can 
influence the biological activity; for example, a much more potent 
stimulation of melanocytes is seen with I=-acetylated ACTH-(1-13)- 
lyH2, (ie. a-USH), whereas a drastic loss of affinity for opiate 
receptors has been observed with acetylated &endorphin. Formation of 
pyroglutamic acid residues from W-terminal glutamine residues is another 
modificati~n.~~ This process, well known in peptide synthesis, was 
originally thought to take place spontaneously but enzymatic cyclization 
has been reported: examples are bombesin, LHRH, IT and TRH. It has 
also been claimed that glutamic acid can be cyclized in vivo to pyro- 
glutamic acid.56 These U- and C-terminal modifications may influence 
the biological activity and confer resistance to enzymatic degradation. 

a m  k4 E El m 
Signal 
peptide 

-0-- 

0n-D 

N-terminal peptide (1-76) joining ACTH-(1-39) p.LPH.(l-89) 
peptide 

a-MSH CLIP J-LPH ~-endorphin.(l-31) 
E E I  
r3-MSt-I 
(1-26) (Ac-l-13.NH2) (18.39) (1 -56) (59-89) 

0 
-MSH 

(1-1 l-NH2) 

o n  
B A S H  &endorphin-(1 -27) 
(39-56) 

Pig. 1. Schematic representation of the human POWC precursor molecule 
and products of its cleavage at paired basic amino acid residues. The 
precursor is comprised of 267 amino acids.s7 A POW-converting 
enzymer specific for the Lys-Arg sequences in POW, has been isolated 
from bovine pituitary intermediate lobe secretory vesicles.58 One or 
two sites in the I-terminal part of the precursor are glycosylated. 
[Other endogenous peptides contained in the precursor are the 0-LPH 
fragment 1-75 (and perhaps 1-74); the 6-endorphin fragments 1-26, 1-21, 
1-17 ( y-endorphin) , 1-16 (a-endorphin) and their Ha-acetylated 
forms; and Iaacetylated 6-endorphin (1-31) and (1-27); 6-endor- 
phin-(l-18) has been isolated from human pituitaries.3s~s9~60 The 
absence of pairs of basic amino acids at appropriate positions in the 
precursors implies a different processing to that indicated in Fig. 1.1 

It has been postulated that there is a limited number of converting 
enzymes with a wide cellular distribution and that the secondary struc- 
ture of the substrate may direct the specificity of the processing.61 
This might explain why some pairs of basic residues in a molecule are 
processed while others are not, eg. in CRF, glucagon, iUT and VIP. More- 
over, conformational factors coupled with specific enzyme requirements, 
may explain why the ratios of ACTH:a-IISH and B-LPH:6-endorphin are so 
different for processing of POUC in different brain regions.62-64 
Further evidence for this hypothesis is found in the fonnation of 
6-endorphin from B-LPH.6s However, the tissue-specif ic processing of 
precursor molecules can be influenced not onl. by structural features 
but also by physiological (eg. stress6 1 and pharmacological 
stimu1i.59,67-70 Thus, chronic administration of haloperidol to rats 
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leads to a marked increase in the levels of 0-endorphin-related peptides 
in the pars intermedia and brain stem but has no effect in the hypothal- 
amus and anterior pituitary.59 The increase is, however, confined to 
the non-opioid I"-acetylated B-endorphin 1-27 and 1-26 fragments. 
Increases in biosynthesis and processing of proenkephalin A have also 
been reported following (sub)chronic, but not acute, treatment with 
haloperidol. 67 Chronic administration of antidepressants68 or oral 
 contraceptive^^^ enhances rat brain opioid activity, and antidepres- 
sants additionally raise CSF and regional brain levels of TRH.70 

Enzymatic degradation - Since there are so many different neuropeptides 
in the brain it is unlikely that separate mechanisms exist for the 
inactivation of each peptide at its particular synapse. 71* 72 Unlike 
classical neurotransmitters whose synaptic action is largely terminated 
by reuptake mechanisms, neuropeptides in the ClYS generally undergo 
extra-cellular degradation by membrane-bound enzymes present near pre- 
or post-synaptic peptide receptors. * 72 These enzymes may have the 
potential to regulate the amount of peptide released or available at the 
site of action, to control the duration of action, and to guide the 
biotransformation. 73 9 74 This last-mentioned function of the enzymes 
can involve formation of a biologically active peptide from the parent 
neuropeptide or conversion of an inactive precursor to an active form. 
The functional significance of biotransformation is evident from the 
number of neuropeptides whose enzymatically formed metabolites also have 
effects (similar, opposite or different) in the body35,72-78 Examples 
include ACTH, opioid peptides, CCK, LHRH, V P ,  OT and SP. As with neuro- 
peptides, enzymes may play a role in disease states. Two recent 
examples are the exopeptidase angiotensin converting enzyme (ACE), which 
was found to be significant1 higher in the serum of patients with 
untreated Addison's disease, 78 and proline endopeptidase80 which was 
abnormally low in certain areas of the brain of patients with Hunting- 
ton's chorea. 81 

Both exo- and endopeptidases are involved in the degradation of 
neuropeptides Since several neuropeptides have blocked end 
groups (WQAc; pGlu; C-terminal amide) , endopeptidases are commonly 
required to initiate hydrolysis. Endopeptidases are classified into 
serine-, thiol-, carboxyl- and metallo-endopeptidases. No satisfactory 
classification on the basis of their specificity is possible and so the 
identity of the essential catalytic group of the enzyme is used for most 
classes. Endopeptidases with unknown mechanisms are grouped in an 
additional class. The categories, and their subdivisions, have all been 
given numbers .83*84 On the basis of their substrate specificities the 
major classes of exopeptidases are: aIIIinODeDtidaSeS which cleave at the 
&terminal [H-XIY-1 (subdivided into several classes depending on the 
nature of X and Y ,  eg. pyroglutamate peptidase is selective for pGlu 
containing peptides); carbomrpeptidases which cleave at the C-terminal 
[-YIZ-OHI (eg. lysosomal carboxypeptidases whose specificity is based on 
the nature of Z); dipeptidases which cleave dipeptides into amino acids; 
dipeptidylpeptidases which cleave at the N-terminal [H-X-Y4Z-l (sub- 
divided into classes I-IV depending upon the nature of X and Y); and 
pevtidyldbeptidases which cleave at [-X+Y-Z-OH] (eg. ACE which removes 
the C-terminal dipeptide from angiotensin I). 

Although there are now detailed studies on the localization of many 
neuropeptides in the CIS, much less is k n o w  about the distribution of 
peptidases .1-3 Enzymes which have been found in brain membranes (and 
in many other manunalian tissues) include: endopeptidase 24.11 which has 
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Table 2 .  The Amino Acid Sequences of Neuropeptides. 

(Peptides are of human origin unless stated otherwise. 
Carnosine and cyclo[His-Pro1 are already included in Table 1. 
The primary structure of synenkephalin is not yet known. For 
longer peptides the one-letter code is used .85) 

ACTH : H-Serl-Tyr-Ser-Uet-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-Gly-Lys- 

Amidorphin (bovine) : H-Tyrl-Gly-Gly-Phe-Uet-Lys-Lys-Net-Asp-Glu-Leu- 

Angiotensin I : H-Aspl-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leulo-OH; angio- 

Atrin : H-Serl-Leu-Arg-Arg-Ser-Ser-C~s-Phe-Gly-Gly-Arg-net-Asp-Arg-Ile- 

Bombes in ( amphibian) : pG lul-G In-Arg-Leu-G ly-Asn-G In-Trp-Ala-Val-G 1 y-His- 

Bradykinin : H-A~l-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Argg-OH 
Calcitonin : H-Cys1-Gly-Asn-Leu-Ser-Thr-C3s-net-Leu-Gly-Thr-Tyr-Thr- 

Lys-Arg-Arg-Pro-Val-Lys-Val-Tyr-Pro-AsGly-Ala-Glu-Asp-Glu-Ser-Ala- 
Gl~-Ala-Phe-Pro-Leu-Glu-Phe~~-OH 

Tyr-Pro-Leu-Glu-Val-Glu-Glu-Glu-Ala-Asn-Gly-Gly-Glu-Val-Leu26 -Mi2 

tensin I1 is 1-8. 

Gly-Ala-Gln-Ser-Gly-Leu-Gly-~s-Asn-Ser-Phe-Arg-Tyr28-OH 

~ e u - ~ e t l 4 - ~ ~ 2  

Gln-Asp-Phe-Asn-Lys-Phe-H~s-Thr-Phe-Pro-Gln-Thr-Ala-Ile-Glv-Val-Glv- 
Ala-Prb32-t?t12 

aCGRP (rat) : H-Serl-Cjrs-Asn-Thr-Ala-Thr-C~s-Val-Thr-His-Ar~-Leu-Ala- 
Gly-Leu-Leu-Ser-Arg-Ser-Gly-Gly-Val-Val-Lys-Asp-Asn-Phe-Val-Pro-Thr- 
A~n-Val-Gly-Ser-Gfu-Ala-Phe~~-NH~ ; in BCGRP there is Lys35 

CCK : H-Val~-Ser-Gln-Arg-Thr-Asp-Gly-Glu-Ser-Arg-Ala-His-Leu-Gly-Ala- 
Leu-Leu-Ala-Arg-Tyr20-Ile-Gln-Gln-Ala-Arg-Lys26-Ala-Pro-Ser-Gly- 
Arg-net-Ser-Ile-Val-Lys-Asn-Leu-Gln-Asn-Leu-Asp-Pro-Ser-His-Arg-1 
Ser-Asp-Arg-AspS1-Tyr ( SO3H) -Uet-Gly-Trp-Uet-Asp-PheS8-NH2 ; 
CCK-8 is 51-58; CCK-33 is 26-58; CCK-39 is 20-58. 

CRF : H-Serl-Glu-Glu-Pro-Pro-Ile-Ser-Leu-Asp-Leu-Thr-Phe-His-Leu-Leu- 
Arg-Glu-Val-Leu-Glu-Het-Ala-Arg-Ala-Glu-Gln-Leu-Ala-Gln-Gln-Ala-H 
Ser-Asn-Arg-Lys-Leu-Het-Glu-Ile-11e41-HU~ 

DSIP (rabbit) : H-Trpl-Ala-Gly-Gly-Asp-Ala-Ser-Gly-Glug-OH 
Dynorphin A : H-Tyrl-Gly-Gly-Phe-Leu-Arg-Arg-Ile8-Arg-Pro-Lys-Leu- 

Lys-Trp-Asp-Asn-G1nl7-0H; dynorphin A( 1-8 1 is the I-terminal 
octapeptide. 

e- 

S- 

Dynorphin B-29 : H-Tyr1-Gly-Gly-Phe-Leu-Arg-Arg-Gln-Phe-Lys-Val-Val- 
Thr~3-Arg-Ser-Gln-Glu-Asp-Pro-Asn-Ala-Tyr-Ser-Gly-Glu-Leu-Phe-Asp- 
Ala29-OH; dynorphin B is 1-13. 

Leu-Val-Thr-Leu-Phe-Lys-Asn-Ala-Ile-Ile-Lys-Asn-Ala-Tyr-Lys-Lys-Gly- 
GLu~~-OH (see Fig. 1). 

6-Endorphin : H-Tyrl-Gly-Gly-Phe-Uet-Thr-Ser-Glu-Lys-Ser-Gln-Thr-Pro- 

Leu-Enkephalin : H-Tyrl-Gly-Gly-Phe-Leu5-OH 
net-Enkephalin : H-Tyr1-Gly-Gly-Phe-t4et5-OH 
FMRF-amide (mollusc ) : &Phe1-Uet-Arg-Phe4-UH2 
Galanin (pig) : H-Gly1-Trp-Thr-Leu-Asn-Ser-Ala-Gly-Tyr-Leu-Leu-Gly- 

Pro-His-Ala-lle-Asp-Asn-His-Arg-Ser-Phe-His-Asp-Lys-Tyr-Gly-Leu- 
~ 1 a 2 9 - m ~  

Gastrin (pig) : pGlu1-Leu-Gly-Leu-Gln-Gly-Pro-Pro-His-Leu-Val-Ala-Asp- 
Leu-Ala-Lys-Lys-Gln18-Gly-Pro-Trp-Het- (Glu 1 -Ala-Tyr ( S03H) -Gly- 
Trp-Uet-A~p-Phe~~-WH2; gastrin 17 is [pGlu 13 118-34. 

GAWK : Fl-cG-E-G-H-H-R-V-Q-E-~-~n-D-K-A-R-R-H-P-~G-A-~-K-E-~~R-U- 
Y-L-U-Y-G-E-E-G-A-P-G-K-W-Q-Q-Q-G-D-L-Q-D-T-K-E-U-R-E-E-A-R-F-Q-D-K- 
Q-Y-S-S-H-H-T-A-E74 

Asp-Ser- Arg-Arg- Ala-G ln-A~p-Phe-Val-Gln-Trp-Leu-~et-Asn-Thr~~-OH 
Glucagon : H-Hisl-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu- 
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Table 2 (contd.) 

GHRH : H-Tyrl-Ala-Asp-Ala-Ile-Phe-Thr-Asn-Ser-Tyr-Arg-Lys-Val-Leu-Gly- 
Gln-Leu-Ser-Ala-Arg-Lys-Leu-Leu-Gln-Asp-Ile-Het-Ser-Arg-Gln-Gln-Gly- 
Glu-Ser-Asn-Gln-Glu-Arg-Gly-Ala-Arg-Ala-Arg-Le~~~-NH~ 

Hydra head activator : pGlu1-Pro-Pro-Gly-G1y-Ser-Lys-Val-Ile-Leu-Phe11-OH 
Insulin : A-chain G1-I-V-E-Q-C- -T-S-I-C-S-L-Y-Q-L-E-N-Y-C-U21 

/ 
&chain F1-V-N-Q-H-L- E -G-S-H-L-V-E-A-L-Y-L-V-C-G-E-R-G-F-F- 

Y-T-P-K-T30 
Kyotorphin (bovine) : H-Tyr1-Arg2-OH 
0-LPH : E1-L-T-G-Q-R-L-R-E-G-D-G-P-D-G-P-A-D-D-G-A-G-A-Q-A-D-L-E-H-S-L-L- 

V-A-A-E-K-K-D-E-G-P-Y-R-H-E-H-F-R-W-G-S-P-P-K-D-K-R-Y-G-G-F-H-T-S-E- 
K-S-Q-T-P-L-V-T-L-F-K-N-A-I- I-K-N-A-Y-K-K-G-E89 

Locust adipokinetic hormone ( locust) : pGlul-Leu-Asn-Phe-Thr-Pro-Asn-Trp- 

LHRH : pGlul-His-Trp-Ser-Tyr-Cly-Leu-Arg-Pro-Glylo-NHz 
a - W H  : Ac-Ser1-Tyr-Ser-~et-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val13-NH~ 
y3-HSH : H-Tyrl-Val-Het-Gly-His-Phe-Arg-Trp-Asp-Arg-Phell-Gly-Arg-Arg-Asn- 

Hotilin (pig) : H-Phe1-Val-Pro-Ile-Phe-Thr-Tyr-Cly-Clu-Leu-Gln-Arg-Het- 

a-Neoendorphin : H-Tyrl-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro-Lyslo-OH; 

Yeokyotorphin (bovine) : H-Thr1-Ser-Lys-Tyr-Arg5-OH 
Ueuromedin 8-32 (pig) : H-Ale1-Pro-Leu-Ser-Trp-Asp-Leu-Pro-Glu-Pro-Arg- 

Cly-Thrlo-NH2 

Ser-Ser-Ser-Ser-Gly-Ser-Ser-Gly-Ala-Gly-Gln26-OH; yl-nSH is 1-11-NH2 

G In-Glu-Lys-C lu-Arg- Asn-Lys-G l y-G ln22-OH 

8-neoendorphin is 1-9. 

Ser-Arg-Ala-Gly-Lys-Ile-Arg-Val-His-Pro-Arg-Gly-Asn-Leu-Trp-Ala-~r- 
Gly-Hi~-Phe-Het~~-UH2; neuromedin 8-30 is 3-32; neuromedin B is 
23-32. 

leuromedin U-25 (pig) : H-Phel-Lys-Val-Asp-Glu-Glu-Phe-Gln-Gly-Pro-Ile- 
Val-Ser-Gln-A~n-Arg-Arg-Tyr~~-Phe-Leu-Phe-Arg-Pro-Arg-Asn~~-~~ ; 
neuromedin U-8 is 18-25. 

Lys-Ala-Leu-Tyr-G ly-His-G ly-G In-I le-Ser-His-Lys-Arg-His2 -Lys-Thr- 
Asp-Ser-Phe-Vel-Gly-Le~-Het~~-NH2; substance K is 27-36. 

Asp-Het-Ala-Arg-Tyr-Tyr-Ser-Ala-Leu-Arg-His-Tyr-Ile-Asn-Leu-Ile-Thr- 
Arg-G In-Arg-T 36 -NHz 

Leu-Leu-Asv-Leu-Lysl*-OH 

Neuropeptide K : H-Asp1-Ala-Asp-Ser-Ser-Ile-Glu-Lys-Gln-Val-Ala-Leu-Leu- 

UPY : H-Tyr1-Pro-Ser-Lys-Pro-Asp-Asn-Pro-Gly-Glu-Asp-Ala-Pro-Ala-Glu- 

NT (bovine) : pClurLeu-Tyr-Glu- Asn-Lys-Pro- Arg- Arg-Pro-Tyr-1 le-Leu13-OH 
ODU : H-Glnl(or pGlu? )-Ala-Thr-Val-Gly-Asp-Val-Asn-Thr-Asp-Arg-Pro-Gly- 

OT : H-Cys~-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-Gly9-NH~ 
Prosomatostet in fragments (rat) : ~1-P-S-D-P-R-L-R-Q-F-L-Q-K-S-L-A-A-A-A- 

C-K-Q-E-L-A-K-Y-F-L-A-E-L-L33-S-E-P-U-Q-T-E-W-D-A-L-E-P-E-D-L-S-Q-A- 
A-E-Q-D-E-H-R-L-E-L-Q-R-S-A-N-S-N-P-A-H-A-P-R-E76 ; the other 
fragment is 33-76. 

Secretin : H-Hisl-Ser-Asp-Gly-Thr-Phe-Thr-Ser-Glu-Leu-Ser-Arg-Leu-Arg- 
Glu-Gly-Ala-Arg-Leu-Gln-Arg-Leu-Leu-Gln-Gly-Leu-Va~2 7 - ~ 2  

SS : H-Ser1-Ala-Asn-Ser-Asn-Pro-Ala-Het-Ala-Pro-Arg-Glu-Arg-Lys-Ala15- 
Gly-Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cysz8-OH; SS-14 
is 15-28. 

SP (bovine) : H-Arg1-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-~et11-~~ 
TRH (rat) : pClu1-His-Pro3-NH2 
VIP : H-Hisl-Ser-Asp-Ala-Val-Phe-Thr-Asp-Asn-Tyr-Thr-Arg-Leu-Arg-Lys- 

Gln-Met-Ala-Val-Lys-Lys-Tyr-Leu-Asn-Ser-I le-Leu-Asn2*-NH2 
VP : H-Cys~-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly9-NH~ (AVP) ; LVP contains 

Lys.8 
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a rather broad specificity (also known as enkephalinase); peptidyldipe - 
Acetylcholinesterase can function as a peptidase for substance P and 
enkephalins but not for angiotensin 11, bombesin, AVP or OT.72 Other 
enzyme activities recently found in manunalian brain tissue, and involved 
in neuropeptide degradation, include a calcium-activated neutral 
protease from Japanese monkey brain,86 aminopeptidase M,87 a 
carboxypeptidase.88 yroglutamate aminopeptidase (which has a very 
narrow specificity)8g and an isozyme of ACE.9o The major aminopep- 
tidase in human brain has recently been isolated.91 This enzyme 
hydrolyzes enkephalins, AVP, OT, SS and CCK-8 (the sulfated form less 
well than the non-sulfated octapeptide) but not peptides with pGlu, 
arginine, or an acetyl group, at the H-terminus. Longer peptides, such 
as CBF and 0-endorphin. are not hydrolyzed to a significant extent, 
implying that the conformation of these peptides confers stability to 
hydrolysis. The partial purification of two distinct enkephalin- 
degrading aminopeptidases from human CSF was recently reported, but the 
physiological significance of such peptidases is still uncertain. 92 

tidase A; several aminopeptidases; and dipeptidylpeptidase IV. 73 

Except for the longer-established neuropeptides, little information 
is available on biotransformation and degradation. Thus, proteolytic 
conversion with brain enzymes has been described for angioten- 
sins ?2 986 9 93 894 
enkephalins, 72 9 74,86-g8 ,91993 , 95 ~ 9 8  999 LW73-75 9 77 ~ 9 3  ~ 9 5  a- and B-neo- 

brad kinin,72 ~ 9 3  895 CCK, 72 , 74 991 9 96 dynorphins, 74 986 ~ 9 7  

endorphinsE6 loo the neuroh ophyseal hormones AVP and OT 74 9 78 91 p q 3  *Io1 

TIu1.73-75~77*89*93~9s POW-derived peptides are among the best studied. 
POMC may be cleaved at doublets of basic amino acids (Pig. 1) and at 
additional sites. For example, a chymotrypsin-like enzyme from porcine 
pituitary will cleave selected ITyr-XI and [Phe-XI bonds in rat P O W  and 
derived peptides.104 

BIT, 72 , 74.86 993,102 SS, 7335 91 993 Sp, 72 74 , 77 86 ,9A ,95 103 and 

The degradation of ACTH has been studied extensively in peripheral 
tissues. 105 I lo6 Endopeptidases are involved in the early stages. 
Comparatively few studies have been performed with brain enzymes. A 
study of the degradation of porcine ACTH by rat forebrain synaptic 
membranes showed that the fragment pattern was pH sensitive and that 
carboxypeptidase- and trypsin-like enzymes were involvedlo7 in the 
formation of smaller biologically active fragments .lo8 When ACTH- 
(l-l6)-tW2 was incubated under similar conditions the principal 
products resulted from aminopeptidase-like activity. log The degrada- 
tion of ACTH-(1-24) by mouse brain extracts was initiated by endopepti- 
dase(s), though free amino acids were soon observed. The rate of 
release of amino acids from ACTH fragments is inversely related to 
fragment size.lo5 Degradation studies of ACTH fragments (1-101, (1-4) 
and (7-10) with mouse brain extracts have also been r e p ~ r t e d . ~ ~ ~ , ~ ~ ~  
Purified rat tonin showed trypsin/chymotr sin-like activity in cleaving 
ACTH at specific Arg and Phe residues. R1 Incubation of a-MSISH with 
rat brain homogenates results in rapid release of amino acids (except 
for Va1-t?H2).105 Synaptosomes from rat cerebral cortex are more 
selective: they cleave [Met-Glul and [Phe-Arg1 bonds. 112 9 

Proteolysis of O-LPH and 0-endorphin by pituitary enzymes has been 
reviewed by Burbach.35 It has been suggested that the conformation of 
the substrate directs selective enzymatic cleavage.65 A number of 
preparations (e. g . calf brain cathepsin D) cleave the [Leu75-Phe761 
bond in human 0-LPH and its equivalent in other species: further 
incubation may cleave the [Ala34-ALa351 bond. 35 Many additional 
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cleavage sites have been found in porcine 8-LPH, probably due to the 
(im)purity of the enzyme and/or the incubation conditions. Other 
enzymes which have been shown to give defined products are t r y p ~ i n , ~ ~  
p l a ~ m i n ~ ~  and tonin.ll1 Human brain ACE is strongly inhibited by 
8-LPH . 114 

The potential physiological role of &endorphin, and its opiate- 
like properties, have prompted a large number of degradation 
studies. 35 Brain tissue homogenates (including human), soluble 
fractions, slice preparations, synaptosomes, synaptic membranes, CSF and 
purified enzymes have all been used to study the degradation of 
8-endorphin, but only a few results are presented here. Cathepsin 
D115 and another, unidentified, endopeptidesell6 each cleave the 
[Leul7-Phel81 bond to qive y-endorphin. Yet another endopeptidase 
cleaves the IAla21-Ile2 I bond. Exopeptidases are involved subse- 
quently; for example, an aminopeptidase removes the terminal Tyr residue 
(but will not cleave the IGly2-Gly31 bond) and cerboxypeptidase(s) 
removes amino acids sequentially from the C-terminal end of y-endor- 
phin until [Prol3l is reached.l17 

A single aminopeptidase from bovine brain selective1 removes the 
N-terminal Tyr residue from a-, - -  In vitro 
studies with &endorphin in peripheral and brain tissue (including human 
putamen119 9 120) have confirmed that the proteolysis of 8-endorphin is 
a physiologically relevant pathway f o r  the synthesis and regulation of 
other active peptides and not merely a degradation mechanism.108 It 
has been suggested that B-endorphin-(2-17) may have neuroleptic proper- 
ties .log Treatment of this peptide with crude rat brain synaptosomal 
membranes35 or with whole rat brain homogenates121 gave B-endor- 
phin(6-17) as the major product. 

B- and y-endorphin.1f8 

Comment - The various processes involved in the formation and degrada- 
tion of neuropeptides are potential targets for drug design. Progress 
to this end will be reviewed in the next volume of Annual Reports in 
Medicinal Chemistry. 
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Introduction - New understandings of the normal and/or pathologic 
modulators of blood pressure e.g. the renin angiotensin system (RAS),l 
atrial natriuretic factor (ANFly2 calcium metabolism3 and adreno- 
ceptor mechanisms4 continue to inspire new antihypertensive drugs, The 
beneficial impact of antihypertensive drug therapy on the decline of car- 
diovascular mortality is clear for stroke but is less well defined for 
other high risk  patient^.^ The M.R.F.I.T. study has raised a warning 
flag concerning potential undesirable long term effects of thiazide 
diuretics especially in patients with existing arrhythmias.6 

RAS Inhibitors - The RAS plays a critical role in the control of blood 
pressure and body fluid balance and is mediated primarily by the actions 
of angiotensin I1 (ANG 11) generated by the conversion of the angioten- 
sinogen substrate to the biologically inactive decapeptide ANG I by renin 
and then to the active octapeptide ANG I1 by angiotensin converting 
enzyme (ACEj.1 The efficacy of ACE inhibitors (ACEI) in the treatment 
of essential hypertension and congestive heart failure has lead to an 
intensified international search for new clinically useful RAS 
inhibitors. s 8  

Renin Inhibitors - "Inhibitors" of renin have been recently 
reviewed. y-lL Clinical trials of renin inhibitors have been limited, 
but both RIP (2) and H-142 (3) have been shown to lower arterial pressure 
in sodium depleted, normotensive volunteers. 12* l3 The majority of pre- 
clinical data suggests that renin inhibitors and ACEI exert similar 
effects on arterial pressure.10 The therapeutic advantage of renin 
inhibitors over the less selective ACEI (e.g. ACEI also affect kininase 
I1 ) is unknown. Several chemical "strategies" have yielded extremely 
potent and specific renin inhibitors. H-261 (5) is a potent renin 
inhibitor based on the fully active N-terminal 13 or 14 amino acid 
sequence of angiotensinogen. In 4, the -Leu-Val- scissile bond has been 
replaced with a hydroxyethylene transition state mimic. Compound k, 0.1 
and 1.0 pg/kg/hr, reduced arterial pressure and plasma renin activity and 
circulating ANG I1 levels in anesthetized baboons, but all parameters 
rapidly returned to control levels when the infusion was stopped.14 
The central statine ((3S,4S)-4-amino-3-hydroxy-6-methylheptanoic acid) 
residue of pepstatin is also thought to function as a transition state 
analog.15 From computer modeling of statine as the dipeptide 
replacement of the natural scissile bond, SCRIP (5) was proposed and 
shown to be a potent inhibitor of human renin.16- The concept of a 
transition-state analog as a point of departure for designing novel 
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inhibitors has recently been reviewed.17 Boger s. &. evaluated the 
susceptibility of statine containing compounds to inactivation by rat 
liver homogenates and found that substituting D-Pro for the natural L-Pro 
and benzylamide for the C-terminal Phe-NH2 increased proteolytic 
stability.18 However, the duration of action of a in Na+-deficient 
dogs was not prolonged, likely due to rapid biliary excretion.18 A 
series of peptides with modified -Phe-Phe- or statine cleavage sites has 
recently been reported.lg The most potent compound I contains 
statine. R-Pep-27 (51, a nonapeptide containing statine, was reported to 
be a potent inhibitor of human renin & vitro.20 Compound 8 i.v. 
transiently lowered blood pressure and plasma renin activity (Pa) in 
salt depleted but not salt replete conscious primates. Prolongation of 
-- in vivo activity of another statine containing nonapeptide, CGP29287 (91, 
was achieved by adding blocking groups to the terminal amino acids. The 
duration of 2 in the conscious marmoset ranged from 1 hr at 0.1 mg/kg to 
3 hr at 10 mg/kg, i.v. Compound 2 is the first specific renin inhibitor 

Compound 
# 

I. -rate" Analone 
1. Human Asp...Ile-His-Pro-Phe-Hie-Leu-Val-Ile-Hie 

Human Redn 
Inhibit iona 

2.9~10'5 - 
A. y 

- 2. RIP Pro-His-Pro-Phe-Hie-Phe-Phe-Val-Tyr-Lye 2x104 - 

- 3. H-142 
- 4. H-261 
- 5. SCRIP 
6. 
7. 
- 8. R-Pep-27 
9. CGP29287 

- 
- 

- 16. BS-305 
11 I 
12. 
13 

- 
- 
- 

Pro-Hi s-Pro-Phe-Hi e-Phe&ew%a 1- I1 e-Hi e-Ly s I X ~ O - ~  -8 
Boc-His-Pro-Phe-His-Leu-Val-Ile-His 0.7~10 

Iva-His-Pro-Phe-His-Sta--Leu-Phe-NH2 1.6~10'~ 

Trp( in-Fm)Pro-Phe-Hie-Sta--Val-Trp( in-Fm)NH2 3.8~10'10 

Z-Arg-Arg-Pro-Phe-Hie-S t a--11 e-Hi 8-Ly e ( Boc )OMe 

B. 

Iva-His-(D)-Pro-Phe-His-Sta--Leu-NHCH2Ph 1x10'8 

Pro-His-Pro-His-Phe-Hie-Sta--Leu-Phe-Lye 2.0x10-6 
1x10'9 

BNMA-His-Sta--MBA 9.2~10'9 

Boc-Phe-Phe-Sta--Leu-nrAMBA 2.6x10'11b 
Boc-His-Pro-Phe-Hie-Sta--AHPHA 3.1x10-8b 

Boc-Phe-Hie-NH-CH( i-Bu )COCF2CO-Ile-NHpX2-Pyr 1.4~10'~ 
C. -te Analonq 

- 14. Iva-His-Pro-Phe-His-ACHPA-Leu-Phe-NH2 
- 15. A-60956 Boc-Phe-Hie-AHBAPS 
- 16. Boc-Phe-Hie-Leu(AA )-Gly-Ile-Hie-OMe 

- 17. Pepstatin A Iva-Val-Val-Sta--Ala-Sta-OH 
- 18. SR42128 Iva-Phe-Nle-Sta--Ala-Sta-OH 

- 19. Boc-Leu-Lye-Arg-Met-Pro-Sta-OH 

11. 

111. Proeewent Fragments 

IV. 
g. Et-Phe-(DbMet-Gly-Phe-NHZAd - 
21. - Boc-Phe-Leu-V 

0.2~10-9 
7.0~10'9 
3.5~10'8 

1.3~10'5 
2.8~10-~ 

3x10'4 

9x10-5 
8.7~10'6 

a IC50 or Ki against human plasma renin (MI; Ki against human 
kidney renin; R = reduced peptide bond (-CHzNH-); OH = hydroxyethylene 
(-CHOHCH2-); m-AMBA = m-aminomethylbenzylamide; AA = amino alcohol; 
NH2Ad -2-aminoadamantane; V = l-benzyl-(2,3-dihydroxypropyl)amino; AHBAPS 
= 3-amino-2-hydroxy-4-cyc lohexy lbu t y 1 4-me thy l-2- (d ihydroc innamoy lamino )- 
pentyl sulfide; ACHPA = (3S,4S)-4-amino-5-cyclohexyl-3-hydroxypentanoic 
acid; BNMA = bis(1-naphthy1)methylacetyl; AHPHA = (2S,3S,4S)-4-amino-3- 
hydroxy-2-phenylmethyl-7-methylheptano amide; MBA = 2-(S)-methylbutylamide 
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reported to have oral activity even though the hypotensive effect of a 
high dose (100 mg/kg) lasted less than 120 min.21,22 High renin 
inhibitory potency in vitro has been achieved with several new series of 
statine containing compounds that have reduced molecular size and number 
of peptide bonds. A series of histidyl-statine analogs has been 
described with the most potent being ES-305 The & vitro 
inhibitory effect of lo is similar for human and morkey renin and is much 
less against renin from other species, or against other proteases. A 
search for shorter peptides containing nonpeptidal segments and with 
enhanced duration of action and oral activity led to the discovery of 
potent new statine containing "di eptides" (e.g. compound and 
"pentapeptide" (e.g. compound s)23 analogs. The Ki for 12 against 
purified human kidney renin is 0.026 nM, whereas the IC50 against human 
plasma renin is > 1 pM.25 This dramatic difference in renin inhibitory 
potency is apparently due to the binding of 12 t o  plasma proteins. The 
fluoro statinone derivative 12 exhibited enhanced potency over the 
desfluoro analog.26 Replacement of statine with (3S,4S )-4-amino-5- 
cyclohexyl-3-hydroxypentanoic acid has yielded even more potent renin 
inhibitors.27 One of these compounds, 14, is 55-76 times as potent as 
the comparable statine containing compound against human renin & vitro 
and 19 times as potent in lowering pressure in Na+-deficient dog? 
A-60956 (151, an additional substrate analog, has a similar renin 
inhibitory profile & vitro.28 A new series of renin inhibitors 
incorporated an amino alcohol function as a non-hydrolyzable substitute 
for the scissile bond of angioten~inogen.~~ Compound 16 is the most 
active of these compounds and is much less potent against hog kidney than 
human plasma renin (IC50 1200 versus 3.5 nM). It is virtually inactive 
against pepsin or cathepsin D. 

Pepstatin was ori inally derived from actinomycetes and contains 
two statine residues. 38 Pepstatin A (17) lacks the affinity and 
specificity for human renin to be a usefx therapeutic agent, however, 
substitution of the -Val-Val- constituents of pepstatin with other amino 
acids, e.g. Phe-Nle, has yielded markedly more potent agents.31 
SR42128 (g) shows lesser species specificity for renin inhibition 
(IC5os for man, rat and dogs: 2.8~10-~M, 6x10m7M and 4.8~10'~M, 
respectively). Compound 18, 1-10 mgfkg, i.v., produced a dose-related 
decrease in arterial pressure in Na+-deplete monkeys with a duration of 
action >3 hours, suggesting that inhibitors with 2 statine residues are 
more resistant to proteolytic cleavage.31 

The deduction of the preprorenin precursor of human renin from the 
structural gene coding for human renal renin32 has led to the synthesis 
and testing of a number of incomplete segments (prosegments ).33 
Analogous to previous studies which have shown that prosegments of mouse 
submaxillary renin inhibited the intact enzyme,34 a number of peptide 
llprosegments" (e.g. 19) inhibited human plasma renin, especially those 
including the NH2-terminal portion.33 A number of other approaches 
to the discoveryfdesign of renin inhibitors have been reported. 
Compound 20, 3 mgfkg, i.v., demonstrated a brief (t20 min) hypotensive 
effect in Na+-deficient rhesus monkeys.35 Compound 2 l ,  a "dipeptide 
glycol", 10 mglkg, i.v., briefly lowered PRA in rhesus monkeys.36 

ACE Inhibitors - The chemistry and pharmacology of ACE1 have been 
reviewed.'- Recent clinical developments include a long-term 
multicenter surveillance sudy of captopril ( 2 2  Po and examination of 
enalapril (23) in patients with heart failure? The captopril analog 
- 24 (MC-838)-in normal volunteers reduced blood pressure with a longer 
duration of action than 22.42 The mercaptoaroyl compound 2 was ten 
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times less potent in vitro than 22, yet was orally active in spontane- 
ously hypertensive rats ( S H R ) . =  Benzazepin-2-one 26 exhibited a 
similar biological profile compared to 3 in the dog- and 27 (CGS 
14824A) paralleled 23 in the SHR.45 The benzothiazine 3 was equally 
potent to 27 when com ared i.v. in the SHR, but was less efficacious when 
administered orally.4g The oral potency of 2 was similar to 23 in the 
dog.47 The replacement of the amino moiety of CI-906 (30) with an 
oxygen atom provided 2, which showed modest oral antihypertensive 

- R l  R2 5 
COOH 2J (CH&NH2 H CH2 

Ph Et CHZ 

22 R = H  

2,5 
Mo t.. t! Ph Ct S 

22 R =  

activity in the renal hypertensive rat.48 Acyl tripeptide analogues of 
enalaprilat were reported. Since 21 and 3 furnished in vitro inhibitory 
potencies equal to enalaprilat, the extended peptide chains are not 
contributors to additional binding interactions .49 Pentapeptides 34 
and 25 were approximately 30-40 times more potent than 2 in vitro b z  

E t W C  k. - 
c3 X = N H , R = N  Lo X = N H . R = N  a j,2 R= 

COOH COOH BzI 
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did not lower blood pressure in renal hypertensive rats.50,51 A 
tritiated derivative of 34 revealed that 70% of an oral dose was absorbed 
and rapidly excreted unchanged from the blood with a half life of 24 

Compound 2f!  (R=H) was a potent in vitro ACEI, and although its 
prodrug 2 (R=Et) inhibited the ANG I response in normotensive rats when 
administered i.v. it displayed no oral efficacy.52 A carboxyethyl- 
carbamoyl derivative 21. ( R = H )  was comparable to 22 in vitro and the ester 
- 37 (R=Et) similiarly lowered blood pressure in the SHR when administered 
0rally.5~ The fluoro ketone group in increased ACE inhibition &I 
vitro by 300-fold over methyl ketone 39.54 The utilization of 

phosphonamidates as tetrahedral species furnished 40 (R=OPh 
Nonenzymatic hydrolysis of the phenyl ester gave 40 (R=OH) which was a 
potent in vitro ACEI. Phosphonamidate 5 was several orders of magnitude 
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less potent against ACE compared with enalaprilat .56 Evaluation of 
fermentation-derived molecules as ACEI revealed phenacein 4257 and 
a n ~ o v e n i n ~ ~  with in vitro potencies of approximately ten and 150-foldY 
respectively, less than 22. The interruption of the RAS utilizing 
bradykinin-derived substrates furnished the des-Pro derivative 
Arg-Pro-Gly-Phe-Ser-Pro-Phe-Arg which was seven times more potent & 
vitro than 22  against ACE.)59 A bradykinin potentiating peptide 
'(BPp5,) anal<, [gPhe3,(R,S)-mAla4]BPPg,, possessing an inverted 
amide bond, was a moderate ACEI & vitro and was more potent than BPP5, 
as a hypotensive in normotensive rats? The synergistic and beneficial 
therapeutic effects of the combination of an ACEI and diuretic have been 
reported.61 The incorporation of 22 and a diuretic through a nonlabile 
linkage was described.62 Compound 43 (SQ27,786) completely inhibited 
the ANG I pressor response in consciGs normotensive dogs when adminis- 
tered i.v. Although urine volume and sodium excretion were increased by 
43, blood pressure was not affected. - 

R P '  H S & N q o  

COOH OH 

H S & N q o  

COOH OH 

CI 

Atrial Peptides ( A p s )  - With most of the structural identities of the 
natriuretic and vasorelaxant peptides secured, an increased understanding 
of their role and mechanism is bein vigorously pursued. Several 
comprehensive reviews have a ~ p e a r e d . ~ ~ - ~ ~  ANF (106-125), which lacks 
the intramolecular cystine bridge, was two to three orders of magnitude 
less potent in the smooth muscle relaxant activity assays of rabbit aorta 
and chick rectum than the peptide embodied with the disulfide linkage, 
ANF (103-125).66 A SAR evaluation of the length of ANF with the 
maximal biological activities was described.67 N-terminal amino acid 
extension on APIII (Ser-Leu-Arg-Arg-APIII) exhibited enhanced 
natriuretic-diuretic effectiveness, but no difference in renal blood flow 
in the dog.68 

Calcium Antagonists - The primary role of calcium in excitation- 
contraction coupling of vascular smooth muscle and its possible 
involvement in the etiology of hypertensi~n~s~~ continues to stimulate 
new drug discovery and development (see Chapter 9). 

8-Adrenoceptor Blocking Agents - Reports on the therapeutic utilization 
of l3-blockers in myocardial infaq~tion,~~ concerns for asthmatic 
 patient^,^^,^^ and adverse effects73 have appeared. Comparisons of 
&-blocking agents with respect to renal function,74 antihypertensive 
potencies,75 blood pressure during mental and physical activity,76 
and the circadian rhythm of hypertension7' have been reported. 
Patients treated with 8-blockers had a 50% increase in the density of 
8-adrenergic receptors in the plasma membranes of right atrial tissue 
removed during cardiac bypass surgery.78 The 8-adrenoceptor activities 
of the stereoisomers of bufuralol (44) and metabolites 45 and 46 were 
examined.79 The anti-isomer of falintolol (c) is seven times more 
potent than the syn-isomer on the guinea pig trachea. In atria, the 
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anti-isomer is four times more effective than the syn-isomer. The 
dicyclopropyl derivative 48 is twice as potent on atria as c . 8 0  
Models of compound 2 and toliprolol were evaluated by electrostatic 
molecular potential and correlated with receptor binding.81 Compound 
-1 50 a potent, irreversible 8-adrenergic derivative of pindolol, was 
devoid of agonist properties.82 

X r  Hz 
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OF-4452 (51) exhibited greater &antagonist activities in rats and 
in isolated guinea pig heart atria than propran~lol.~~ CGS-10,078 (52) 
decreased the cardiac index in Wistar-Kyoto rats, due to its 8-antagonist 
effects, and produced no change in total peripheral resistance index 
because of its combined direct vasodilation from a-adrenergic antagonism 
and slow calcium channel blockade.84 SC-36859 (53 1, a 8-adrenergic 
agonist, reduced total peripheral resistance and w a s a  long acting orally 
active antihypertensive in the SHRe85 

a-Adrenoceptor Agonists and Antagonists - The functions of peripheral 
a -adrenergic agentsLIb and central a-agonists87 in heart failure and 
the consequences of a2-a onists on renal functiona8 and their 
treatment of h y p e r t e n s i ~ n ~ ~ ~ ~ ~  have been reviewed. a-Receptor 
blocking activities in rat vas deferens were exhibited by two derivatives 
of prazosin: compounds 54 (SM2470)g1 and 55 ( al/a 2 > 3500).92 
ACC-7513 (56) had twenty tGes more affinit f o r  a-receptors than for 
5-HT-receptors in rabbit aortic strips. 94 Dual blocking activity 
( a/81 = 1) was shown for 57.94 Compound 5 8 ,  an analog of the 
a 2-adrenoceptor antagonist RX 781094 (59 - ),95 lg6-was eight times more 

'1" 2 
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potent than 2 and the (Y 21 u 1  selectivity ratio was two-fold 
greater.97 SGB1534 (60) displayed potent (Y 1-receptor blocking 
activity in the dog.98 Ligand binding studies of rat cerebral cortex 
revealed aminotetralin 61 possessed moderate Q 1 affinity.gg St-587 
(62) displayed and a 2-antagonist properties in 
anesthetized dogs. l ~ ~ - a g ~ ~ ~ ~ ~ u n d  63 (~~5908) exhibited (Y -receptor 
affinities on rat thoracic aorta but not on vas deferens.10l 

Serotonin (5-HT) Antagonists - The involvement of 5-HT in the 
cardiovascular system and the blood pressure lowering effects of 
antagonists have been reviewed. lo2, lo3 Other 5-HT2 antagonists are 

mood elevation being evaluated for additional indications 
(ritanserin, antiarrhythmic (ICS 205-930, 65). YO5 

0 

Vasodilators - Decreasing vascular resistance with vasodilators alone or 
in combination is a rational and useful treatment of hypertensionlo6 
and new compounds with differing mechanisms of action continue to be 
described. At antihypertensive doses in the SHR, flavodilol (66) reduces 
catecholamines in the heart to a much greater extent than in the 
brain.lo7 The fall in norepinephrine content of mesenteric arteries 
and brain (and dopamine in mesenteric arteries) correlated with the 
antihypertensive effects of SKF102698 (671, a new dopamine-beta 
hydroxylase inhibitor, in SHR. lo8 The riboxavin analog L-632481 (68) 
was shown to lower blood pressure in SHR and suppress 
hydrochlorothaizide-induced hyperaldosteronism.log 
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INTRODUCTION - Medic ina l  chemical research i n  pulmonary and a1 1 erg! c 
diseases cont inues t o  focus on the  r o l e  o f  leukotr ienes (LTs) as major 
causat ive agents i n  bronchoconstr ic t ion,  edema, and inf lammation. 
Several potent  o r a l l y  a c t i v e  receptor  antagonis ts  and b iosynthes is  
i n h i b i t o r s  have emerged as p o t e n t i a l  c l  i n i  c a l  candidates. I n  addi ti on t o  
1 e u k o t r i  ene research, 1 n t e r e s t  c o n t i  nues i n  s e l e c t i v e  phosphol i pase A2 
i n h i b i t o r s ,  non-sedati ng a n t i  h i  stami nes, and phosphodi esterase i nhi  b i  t o r s .  

LEUKOTRIENES 

Pharmacolosv and Biochemistry o f  Leukotrienes - Throughout the  year,  
evidence emerged t h a t  f u r t h e r  supports the proposed r o l e  o f  LTs as key 
mediators o f  a d iverse a r r a y  o f  inf lammatory s tates and immunologic 
diseases. Several comprehensive r e v i  ews encompass1 ng t h e  b iosynthes i  s , 
metabolism, pharmacolog , pathophysiology, and c l i n i c a l  imp1 i ca t ions  o f  
t he  LTs were  pub1ished.y-6 Although the hypothesis t h a t  t he  LTs are 
major mediators o f  r e v e r s i b l e  o b s t r u c t i v e  airways disease (asthma) 
cont inues t o  awai t  c l i n i c a l  v e r i f i c a t i o n ,  several  p ieces o f  circum- 
s t a n t i a l  evidence appeared which support t h i s  p r o  osal .  LTC4, LTD4, 

lavagest o f  i n d i v i d u a l s  w i t h  a1 l e r g i c  asthma i n  concentrat ions which 
c o r r e l a t e  d i r e c t l y  w i t h  the s e v e r i t y  o f  the d isease.7,9~10 Peptido- 
LTs were  a l s o  detected i n  the  serum o f  p a t i e n t s  du r ing  exercise-induced 
asthma.11 LTB4 was present i n  sputum10 and plasma12 o f  subjects  
w i t h  a c t i v e  asthma, bu t  not  i n  we l l - con t ro l l ed  asthmatics10 o r  normal 
vo lunteers.  12 Asthmati c p a t i  ents d i  splayed marked airway hy e r -  
r e a c t i v i t y ,  a ha l lmark o f  bronchia l  asthma, t o  inhaled LTD4.73~14 
S p e c i f i c  LTC4 15 and LTD4 16 b ind ing  s i t e s  were i d e n t i f i e d  i n  
human lung parenchyma. Evidence d i r e c t l y  suppor t ing a r o l e  o f  t h e  LTs i n  
antigen-induced bronchospasm was provided by experiments w i t h  pass i ve l y  
sens i t i zed  human bronchi ,  where the s e l e c t i v e  LT receptor  antagonis t  S K U  
102922 p a r t i a l l y  i n h i b i t e d  the  c o n t r a c t i l e  response t o  ant i - IgE.  and a 
combination o f  SK&F 102922 and mepyramine ( a  histamine HI recep to r  
antagonis t )  abol ished the  c o n t r a c t i  1 e response.17 The v i t a l  p iece  o f  
i n fo rma t ion  no t  yet  a v a i l a b l e  i s  whether a potent  and s p e c i f i c  LT 
antagoni s t  o r  LT synthesis i n h i b i t o r  w i  1 1  amel iorate asthmat ic epi sodes. 

bronchia l  asthma a l s o  appeared. LTB4, LTC4, LTD4, and LTE4 w e r e  
detected i n  nasal washings o f  p a t i  ents w i t h  a1 1 e rg i  c r h i n i  t i s f o l  lowing 
nasal chal lenges w i t h  a s p e c i f i c  a1 lergen.18 LTB4 and LTC4 were 
detected i n  serum samples o f  p a t i e n t s  w i t h  c y s t i c  f i b r o s i s ,  
bronchiectas is ,  and chronic  b ronch i t i s .19  

and LTE were detected i n  the  plasma,7-9 sputum, 1B and bronchia l  

Evidence o f  LT i nvol vement i n resp i  r a t o r y  d i  sorders o t h e r  than 

Previous s tud ies suggesting the existence o f  separate receptors  f o r  
LTC4 and LTD were confirmed us ing both pharmacologi c and biochemi c a l  
approaches.2%921 C o n t r a c t i l e  responses o f  guinea p i g  airway t o  var ious 
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LTs and LT analogs c o r r e l a t e  we1 1 w i  t h  r a d i  o l  i gand competi t i  on curves f o r  
t h e  C3Hl-LTD4 b ind ing  s i  te,20s2l b u t  no t  f o r  t h e  C3HI-LTCq 
b ind ing  s i t e .20  Furthermore, u n l i k e  C3HI-LTD4 b ind ing  s i t e s ,  which 
had a l i m i t e d  t i s s u e  d i s t r i b u t i o n ,  13HI-LTCq b ind ing  s i t e s  were 
n e a r l y  ubiquitous.20,21 I n  another study, i t  was found t h a t  LTD4 and 
LTE4 b ind  t o  the same receptor.22 The a b i l i t y  o f  guanine nuc leot ides 
t o  regu la te  the b ind ing  o f  [3HI-LTDq/Eq t o  t h i s  receptor  prompted 
t h e  suggestion t h a t  i t  i s  coupled t o  a guanine nuc leo t i de  r e g u l a t o r y  
protein.22 

Svnthesi s o f  Leukotr i  enes and Related Compounds - An excel 1 ent  
comprehensive review on the  chemi s t ry  o f  t he  prostaglandins and 
leukotr ienes has appeared.23 as has a more narrowly  focused review on 
the  synthesi s of 1 e u k o t r i  enes and 1 ipoxygenase products .24 The 
r e c e n t l y  discovered l i p o x i n s ,  arachidonic a c i d  metabol i tes t h a t  s t i m u l a t e  
superoxide generat ion and degranulat ion o f  neutrophi  1 s ,  have been 
synthesized by several  methods, and stereochemi ca l  ass i  nments have been 

LTA4,26 as w e l l  as by t o t a l  s y n t h e s i ~ . ~ 6 , ~ ~  L i p o x i n  B cons is t s  o f  
major and minor components, bu t  there have been c o n f l i c t i n g  repo r t s  as t o  
t h e i r  i d e n t i t  
r e s  ect ive ly ,sa whereas a second group repo r t s  them t o  be 4 and 

syn the t i c  s t ra tegy,  u t i l i z i n g  a Pd-Cu catalysed coupl ing r e a c t i o n  as t h e  
key step.31 
- 5 f o r  l i p o x i n  B, and furthermore suggest t h a t  l i p o x i n  A i t s e l f  cons i s t s  
o f  f o u r  i s0mers .3~  LTB4 has been obtained through the  h o t o l y s i s  o f  
a ch i  r a l  b i  cyc l  i c ketone .33 Iso-LTB4 (5,13-di hydroxy) ,94 
LTB3 35 and the  72,9E,llZ,14E isomers o f  LTC4, LTD4, and 
LTE436 have a1 1 been prepared by more convent ional  methods. 

made. L ipox in  A (1) has been prepared from 15(S)-HETE2 I and 

- 5.2 6 ~ 3 0  A l l  f o u r  of these isomers have been prepared by a s i n g l e  

One group claims them t o  be s t ruc tu res  2. and 3, 

Recent s tud ies support the assignment o f  s t ruc tu res  4 and 

/ /  / /  

OH OH OH 
3 - 2 1 - 

Leukotr iene Receptor Antauonists - A number o f  potent  pep t ido leuko t r i ene  
receptor  antagonis ts  have been reported, w i t h  several compounds advancing 
t o  e a r l y  c l i n i c a l  t r i a l .  Most o f  t h e  antagonis ts  are s t r u c t u r a l l y  
re la ted ,  and comparable i n  potency, t o  the i n i t i a l  lead, FPL-55712, b u t  
i n  a d d i t i o n  possess s i g n i f i c a n t  o r a l  e f f icacy.  LY-171883 (6) i s  a 
compet i t ive and s e l e c t i v e  antagonis t  o f  LTD4 on guinea p i g  i leum and 
lung parenchyma (PKB = 6.5). I t  i s  non-competit ive against  LTD4 on 
guinea p i g  t rachea and 50-fold l e s s  potent  against  LTC4.37 I n  v i v o  
(10 mg/kg, p.0.1, i t  b locks bronchoconstr ic t ion e l i c i t e d  by e i t h e r  LTD4 
o r  ant igen. 
bronchodi la tor  a c t i v i t y  ( I C  0 = 22.6 pM f o r  i n h i b i t i o n  o f  human PMN 
phosphodi esterase). I t  prosuces r e v e r s i b l e  hepatomegaly i n rodents, an 
e f f e c t  which i s  absent i n  guinea p igs,  dogs, and monkeys.38 A r e l a t e d  
analog, LY-163443 (21, has a s i m i l a r  p r o f i l e  b u t  i s  more po ten t  (pK8 = 
8.1, 7.5, and 7.5 on guinea p i g  i leum, trachea, and parenchyma, 

I t  i s  a l s o  a potent  phosphodiesterase i n h i b i t o r  and may have 
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respect ively1.39 Another compound, L-649,923 (41, i s  a compe t i t i ve  
antagonis t  o f  LTD4 on guinea p i g  i l eum (PKB = 8.1) and o f  LTE4 on 

= 7.11, bu t  non-competit ive u. LTD4 on guinea p i g  t rachea 
guinea p i g  trachea. 
LTD4 (ED50 = 0.26 mg/kg, i .v .1  and ant igen (ED50 = 1.5 mg/kg, p.0.1, 
and i n  s q u i r r e l  monkeys i n h i b i t s  LTDq-induced b ronchocons t r i c t i on  
(5-10 mg/kg, p.o.1. 
A f o u r t h  s t r u c t u r a l l y  r e l a t e d  compound, Ro-23-3544 (91, i s  an antagonis t  
of LTD4-i nduced bronchoconstr i  c t i o n  i n  guinea p i g s  and i s 80-fol  d more 
potent  than FPL-55712 by t h e  aerosol route.41 
against  h istamine- and PAF-induced bronchoconstr ic t ion,  i t  i n h i b i t s  
LTB4-induced lung bronchoconstr ic t ion.  

41KB I n  r a t s  i t  blocks bronchoconstr ic t ion induced by 

I t  i s  repo r ted l y  undergoing c l i n i c a l  e v a l ~ a t i o n . ~ ~  

Although i n a c t i v e  

0 

7 6 - FPL- 557 12 - 

ROCH~CHCHZS ?H dCH3 C02H RO(CH2)50 C H 3 b  CO2H R=CH3# OH C3H7 

9 - 8 - 

A l l  o f  the above compounds are s t r u c t u r a l  v a r i a n t s  o f  FPL-55712 and 
tend t o  share a common pharmacological p r o f i  l e .  However, several  
compounds have been prepared which are s t r u c t u r a l l y  der ived from t h e  
na tu ra l  agonis t ,  LTD4. A s e r i e s  o f  2-nor- leukotr iene analogs, as 
exempl i f ied by l&, are antagonists o f  LTDq-induced con t rac t i ons  o f  
guinea p i g  t rachea (PKB = 5.5-6.5).42 Potency i n  t h i s  se r ies  i s  
h i g h l y  dependent upon the  p o l a r  f u n c t i o n a l  g r0ups .~3  The leng th  o f  t h e  
a l k y l  chain I s  a l s o  c r i t i c a l ;  sub t rac t i on  (10b) o r  a d d i t i o n  (1oc1 o f  two 
methylene residues s i g n i f i c a n t l y  reduces a c t i v i  ty.42 This suggests 
t h a t  t he re  i s  a s t r u c t u r a l  requirement f o r  t he  hydrocarbon moiety and 
t h a t  i t  i s  n o t  merely serv ing a l i p o p h i l i c  f unc t i on .  Two d i t h i o a c e t a l s ,  
- 11 and 12 (SK&F 102081 and 102922). have been described.44 Compound 12. 
i s  a s e l e c t i v e  and compet i t ive LTD4 antagonis t  i n  guinea p i g  t rachea 
( ~ K B  = 6.71, comparable t o  FPL-55712. However, i t  e x h i b i t s  t en - fo ld  
h igher  a f f i n i t y  f o r  LTD4 b ind ing  s i t e s  i n  guinea p i g  lung membranes 
(Ki  = 245 nM u. 2.2 pM for FPL-557121. 
potency, t h e  phenyloct  1 group o f  12 provides res i s tance  t o  w-oxidat ive 
metabolism i n  v i v o . 4 5 ~ i 6  Aerosol ized 11 and 12 a f f o r d  good p r o t e c t i o n  
against  LTD4-I nduced bronchospasm i n  guinea p igs.  The 7,8-acetyl en1 c 
analog (13) and several  r e l a t e d  compounds antagonize the  LTCq-induced 

I n  a d d i t i o n  t o  enhanced 
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contract ions o f  i s o l a t e d  guinea p i g  lung s t r i ps .47  S i m i l a r l y ,  14 and 
fi d i s p l a y  marked LTCq antagonis t  a c t i v i t y .  
consequence o f  e l  t h e r  LTC4 receptor  blockade o r  i n h i b i t i o n  o f  
metabol ica l  ly-generated LTDq.48 The LT b iosynthes is  i n h i b i t o r ,  
REV 5901 (161, competi t i v e l y  antagonizes LTDq-induced con t rac t i ons  o f  
guinea p i g  lung parenchymal s t r i p s  (IC50 = 2 l .~M).~g 

Leukotr iene~iosvnthesis - Considerable progress has been made i n  the  
cha rac te r i za t i on  and p u r i f i c a t i o n  o f  t h e  enzymes involved i n  l e u k o t r i e n e  
b iosynthes i  s ,  Arachidonate 5-1 ipoxygenase (5-LO) has been p u r i f i e d  f rom 
homogenates o f  human pe r iphe ra l  b lood l e u k 0 c y t e s . 5 ~  G e l  e l e c t r o -  
phoresis o f  t he  p u r i f i e d  p r o t e i n  revealed a s i n g l e  major band (apparent 
Mr 80,000). A membrane-associated 5-LO st i rnu latory  f a c t o r  which may 
p l a y  a r o l e  i n  the r e g u l a t i o n  o f  t h i s  enzyme was c h a r a c t e r i ~ e d . 5 ~  The 
5-LO and LTAq-synthetase enzymati c a c t i v i  t i  es from human 1 eukocytes ,52 
porc ine leukocytes ,53 and po ta to  tubers54 co-purl f y  i n a s i n g l e  
p ro te in ,  i n d i c a t i v e  o f  a dual - funct ion enzyme. I n  con t ras t ,  5-LO 
p u r i f i e d  f rom RBL-1 c e l l s  ( s i n g l e  p r o t e i n  band, M r  73,000 on SDS g e l )  
appears devoid o f  LTAq-synthetase a c t i v i  ty.55 LTAq-hydrolase has 
been p u r l  fT ed from a v a r i  ety o f  sources, 1 n c l  ud i  ng human erythrocytes56 
and human57 and r a t  n e ~ t r o p h i l s . 5 ~  LTA3 i s  a poor subs t ra t  b u t  a 
potent  i n h i b i t o r  o f  t h i s  enzyme;59 LTA5 behaves s i m i l a r i l y . ~ 0  A 
r o l e  f o r  e x t r a c e l l u l a r  LTA4 i n  the product ion o f  LTCq has been 
demonstrated i n  murine mast c e l l s .  LTA4, a product released by 
s t imulated PMNLs, i s  e f f i c i e n t l y  metabolized t o  LTC4 by r e s t i n g  mast 
c e l l s .  Thus, c o o p e r a t i v i t y  between c e l l  may be impor tant  i n  t h e  

I n h i b i t i o n  o f  Leukotr l  ene Biosvnthesi  s - The d iscovery o f  e f f e c t i v e  and 
s e l e c t i v e  i n h i b i t o r s  o f  l euko t r i ene  b iosynthes is  i s  c u r r e n t l y  under 
i n v e s t i g a t i o n  by a number o f  groups. The predominant t a r g e t  enzyme i s  
5-L0, a1 though i n h i b i t o r s  o f  LTA4-hydrolase and glutathione-epoxide 
t ransferase have been reported. An exce l l en t  review on i n h i b i t o r s  o f  
1 euko t r i  ene b iosynthes i  s has appeared.b2 Several groups have explored 
subst rate analogs as compet i t ive o r  k c a t  i n h i b i t o r s  o f  5-LO. 
7-Thiaarachidonate (=I ,  as w e l l  as a number o f  chain shortened 
&,&-d iv iny lsu l f ides (181, are oxygen- and time-dependent i r r e v e r s i b l e  
i n h i b i t o r s  o f  t he  5-LO o f  RBL-1 ce l ls .63 The su l fox ides  o f  1z and L8 
are r e v e r s i b l e  compet i t ive i n h i b i t o r s .  Replacement o f  t he  carboxy late 
f u n c t i o n  o f  lab w i t h  a hydroxamate 
l n h i  b i  t i o n  from time-dependent t o  compet i t ive (K j  = 

This i n h i b i t i o n  could be a 

b iosynthes i  s o f  t he  pep t ido l  euko t r i  enes. i 1  

changes the k i n e t i c s  o f  

4 * 2  "MR'o 

K-co2H R CSHI 1 

- 21,R = H 
- 22,R = OH 

23 - 

cco2, 
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y, t he  hydroxamate f u n c t i o n  chelates the p r o s t h e t i c  i r o n  and 
the  c a t a l y t i c  f u n c t i o n  essen t ia l  f o r  Kc t i n h i b i t i o n . 6 2  
ng a hydroxamic ac id-conta in ing group a! carbon-5 o f  A A ,  a 
oresumably i n  c lose o r o x i m i t v  t o  the i r o n  atom i n  the  enzyme. - .  
_18 and 

0.19 pM, r e s p e c t i v e l y l . 6 4  The s p i r o - t r i e n e  analog (21) o f  
arachidonic a c i d  i s  a modest i n h i b i t o r  o f  5-LO (IC50 = 120 pM). 
I n t r o d u c t i o n  o f  a hydroxyl  group, suggested by a r e p o r t  t h a t  15-HETE i s  a 
5-LO i n h i b i t o r . 6 5  a f f o r d s  the  potent  and s e l e c t i v e  i n h i b i t o r  22 
(IC50 = 6 pM f o r  5-LO vs. > 750 pM f o r  prostaglandin 
synthetase) .66 The synthesis o f  the methylenec clopropane analog (23) 
has been reported, bu t  no data were  disclosed.6y The cyc lopropy l  
compound 24 (TEI-8005) i n h i b i t s  both 5-LO and 12-LO i n  t h e  10-50 pM 
range.68 A s e r i e s  o f  mono-, d i - ,  and t r ie thanoarachidonic  ac ids f a i l e d  
t o  i n h i b i t  LTC4 and LTD4 product ion i n  ca t  lung t i ssue ,  al though 
7.13-di ethanoarachidonic a c i d  (25) sign1 f i  c a n t l y  i n h i b i t e d  LTD4-induced 
c a t  coronary a r t e r y  c o n s t r i c t i o n  (43% i n h i b i t i o n  a t  5 pM1.69 

potent  i n h i b i t o r s - o f  5-LO (IC50 = 1.4 pM, 

A v a r i e t y  o f  s t r u c t u r a l l y  d iverse 5-lipoxygenase i n h i b i t o r s  has been 
reported. SK&F 86002 (26) i s  an o r a l l y  a c t i v e  dual 5- l ipoxygenasel  
cyclooxygenase (CO) i n h i b i t o r  (IC50 = 7.5 pM a. 5-LO from RBL-1 
c e l l s ) ,  and has potent  ant i - in f lammatory e f f e c t s  i n  animal models 
genera l l y  i n s e n s i t i v e  t o  CO i n h i b i t o r s  (ED50 = 50 mg/kg, .o. i n  
arachi  doni c a c i  d-i nduced edema i n mouse ear and r a t  paw). 70 Another 
compound, L-652,343 (271, i n h i b i t s  l euko t r i ene  and prostanoid synthes is  
a t  sub-micromolar l e v e l s  (IC50 = 0.5 pM f o r  ram seminal v e s i c l e  CO; 
IC50 = 2 pM E. 5-LO from RBL-1 c e l l s ) .  The s t r u c t u r a l  requirements 
f o r  t h e  observed a c t i v i t y  o f  27 have been described. The 5-LO a c t i v i t y  
r e s u l t s  p r i m a r i l y  from the 3-hydroxybenzothiophene subst ructure,  whereas 
the enamide s ide chain i s  necessary f o r  potent  CO i n h i b i t i o n . 7 1  The 
an t i -ox idan t  t r i h y d r o x y i s o f l a v a n  28 e x h i b i t s  potent  i n h i b i t i o n  o f  human 
PMNL 5-LO (IC50 = 1.2 pM) w i t h  s i g n i f i c a n t l y  l e s s  a c t i v i t  against  CO 

Diphenyl d i s u l f i d e  r e v e r s i b l y  i n h i b i t s  RBL-1 5-LO a t  1-5 pM.73 
Gossypol (a) i s  a potent  and s p e c i f i c  i n h i b i t o r  of RBL-1 5-LO and 12-LO 
enzymes ( I C ~ Q  = 0.3 pM and 0.7 pM, r e s p e c t i v e l ~ ) . ~ ~  A novel 
s e l  eno-organ1 c compound, ebsel en (3, PZ-51). i n h i b i t s  the product ion of 
5-HETE and LTB4 by s t imulated r a t  PMNL ce l l s .75  Several s t i  lbenes 
i s o l a t e d  from the  r o o t s  o f  Polvqonum species, p l a n t s  which have been used 
f o r  t he  t reatment of  a l l e r g i c  and inf lammatory diseases, i n h i b i t  r a t  PMNL 
5-LO and CO enzymes a t  sub-micromolar concentrat ions .76 

(IC50 = 200 pM) and human p l a t e l e t  12-LO (IC50 = 22 pM). 7s 

CHO OH HO CHO "op-q(oH HO OH m ; h  

- 29 30 
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PHOSPHOLIPASES - I n  con t ras t  t o  e a r l i e r  repor ts ,  D-dihexanoylphosphatidyl- 
cho l i ne  was found t o  be a p a r t i a l  compet i t ive i n h i b i t o r  o f  t h e  PLA2 
hyd ro l ys i s  o f  t he  L-isomer.77 Human p l a t e l e t  PLA i s  i n h i b i t e d  by a 

l i n o l e n i c ,  and arachidonic,  w i t h  IC5os  o f  m. 0.5 pM. This  i n h i b i t i o n  
i s  apparent ly  noncompetit ive.78 This  enzyme i s  a l s o  i n h i b i t e d  by 5-, 
12-, and 15-HETE, w i t h  IC50 values o f  42, 26, and 72pM, 
respect ive ly .79 The marine na tu ra l  product manoalide (a) i s a potent  
PLA2 i n h i b i t o r ,  i r r e v e r s i b l y  r e a c t i n g  w i t h  l y s i n e  residues.80 The 
fungal  metabol i t e s  p l  a s t a t i  n (32) and lu teospor i  n (3) i n h i b i t  pancreat i  c 
PLA2 w i t h  K i  values o f  0.89 and 12.8 pM, respect ively.81,82 

i n h i b i t  1 e u k o t r i  ene r e 1  ease from unsensi t i z e d  human 1 ung and s e n s i t i z e d  
guinea p i g  lung. 
arachidonate, suggesting an e f f e c t  on PLA2.83 Mepacrine a l s o  
i n h i b i t s  ischemia-induced PLA2 a c t i v a t i o n  i n  porc ine myocardium.84 
The 11 poxygenase/cycl ooxygenase i nhi  b i  t o r s  no rd i  hydroguai a r e t i  c a c i d  , 
5,8,11 ,14-eicosatetraynoic acid,  and quercet in  i n h i b i t  PLA2 a c t i v i t y  o f  
neutro h i 1  ex t rac ts  and sonicates, w i t h  IC50s i n  the  10-100 pM 
range.15 The non-steroidal  ant i - inf lammatory drug t iaramide (3) 
i n h i b i t s  r a b b i t  p l a t e l e t  aggregat ion induced by col lagen, b u t  n o t  by 
arachidonate.86 Patents c la iming PLA2 i n h i b i t o r y  a c t i v i t y  f o r  
compounds such as 3587 and 3 8 8  have appeared. 
undefined PLA2 i nhi  b i  t o r y  f a c t o r s  have been loca ted  i n  bovine 
plasma89 and human amniot ic  f l u i d . 9 0  

number o f  unsaturated f a t t y  acids,  i n c l u d i n g  palm P t o l e l c ,  o l e i c ,  l i n o l e i c ,  

The an t i -ma la r ia l  drugs chloroquine and mepacrine, a t  10-100 pM, 

These e f f e c t s  a re  countered by the  presence o f  

S t r u c t u r a l l y  

0 

HO 
- 31 - 32,  X=NH2, Y = OH 

33 ,  X =  V = OH - 

34 - 35 - 36 - 
A rev iew a r t i c l e  descr ibes t h e  PLAp-inhibi tory a c t i o n  o f  t h e  

g l u c o c o r t i c o i d s . ~ l  These s t e r o i d s  e x e r t  the1 r ant i - in f lammatory a c t i o n  
- v i a  the  product ion o f  macrocort in ( l i p o c o r t i n ) ,  an endogenous i n h i b i t o r  
o f  PLA2. 
c o r t i n  i n h i b i t  t he  re lease o f  t he  PAF precursor,  2-lyso-PAF. 
i n h i b i t i o n  could comprise an impor tant  corn anent o f  t h e i r  a n t i -  
anaphylact ic  and ant i - inf lammatory action.!Z Dexamethasone i n h i b i t s  
carrageenin-induced edema i n  the r a t  paw, a standard model o f  experimental 
inflammation t h a t  i nvo l ves  arachidonate metabol i tes.  To a l esse r  extent ,  
t h i s  s t e r o i d  a l s o  i n h i b i t s  dextran-induced edema (mediated l a r g e l y  by 
histamine and 5-hydroxytry tamine), apparent ly  through the  generat ion o f  
o the r  r e g u l a t o r y  p r o t e i n s  . I 3  Dexamethasone a l s o  has a d i r e c t  e f f e c t  on 
snake venom PLA2, mani fest ing i t s  i n h i b i t i o n  w i t h i n  3-10 minutes.94 

I n  r a t  pe r i t onea l  1 eukocytes , both hyd roco r t i  sone and macro- 
This  
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XANTHINES 
theophy l l i ne  as an ant iasthmat ic  were reviewed.95396 The o r i g i n a l  view 
t h a t  t h e  bronchodi 1 a t o r y  a c t i o n  o f  theophyl l  i n e  i s  a t t r i b u t a b l e  sol  e ly  t o  
an i n h i b i t i o n  o f  c y c l i c  nuc leo t i de  phosphodiesterase a c t i v i t y  has become 
untenable and a1 t e r n a t i v e  mechanisms were proposed.95~96 One o f  these 
a1 t e r n a t i v e s ,  t h a t  theophyl l  i ne acts  as an adenosine recep to r  antagoni s t ,  
was supported by a study i ndi c a t i  ng t h a t  theophyl 11 ne p r e f e r e n t i  a1 l y  
i n h i b i t s  adenosine-induced bronchoconstr ic t ion i n  asthmat ic subjects.97 
C1 ea r l y ,  much more evidence i s needed before the  "adenosine hypothesi s" 
can be accepted. One approach t o  r e s o l v i n g  t h i s  issue i s  t o  develop 
se lec t i ve ,  h i g h  a f f i n i t y  adenosine receptor  antagonis ts  f o r  c l i n i c a l  
evaluat ion.  Steps toward t h i s  process were  taken by analyz ing a s e r i e s  
o f  8-phen l xan th ines  (31) f o r  adenosine A]-receptor antagonis t  
a c t i v i  ty.68 These s tud ies revealed t h e  most po ten t  A1-receptor 
antagonis ts  t o  be the  1,3-d isubst i tu ted n-propyl  compounds, which have 
IC5os i n  receptor  b ind ing  assays and phys io log i c  e f f e c t s  a t  
concentrat ions 2-3 orders o f  magnitude below those o f  t heophy l l  ine.98 
Sulfonamide s u b s t i t u t i o n  a t  t he  ~ a r a  phenyl p o s i t i o n  had l i t t l e  e f f e c t  on 
potency bu t  g r e a t l y  increased the aqueous s o l u b i l i t y  o f  these 
compounds.98 I n  another study, t he  r e l a t i v e  potency o f  var ious 
8-phenyl xanth i  nes a t  adenosine A1-receptors E. A2-receptors was 
determined .99 1,3-Di propyl-8-phenyl xanth i  ne was somewhat s e l e c t i v e  
(23-fold) f o r  A1-receptors over A2-receptors , whereas 8-(2-ami no- 
4-chorophenyl)-l 3-dipropylxanthine was near l y  400-fold more po ten t  a t  
t he  Al-receptor.  49 The water-sol ub l  e 8-Q-sul fophenyll-1.3- 
d ipropy lxanth ine d e r i v a t i v e s  no longer possessed marked Al - receptor  
s e l e c t i v i t y . 9 9  

The quest ions surrounding t h e  p rec i se  mechanism o f  a c t i o n  o f  
t heophy l l i ne  should g i ve  new impetus t o  the search f o r  bona f i d e  
phosphodiesterase i n h i b i t o r s  as p o t e n t i a l  a n t i a l l e r g i c s  and 
bronchodi l a t o r s .  Moreover, t h e  ex i  stence o f  several  forms o f  cyc l  i c 
nuc leo t i de  phosphodiesterases having d i f f e r e n t  k i n e t i c  c h a r a c t e r i s t i c s  
and t i s s u e  d i s t r i b u t i o n s  presents t h e  i n t r i g u i n g  p o s s i b i l i t y  o f  
developing t f ssue -se lec t i ve  (e.s., inf lammatory c e l l s ,  a i rway smooth 
muscle) phosphodiesterase i n h i b i  tors.100 Indeed, the  biochemical 
responses t o  one such compound, TVX 2706 (38). were evaluated i n  several  
i sol ated c e l l  systems, 101 
s e l e c t i v e l y  a low Km, CAMP-specific phosphodiesterase isozyme i n  r a t  
polymorphonucl ear 1 eukocytes , perha s account! ng f o r  i t s  po ten t  
ant i - in f lammatory a c t i o n  i n  vivo.lop The synthesis and card iac 
a c t i v i t y  o f  another s e r i e s  o f  s e l e c t i v e  i n h i b i t o r s  (39) o f  t he  low Km, 
CAMP-spec1 f i c  phosphodiesterase, were a1 so repor ted.m2 

PHOSPHODIESTERASE I N H I B I T O R S  - The pharmacodynami c s  o f  

Thi s compound was found t o  i n h i b i t  

An at tempt t o  combine the  a c t i v i t y  o f  a 02-adrenoceptor agon is t  and 
a phosphodi esterase i nhi  b i  t o r  has been reported. 103 
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ANTIHISTAMINES - The pharmacology and therapeut ic  p ro f1  l e s  o f  t he  
non-sedatin histamine HI-receptor antagonists ter fenadine104~105 and 
astemizol e l86 w e r e  reviewed and p o t e n t i a l  advantages o f  these compounds 
over o l d e r  agents were  d iscussed.~07 The c l i n i c a l  e f f i c a c y  o f  
t e r fenad ine  and astemizole was compared i n  s tud ies o f  p a t i e n t s  w i t h  hay 
fever-108-111 and chronic u r t i ca r ia .112  The synthesis and pharmacology 
o f  a se r ies  o f  N-heterocycl ic 4-pi eridinamines @Q>, o f  which astemizole 
(41) i s a member, were  descr i  bed. 183-1 15 A p r e l  i m i  nary r e p o r t  appeared 
on t h e  s a f e t y  and e f f i c a c y  o f  SK&F 93944 (421, a new non-sedating 
ant ih is tamine,  i n  p a t i e n t s  w i t h  hay f e v e r . n 6  The synthesis and 
b i o l o g i c  a c t i v i t y  o f  a novel c lass o f  agents combining xanthine and 
HI-ant ih is tamine moiet ies on the same molecule were  desc r ibed . l l 7  

40 - - 41 

0 

ti 
42 - 

The r o l e  o f  h istamine i n  p r o  uc ing the  signs and symptoms o f  
bronchia l  asthma was evaluated.1 ti 8 H i s t o r i c a l l y ,  HI-ant ih istamines 
have been o n l y  marg ina l l y  e f f e c t i v e  i n  prevent ing antigen-induced 
bronchoconstr ic t ion,  perhaps because the sedat ive e f f e c t s  o f  c l a s s i c a l  
ant ih is tamines l i m i t  t h e i r  therapeut ic  u t i l i t y ,  o r  because h is tamine i s  
not  a pr imary mediator o f  a l l e r g i c  asthma. 
support f rom recent  s tud ies where astemizole was shown to  b l u n t  
a n t i  gen-i nduced bronchoconstr i  c t i o n  i n  a1 1 e r g i c  asthmatics. 118,119 
Furthermore, both astemlzole120 and te r fenad i  ne121 were shown t o  be 
e f f e c t i v e  against  exercise-induced asthma. Although the  asthmat ic 
response was not  abol ished i n  any o f  the s tud ies c i t e d ,  t h e  r e s u l t s  
suggest t h a t  ant ih is tamines ( p a r t i c u l a r l y  t he  non-sedating agents) may 
have a r o l e  i n  the pharmacotherapy of bronchia l  asthma. 

MEDIATOR RELEASE INHIBITORS (m) - New t o p i c a l l y  and o r a l l y  a c t i v e  M R I s  
cont inue t o  be reported, a1 though the  p rec i se  biochemical mechanism o f  
a c t i o n  o f  t h i s  c lass o f  a n t i - a l l e r g i c  agents remains unknown. Nedocromil 
sodium (43) and minocromil (44) a re  t o p i c a l l y  a c t i v e  MRIs ( r a t  PCA 
ID50 0.22 and 0.95 mg/kg intraderm.,  respec t i ve l y ) .  Both compounds 
induce phosphorylat ion o f  a 78,000 da l ton  mast c e l l  p r o t e i n ,  a process 
bel ieved associated w i t h  the biochemical mechanism by which they 
s t a b i l i z e  these ce l ls .122 AA-673 (451, an o r a l l y  a c t i v e  M R I ,  i s  
undergoing c l i n i c a l  study.123 New o r a l l y  a c t i v e  M R I s  i n c l u d e  
p y r i m i d i n y l  ethenyloxani l a t e s  ,124 t r i azo loqu inoxa l  inediones, l25 and 
i m i d a z o t r i a z i  nes. l 2 6  

The former proposal received 

NHMe 0 

HO2C C02H H02C C02H 
Pr E t  P r  0 

45 44 43 - - - 
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Chapter 9. Calcium Modulators 

E. Wehinger and R. G r o s s ,  BAYER AG, 
Wuppertal-Elberfeld, FRG 

Introduction - Calcium channel antagonists are important cardiovascular 
drugs which inhibit smooth and cardiac muscle contraction by blocking 
the influx of calcium ions through plasma membrane channels. Comprehen- 
sive surveys of their pharmacology and current and potential therapeu- 
tic use have The clinically well established drugs are 
verapami15, nifedipine' and diltiazem. In addition to nicardipine, 
three other calcium antagonists - gallopamil , nitrendipine', nimo- 
dipinel' - have recently become commercially available. 

8 

The discovery of 1,4-dihydropyridines (DHP) that increase the 
force of contraction by stimulating the influx of calcium ions in both 
smooth and cardiac muscle represents a major advance in the pharmaco- 
logy of drugs that act directly on calcium channels." Recent electro- 
physiological and ligand binding studies have provided new insight into 
the mechanism of modulation of current flow through calcium channels. 
The ability of dihydropyridine compounds to either promote or inhibit 
calcium influx and the fact that both properties are observed dose- 
dependently in the same dihydropyridine molecule, illustrate that 
these agents may really be looked at as calcium modulators. 12 

Verapamil Analogues - In addition to verapamil Q), gallopamil (2) and 
tiapamil (2), some new compounds such as anipamil (5) , desmethoxyvera- 
pamil (5), - AQ-AH 208 and UL-FS 49 have been reported. 
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Gallopamil has been marketed for the prophylaxis and lon -term 
therapy of coronary heart disease and atrial tachyarrhythmia. '' Pif- 
teen mg 2 to 3 times a day significantly improved symptoms of angina 
pectoris. l4 Detailed voltage clamp analyses of its mechanism of calcium 
channel blockade have shown that, in ventricular muscle, allo amil 

beneficial effect of tiapamil (RO 11-1781) in patients with coronary 
16 artery disease has been demonstrated after 200 to 800 mg of the drug. 

Anipamil which is characterized by its long aliphatic side chain R3 is 
a new verapamil derivative with a long lasting antihypertensive ac- 
tion." From preliminary results on healthy volunteers about 100 mg 
p.0. anipamil, once dally, are expected to be clinically effective in 
an antihypertensive therapy. Deemethoxyverapamil (D 888) has only 
been used as a pharmacological tool. The (-)-isomer is 100 times more 
potent than its (+)-enantiomer at inhibiting Ca2+-induced tension in 
depolarized rat aortic strips as well as in decreasing force of con- 

19 traction of cat papillary muscles. 

preferentially binds to open (activated) calcium channels. 5 8 , l B  The 

Recently, several compounds have been developed as specific 
bradycardlc agents. One prototype is fallpamil (AQ-A 39, 6)  which is 
chemically related to verapamil. Its antianginal efficacy has recently 
been demonstrated in a pilot study.2o Two congeners of falipmil are 
AQ-AH 208 (1) and UL-FS 49 (g). UL-FS 49 has been shown to decrease the 

rate of spontaneously beating guinea pig atria at much lower concen- 
tratjons (EC30 = 0.03 pg/ml) than those at which it decreased the 
contractility (EC30 - 108 pg/m1).21 In anesthetized dogs with 
ischemic myocardial perfusion, both compounds produced dose-dependent 
reductions In heart rate without major effects on aortic blood 
pressure or maximal left ventricular dP/dt and improved post-stenotic 
myocardial perfusion particularly to the subendocardium. 22 

Nifedipine Analogues - Nitrendipine (lo) has been marketed as an 
antihypertensive drug with a longer duration of action than nifedi- 
pine (9).' Single oral doses, ranging from 5 to 40 mg, produced a 
prompt, safe and sustained hypotensive effect in patients with mild or 
moderate hypertension, the maximum effect being observed 1 to 3 hours 
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after dosing.23 In hypertensive patients with coronary artery disease 
who were inadequately controlled by a &blocker, a marked therapeutic 
response was obtained upon addition of nitrendipine. 24 

Nimodipine (11). due to its predilective effect on spasms of 
cerebral vessels, has become the drug of choice in patients with 
subarachnoid hemorrhage. lo Its effectiveness in the prophylaxis of 
migraine has also been substantiated. 25 Moreover, nimodipine penetra- 
tes the blood-brain barrier and elicits some direct psychotropic ac- 
tivity.26 In rodents, it has been shown to attenuate aggressive be- 
haviour and to interfere with postural reflexes. Anxiolytic properties 
have been demonstrated as has been a long lasting protective effect on 

26 hypoxia-induced retrograde amnesia. 
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The superior potency of calcium antagonistic 1,4-dihydropyri- 
dines has initiated the development of a large number of related 
analogues, primarily as antianginal andfor antihypertensive agents. 
Nisoldipine (BAY K 5552, 11) is one of the most potent blockers of 
voltage-dependent Ca2+-channels (IC50=l. lxlO-’ M) and is characterized 
by its predominant vasodilating effects on coronary and peripheral 
blood vessels. 27-28 KC1-induced contractions of aortic strips treated 
with nisoldipine (2.9~10’~ M) remained inhibited €or 15 hours. 27 
Nilvadipine (FR-34235, 13) demonstrates a similar effect as nife- 
dipine on KC1-induced responses in venous smooth muscle. However, it 
is much more potent than nifedipine against contractions which are 
mediated by activation of postsynaptic o(l-adrenoceptors. 29 

Darodipine (PY 108-068, 2) appears to change the rank order of the 
negative chronotropic and negative inotropic effects of calcium anta- 
g o n i s t ~ . ~ ~  Isrodipine (PN 200-110, g) has a longer duration of action 
than darodipine and has been shown to cross the blood brain barrier 
without stimulating any CNS effects.31 The earlier report on felo- 
dipine (H 154-82, 2) suggesting interaction with ~ a l m o d u l i n ~ ~  as the 
basis of its vasodilating activity has been challenged, mainly due to 
the different concentration range of its calcium antagonism and calmo- 
dulin binding.33s34 In vitro studies of flordipine (RH 2906, z) have 
provided some evidence that it is metabolized to (not yet identified) 
com ounds which may contribute to its in vivo antihypertensive activi- 
ty.” MDL-72567 (18), - a “beto-dihydropyridine”, has been suggested to 
induce, in contrast to nifedipine, in vivo a depressant effect on the 
sinus node. 36 

Amlodipine (UK-48340, 2) is a new antihypertensive and antian- 
ginal DHP derivative on a once-daily dose basis. In hypertensive dogs 
0.5 to 2 mglkg amlodipine reduce the blood pressure gradually, with 
maximum reduction occurring between 3.5 to 7 hours after 
application. 37 Bioavailability in dogs has been demonstrated to 
approach 100%. 38 

Other Structures - Bepridil (20) has recently been confirmed to 
inhibit the potential-operated calcium channel and related isometric 
tension development in vascular smooth rn~cle.~’ *40 In isolated 
cardiac preparations as well as in in vivo studies the drug has been 
shown to be a selective coronary va~odilator.~~ *42 At concentrations 
which antagonize calcium dependent mechanisms in vascular smooth 
muscle it appears to inhibit the activity of c a l m o d ~ l i n . ~ ~  Clinical 
experience has proven that a daily dose of 300 to 400 mg bepridil is 
effective in the management of stable angina. 44 

There is some evidence that in addition to blocking slow chan- 
nels bepridil also influences fast sodium currents.45 This dual action 
in myocardial cells implies that it is a class I as well as a class IV 
antiarrhythmic agent according to the Vaughan-Williams claseifica- 
t i ~ n . ~ ~  In anesthetized dogs bepridil increases the ref ractorinees of 
atrial myocardium, atrial ventricular nodal tissue and ventricular 
myocardium. 47-49 It prevents andfor terminates experimental supraven- 
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t r icular4 and ventricular 50*51 arrhythmias in a variety of animal 
models and increases the ventricular fibrillation threshold during 
both unobstructed coronary blood flow and regional myocardial ische- 
mia . 50 

HA-1004 (2) appears to be a novel calcium antagonist with a se- 
lective vasodilatory action. In depolarized rabbit aorta it produced a 
competitive inhibition of calcium induced c~ntraction.~' Isolated 
guinea pig left atria or right ventricular papillary muscles did not 
respond to the drug. Due to its antagonizing effect on phenylephrine 
induced contractions of rabbit aorta in the absence of extracellular 
calcium, it has been suggested that HA-1004 affects intracellular 
rather than extracellular calcium. The in vitro inhibition of agonist 
induced contractions of canine renal arteries has been confirmed by an 
increase of renal blood flow in anesthetized dogs. 53 

x HCL C H,OC H2C H ( C  H3I2 

20 - 21 - 
Mechanistic Aspects - It is well established that calcium channel 
antagonists serve as potent and selective inhibitors of plasmalemmal 
Ca2'-entry through voltage-depedent calcium channels. 54 Evidence for a 
specific mode of action is based on structure activity relationships, 
including stereoselectivity, that have been described for the major 
classes of these agents.55 The existence of discrete binding sites for 
calcium antagonists and agonists has been established by intensive 
studies of radio-labeled, mainly 1,4-dihydropyridine-type, li and 
binding to membrane preparations as well as to intact cells. 
Thus, specific, high affinity, reversible and stereoselective binding 
is found in a variety of tissues including vascular and non-vascular 
smooth muscle, cardiac muscle, skeletal muscle and brain. 

5%-59 

It has been demonstrated on the basis of X-ray crystallographic. 
analyses of 1,4-dihydropyridines with restricted conformational flexi- 
bility that the DHP molecule interacts with the binding site preferably 
in a conformation in which the plane of the phenyl ring bisects the 
DHP ring. 60 

Correlations between tissue binding and pharmacological activi- 
ties have been sought in a number of systems for which ['q -1,4-dihy- 
dropyridine binding has been demonstrated. The best correlations are 
those for smooth muscle where essentially 1:l correlations can be 
obtained between inhibition of binding and inhibition of K+-depolari- 
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zation-induced mechanical response. 61-63 In myocardium, however, the 
equilibrium dissociation constant % of pq -nitrendipine binding is 2 
to 3 orders of magnitude lower than the concentration of nitrendipine 
which produces half maximal pharmacological effects. 64 Electrophysio- 
logical data suggest that calcium channel blockade by nisoldipine, 
nitrendipine and nicardipine in heart muscle is strongly modulated by 
membrane potential, with blockade being more pronounced at less nega- 
tive holding This voltage dependence has been inter- 
preted in terms of the modulated receptor hypothesis and suggests that 
the high affinity site probably represents binding to and stabilizing 
of the inactivated state of the channel in which no openings occur, 
Recent studies of changes in binding to intact polarized and depola- 
rized ventricular myocytes have demonstrated that with depolarization 
the number of pH] -nitrendipine binding sites (Bmax) is significantly 
in~reased.'~ However, there was no difference in KD between polarized 
and depolarized cells. 

Competition of PH] -1,4-dihydropyridine binding with DHPs is 
consistent with competitive antagonism. This fs also true for the 
competitive interactions between 1,4-dihydropyridine agonists and ant- 
agonists indicating that they bind to the same calcium channel receptor 
site.58s59968 The inhibition of f3H] -1,4-dihydropyridine binding by 
other calcium antagonists has disclosed apparent different sites of 
action of these drugs. It is now generally agreed that verapamil, 
gallopamil and desmethoxyverapamil act at a site distinct from the 
1,4-dihydropyridine binding site and that they should be classified as 
negative heterotropic allosteric effectors due to their inhibition of 
PH] -1,4-dihydropyridine binding. 63 In marked contrast, diltiazem 
actually stimulates 1,4-dihydropyridine binding over its pharmacologi- 
cally effective dose range either by increasing B,, (smooth muscle, 
skeletal muscle) or decreasing KD (cardiac tissue, brain) .61 3 6 9  This 
positive heterotropic allosteric interaction between diltiazem and the 
1,4-dihydropyridines could also be demonstrated in tissue experiments, 
both in cardiac and smooth muscle.70s71 

PH] -1,4-dihydropyridines have been used to determine the mole- 
cular properties of the binding site in the Ca2+-channe1.72-74 In 
skeletal muscle, radiation-inactivation experiments have shown that 
the size of the dihydropyridine binding domain is decreased in the 
presence of d i l t i a ~ e m . ~ ~  It has been suggested that the channel may be 
composed of subunits and that channel drugs not only alter channel 
function but simultaneously change the architecture of the ionic pore. 
The model of three drug receptor sites which are linked to each other 
(and to calcium binding sites) via heterotropic allosteric coupling 
mechanisms has recently been described, 76 

Calcium Agonists - Only minor changes of the 1,4-dihydropyridine 
structure led to compounds which exhibit pharmacological actions 
opposite to those of nifedi ine: instead of inhibiting they increase 
the force of contraction. 77948 BAY K 8644 (11) is the most thoroughly 
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studied prototype of these agents. It exerts both in vitro and in vivo 
positive inotropic, vasoconstrictive and moderate positive chrono- 
tropic activity in a concentration range from 10'' to M.11*79J80 

Using 45Ca2+, increased Ca-inf lux during cellular depolarization could 
be correlated with enhanced electromechanical coupling. 81 y82 

Electrophysiological studies have shown that the prolongation of 
the plateau phase of the cardiac action potential is indicative of 
increased Ca2+-inf lux and the consequent increase in contractility, 83 

Investigations of the single Ca2+-channel kinetics with BAY K 8644 
have revealed that this compound dose-dependently keeps the channel in 
the open state for a longer 

In addition to BAY K 8644 other dihydropyridines with calcium- 
agonistic properties have been disclosed. CGP-28392 (%) also exerts 
positive inotropic and vasoconstricting  effect^.^' The active dose- 
range is about one order of magnitude higher than that of BAY K 8644. 
In vivo its positive inotropic. response appears to be less pronounced 
than its vasoconsttictive properties .88 The main pharmacological effect 
of YC-170 (3) is vascular contraction. It is about 3 times less potent 
than CGP-28392 and dis la s minimal positive inotropic and no positive 
chronotropic activity. "*'@ H 160/51 (2) has also been shown to be a 
calcium agonistic dihydropyridine with an EDs0 of 1 UM in cat papil- 
lary muscles and in a portal vein preparation. 'lSg2 Compound 202-791 
(25) exerts positive inotropic and vasoconstricting effects by in- 
creasing Ca2+-influx.93 As with BAY K 8644 it has been shown that the 
Ca2+-modulating effect of 202-791 is strongly dependent on membrane 
potential. It is an agonist under well-polarized conditions. However, 
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when the cell is depolarized, it is converted to an a n t a g o n i ~ t . ~ ~ , ~ ~  
This result, together with the finding that high drug concentrations 
also reverse the calcium agonism to calcium antagonism, brought up 
hypotheses on the molecular basis of the calcium modulating properties 
of 1,4-dihydropyriclines. * 95 

The recent observation that only the (-)-enantiomer of BAY K 
8644 and the (+)-enantiomer of 202-791 are responsible for the calcium 
agonistic effect while the optical antipodes are calcium antagonists, 
strongly underscore the close structural vicinity of calcium 
antagonism and calcium agonism in this class of drugs. 93,96 

Conclusions - Several calcium antagonists are under development. In 
addition to pure vascular affects parenchymal activity, e.g. in the 
brain, could be demonstrated. Knowledge of the basic mechanism of 
modulation of calcium currents has considerably increased due to 
electrophysiological and ligand binding studies as well as to the 
discovery of calcium agonists. The latter are pharmacological tools 
and provide a novel mechanism of positive inotropir. activity which may 
lead to new drugs €or the treatment of congestive heart failure. 
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Chapter 10. Class I And TI1 Antiarrhythmic Drugs 
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Introduction - Nearly 10 years have elapsed since the local anesthetic 
antiarrhythmic drugs (class I )  were reviewed in this series.l Drugs that 
prolong action potential duration (APD) selectively (class 111) were 
last discussed in 1983.2 An abundance of reviews on the electrophysio- 
logical basis of cardiac  arrhythmia^^-^ and therapeutic use of anti- 
arrhythmic drugs6-8 have appeared recently. The large volume of new 
information has mandated that we limit our discussion to class I and I11 
agents, with emphasis on new compounds that appeared in the literature 
during the last three years. However, recent reports relevant to the 
mechanism of action of older agents will also be mentioned. 

The Vaughan Williams classification recognizes four distinct anti- 
arrhythmic g r o ~ p s . ~  Class I agents may be further divided into three 
subgroups on the basis of effects on APD.1° The potent conduction 
depressants flecainide, encainide and lorcainide are Ic agents that have 
little effect on APD, while lidocaine, tocainide and mexiletine are 
examples o f  Ib compounds that shorten APD. Quinidine, disopyramide and 
procainamide represent Ia agents that prolong repolarization. l1 In add- 
ition, the observation that local anesthetics possess unique affinities 
for the sodium channel depending on whether the channel is in the 
resting, open or inactivated state (modulated-receptor hypothesis), l2 
has provided added biophysical support for the subclassification of 
class I drugs. Thus, Ib agents tend to rapidly associate with and 
dissociate from open and/or inactivated sodium channels with time 
constants in the 100-300 msec range, while Ic agents require tens of 
seconds for block onset and recovery; Ia agents are intermediate. 11'13 

The emergence of programmed electrical stimulation (PES) techniques 
for the clinical evaluation of antiarrhythmic drugs continues to have an 
important impact on the way new drugs are tested.14 A positive response 
to a drug in a standardized PES protocol portends a high probability of 
success upon long-term treatment, although a negative drug response does 
not necessarily predict failure. 15'16 In patients with sporadic, life- 
threatening arrhythmias, PES rather than Holter recording may be the 
preferred method of drug evaluation. l7 Improved animal models are 
available to simulate PES-induced arrhythmias in humans. 18' l9 The 
induced tachycardias seem to be reentrant in origin and respond 
predictably to antiarrhythmic drugs. * O  Nevertheless, some evidence 
suggests that, in terms of rate, morphology and reproducibility, these 
models may not adequately mimic the typical monomorphic reentrant 
ventricular tachycardia that appears to be the best clinical predictor 
of drug efficacy.21'22 An animal model that causes "sudden cardiac 
death" may also be relevant to new drug eval~ation.~~ This model 
involves electrically induced thrombus generation within the circumflex 
coronary artery in dogs having had a prior infarct in the distribution 
of the left anterior descending coronary artery. 
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Class I: Update on established agents - Recent reviews on the pharma- 
cology and mechanism of action of standard agents such as q ~ i n i d i n e , ~ ~  
procainamidc,24’25 di~opyramide~~ and lidocaine26 have appeared. 
Symposia and reviews of the electrophysiology and therapeutic use of 
newer type I agents including pr~pafenone,~~ pirmenol,28 tocainide, 2 9  
mexilitine, 30 lorcainide, 31 e n ~ a i n i d e ~ ~  and f l e ~ a i n i d e ~ ~  have also 
been published. 

Class I agents interact weakly with resting sodium channels at 
normal resting membrane potentials; activation is required before these 
agents block (use-dependency) . 12’ l3 Lidocaine interacts with both open 
and inactivated channels, whereas quinidine and amiodarone preferentially 
interact with open and inactive channels, respectively. l2 Separate mech- 
anisms mediating resting and use-dependent block were distinguished using 
propafenone and structural analogs.34 Regardless of which channel state 
is preferentially blocked by class I drugs, the unblocking rate directly 
determines the amount of depression present at normal heart rates. 
Since the Ic agents like flecainide, 13’35 encainide, l3 and lorcainide3’ 
possess long recovery time constants, these compounds tend to depress 
conduction velocity in normal and especially depolarized myocardium at 
all physiologically relevant heart rates. The Ib agents with short time 
constants show little accumulation of block between impulses; early 
or rapid impulses are preferentially blocked. 11’12 In general, small 
molecular size, high lipid solubility, and low pKa favor a fast un- 
blocking rate for class I drugs.13’36’37 

Competition studies have added strong support to the notion that 
class I drugs act on a common receptor site, but possess selective 
affinities for different sodium channel states. For example, high 
concentrations of lidocaine relieved sodium channel block caused by 
bupivicaine, an agent that acts on inactivated channels and dissociates 
much more slowly than lidocaine. 38 Competition interactions between 
propafenone and lidocaine acting on different sodium channel states have 
also been described.39 The use-dependent effects of lidocaine in dog 
Purkinje fibers were specifically inhibited by SC 7214,  a monoclonal 
antibody against the electroplax fast sodium channel. However, in this 
case, SC 7214 and lidocaine did not appear to interact at a common site 
within the channel. 4 0  

Metabolites of several antiarrliythmic drugs are pharmacologically 
important and continue to be extensively investigated. Encainide’s two 
major metabolites, 3-methoxy-O-demethyl encainide and O-demethyl 
encainide (ODE) possess antiarrhythmi~~l and class I electrophysiological 
proper tie^.^^ ODE, especially in ischemic tissues, may be likely to 
cause profound conduction depression43 and, like flecainide, 44 may 
induce arrhythmias in dogs with infarcted hearts. 41 In anesthetized 
dogs, the electrophysiological effects of lorcainide and its N-dealky- 
lated metabolite, norlorcainide, are qualitatively and quantitatively 
similar. 45 However, the O-dealkylated metabolites of flecainide are 
only 1 / 2  t o  1/10 as active as f l e ~ a i n i d e . ~ ~  Acecainide (NAPA), the 
rapidly formed N-acetyl metabolite of the class I agent, procainamide, 
is a selective class I11 Since NAPA, unlike procainamide, does 
not induce a lupus-like syndrome, it has been investigated clinically, 
but the results have been e q u i v o ~ a l . ~ ~ ’ ~ ~  The pharmacokinetics and 
electrophysiology of the desisopropyl metabolite of disopyramide have 
been investigated. The authors concluded that this metabolite contri- 
butes significantly to the anticholinergic side-effects seen during 
disopyramide therapy. 
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Effects of stereochemistry on activity of chiral antiarrhythmics 
remains an underdeveloped area. The L-isomer of disopyramide was found 
to be more potent than its enantiomer in slowing sinus rate and increasing 
AV-nodal refractoriness.51 The two enantiomers of flecainide were found 
to be equipotent in suppressing chloroform-induced ventricular fibrill- 
ation (VF) in mice and ouabain-induced ventricular tachycardia (VT) in 
dogs. 52 Conformational perturbations produced by an intramolecular 
hydrogen bond between the amide and pyridine moieties of disopyramide 
appear to increase the ratio of antiarrhythmic to anticholinergic 
activity; model compounds were prepared to test this hypothesis. 53 

Antiarrhythmic effects of quaternary ammonium class I agents were 
further characterized @. The quaternary analogs of propranolol, 
UM-27ZS4 or UM-424,” were studied after oral administration to dogs with 
chronic infarcts. UM-272 reduced the incidence of VF in the acute 
thrombosis model but not the accompanying VT. UM-272 possessed typical 
Ia electrophysiological effects including marked use-dependent sodium 
channel block with a block recovery half-time of 7 sec.56 UM-424 
abolished VT induced by PES by decreasing conduction preferentially in 
the ischemic zone and increasing refractoriness in normal zones. 5 5  

Class I: Recently reported new chemical entities - Several new class I 
agents possessing the $-antagonist pharmacophore have been reported. 
Diprafenone (1) is a recently reported propafenone congener. It is 
more potent than propafenone, and displays maximum antiarrhythmic 
activity at doses which have only minor depressant effects on intra- 
ventricular conduction and hemodynamics. 5 7  Compound 711389-S (2) was 
active against aconitine and ouabain-induced arrhythmias. 5 8 ’ 5 9  Detailed 
electrophysiological evaluation in guinea pig muscle indicated 2 is 
a class Ia antiarrhythmic with less anticholinergic activity than either 
disopyramide or quinidine. 6 o  Several lines of evidence indicate 
$-receptors are not involved in its antiarrhythmic effect. In guinea 
pig atria 2 was considerably less potent than propranolol as a 
$-antagonist (pA;s = 5 . 2 9  and 8.62, respectively), but was more potent 
as an antiarrhythmic; moreover, there were no significant differences in 

antiarrhythmic activities of the R and S enantiomers. 58 Nicainoprol 
(RU-42924, 3 )  is a class Ib drug with moderate p-blocking activity; unlike 
propafenone, 3 has no significant negative inotropic potential. 61’62 

A number of compounds bearing the 2,6-dimethylanilide substructure 
of lidocaine have been reported. SUN-1165 (4 )  contains the highly basic 
pyrrolizidinyl moiety instead of the less basic diethylamine group of  
lidocaine. ’’ Electrophysiological studies & vitro revealed that 4 is 
a Class Ib d r ~ g . ~ ~ ’ ~ ~  Compared to lidocaine and disopyramide, the com- 
pound had less CNS toxicity and anticholinergic activity, respectively. 66 
Another Ib lidocaine-like agent is recainam (WY-423262) ( 5 ) .  Therapeutic 
i.v. doses failed to produce CNS or negative inotropic side-effects in 
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and the drug safely and effectively reduced PVC’s in man.68 
Droxicainide (ALS-1249, 6) was reported to have anti-arrhythmic and 
local anesthetic properties that are qualitatively similar to lido- 
~ a i n e , ~ ~ ’ ’ ~  but with a better therapeutic index in 24 hr infarct dogs 
than lidocaine. The piperidine and azepine analogs of droxicanide 
which lack the hydroxyethyl moiety are also active. 72 

Stout and co-workers have conducted extensive studies on the SAR of 
changrolin (1) to eliminate untoward side-effects (skin discoloration 
and anticholinergic activity) of the parent compound. The bis(pyrro- 
1idinylmetbyl)phenol portion of 1 was optimal for antiarrhythmic 
activity, but the quinazoline moiety could be varied considerably while 
maintaining activity. 73 Replacement of the quinazoline ring with a 
variety of substituted benzoyl groups resulted in several potent anti- 
arrhythmics with minimal anticholinergic activity. 7 4  Further SAR studies 
led to the selection of ACC-9358 (8) for development. 7 5  Electrophysio- 
logically, these compounds appear to be Class I agents. ” 

- 7 - 8 - 9 

Disopyramide continues to serve as a prototype for new anti- 
arrhythmics, A series of compounds in which the phenyl group of diso- 
pyramide was replaced with alkyl moieties was synthesi~ed.’~ One of 
the compounds in this series, propisomide (CM-7857, F),  was reported to 
possess a longer duration of action, fewer neurologic and gastro- 
intestinal side-effects and less anticholinergic activity than diso- 
pyramide. 79 As with disopyramide, the major metahol ite in both plasma 
and urine was the‘mono-N-dealkylated analog.80 A single oral dose of 
- 9 was compared to a variety of other antiarrhythmics in 10 patients. 
The compound was effective in 6; it increased PQ intervals, and had no 
effects on QRS or QTc intervals.’l The pyridyl portion of disopyramide 
can be modified considerably, and some reduced bicyclic analogs were 
prepared.82 The optimal compound of the series, SC-36602 (lo), is 
currently in clinical trials. A series of animal studies revealed that 
- 10 is a Class I agent; moreover, it did not produce adverse CNS or 
negative inotropic effects, and possessed only about 7% of the anti- 
cholinergic activity of disopyramide. 83-85 
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AHR-10718 (u) is the optimal compound in a series of aminoethyl- 
ureas that suppressed arrhythmias in the ouabain-intoxicated and Harris 
dog models. The drug caused a use-dependent decrease in action potential 
upstroke velocity (V ), Purkinje fiber conduction velocity and APD.86 
Carocainide (MD77020?:x1_2), a benzofuran antiarrhythmic, decreased V 
in isolated papillary muscles and Purkinje fibers; in Purkinje fibersm!% 
decreased the plateau amplitude and APD. '' The compound antagonized 
digitalis- and infarction-induced arrhythmias in dogs. 88-90 A report on 
human metabolism and disposition has appeared. 91 

E-0747 (3) was more potent than quinidine, disopyramide, lido- 
caine, or phenytoin. Moreover, at therapeutic doses, the compound 
appeared t o  have low potential for cardiodepression. 92 Indecainide 
(LY135837, g), is a potent class Ic antiarrhythmic agent93'94 with an 
exceptionally long half-time (52 sec) for recovery from Na' channel 

This compound was more potent than either aprindine or diso- 
pyramide against ouabain or Harris arrhythmias in dogs.95 Reports on 
its metabolism have appearedmg6 Quinacainol (PK-10139, Is) was 5 to 
10-fold more potent, and longer-acting than quinidine in various animal 
models.97 In contrast to quinidine, there was no significant inter- 
action with d i g o ~ i n . ~ ~  In dogs 15 was 40-50 times more potent than 
quinidine in decreasing conduction velocity throughout the myocardium. 99 

Antifibrillatory activity of the class I antiarrhythmic McN-4130 
(16) has been investigated. It protected against VF in ischemic porcine 
hearts, increased ventricular fibrillation threshold (VFT) in dogs, and 
was highly effective in terminating acetylcholine-induced atrial fib- 
rillation. loo In canine Purkinje fibers 16 caused a rate-dependent 
decrease in V and prolonged APDloo. lo l  Stirocainide (EGYT-1855, 11) 
also decreasepy in a use-dependent fashion and shortened the plateau 
of Purkinje fif$? action potential without influencing either the 
resting potential or the amplitude of the action potential. lo2 Recent 
animal studies indicated the drug was highly effective in suppressing 
arrhythmias following acute infarction. lo3  
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Class 111: Update on established agents - By slowing conduction and 
inhibiting automaticity, class I drugs slow VT rate and control the 
trigger mechanisms for initiating VT. In contrast, class I11 agents 
act by homogeneously increasing refractoriness without slowing 
conduction, thus interrupting reentrant pathways and decreasing the 
vulnerability to VT/VF. lo4-lo6 The distinction between the antiectopic 
effects of class I drugs and the antifibrillatory effects of class I11 
drugs, especially bretylium, has also been emphasized. l o 7 ’  lo8 Summaries 
of the pharmacology and clinical use of the only marketed class I11 
agents, a m i o d a r ~ n e ~ ~ ~ ” ~ ~  and bretylium, ‘11 have appeared. 

C l ~ f i l i u m ~ ~ ~ ” ~ ~  and d - s o t a l ~ l ~ ~ ~ ’ ~ ~ ~  have selective class I11 
properties in patients and suppress PES-induced VT with minimal side 
effects. Bretylium116’117 and meobentine118 were only marginally 
successful in patients with PES-induced sustained VT. The incidence of 
GI side effects and hypotension was especially troublesome with 
meobentine. Bretylium (30 mg/kg, infused over 24 hr) prevented the 
decrease in effective refractory period (ERP) accompanying acute coronary 
artery occlusion, thereby reducing refractory period dispersion upon 
reperfusion and preventing reperfusion arrhythmias. ‘19 Large doses of 
bretylium (10 mg/kg every 12 hr for 2 days) abolished PES-induced VT in 
dogs with Chronic infarcts and reduced the occurrence of sudden death 
upon acute thrombosis. 120 Acute i .v. administration of bretylium to 
conscious dogs (10 mg/kg) did not prevent reperfusion arrhythmias1 ’’ 
and failed to elevate VFT in anesthetized dogs (10-30 mg/kg).121 A 
positive effect of acute bretylium (10 mg/kg, i.v.) on reperfusion 
arrhythmias in dogs was detected only if the area of myocardial ischemia 
was considered. 122 The mechanism of action of bretylium remains elusive. 
A reduction in dispersion of refractory period123 and conduction 
velocity12* between ischemic and normal tissues has been reported. 
Clofilium, a selective class I11 agent without antisympathetic 
effects, 12s increased refractoriness and VFT in both dogs106’126 and 

but was less effective than bretylium in preventing VF during 
acute ischemia. 123’126 Thus, the antiadrenergic effect of bretylium12’ 
appears to be required for optimal antiarrhythmic effects in acute 
ischemia models. 128 At pharmacologically relevant concentrati.ons, 
bretylium also exerted antimuscarinic effects in guinea pig atria and 
bound to muscarinic receptors in rat heart.12’ 

In isolated cardiac tissue, d,l-sotalol (10-6M - 10-4M) increased 
APD13’ and refractoriness, even in the presence of elevated K+.131 The 
effects of d,l-sotalol were unrelated to f3-blockade and were mediated by 
decreases in background and plateau potassium current. 130 Although the 
class I11 actions of cj,l-sotalol could not be correlated with its 
antiarrhythic effects in ischemic perfused guinea-pig hearts, 13* class 
I11 effects clearly mediated its antiarrhythmic and antifibrillatory 
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effects in chronically I-schemic dogs. 133'134 Both isomers of sotalol 
increased APD in vitro. 130 d-Sotalol, 2-8 mg/kg administered acutely135 
or 8 mg/kg administered every-6 hr for 24 hr,136 suppressed the induction 
of VT in infarcted dogs, increased refractoriness and prevented develop- 
ment of VF in response to acute thrombosis. The p-blocking isomer, A-so- 
talol, had similar effects except that the PR interval was lengthened. 136 

Amiodarone is a fairly selective class I11 agent when administered 
chronically. However, superfusion of guinea pig ventricular muscle with 
high concentrations of amiodarone (88 pM) caused rate-dependent reduct- 
ions in Vmax; 137 lower concentrations (15 pM) depressed conduction 
through the rabbit AV node and interfered with sinus node function by a 
non-class I11 mechanism. 138 Short-term i.v. infusion of amiodarone (10 
mg/kg/hr) in dogs with chronic infarcts was less effective than long 
term oral therapy (10 mg/kg/day for 24 days) in preventing VF due to 
acute thrombosis. 139 The enhanced efficacy of chronic therapy was 
accompanied by greater increases in the QTc interval, although refract- 
oriness was not measured. Amiodarone is also a fairly potent non- 
competitive muscarinic antagonist in heart tissue (K.=4-6 pM). 140 Thus, 
the mechanism of action of amiodarone is complex and probably involves a 
combination of metabolic, autonomic and direct effects. In rats, meo- 
bentine prolonged APD & vitro, increased refractoriness and reduced 
arrhythmias associated with coronary artery occlusion & viva .141 In 
dogs with chronic infarcts, meobentine increased VFT but did not protect 
conscious dogs from developing VT/W in response to PES or acute thrombus 
format ion. 1 42 

1 

Class 111: Recently reported new chemical entities. - A series of 
phenethylimidazolium analogs of sotolol were prepared. Compound 
CK-1649C (g) prolonged APD of isolated canine Purkinje fibers and 
functional refractory period of isolated ventricular muscle fibers; 
there was no effect on cardiac conduction, and electrophysiologically, 
the two stereoisomers were indistinguishable. 143 Compound was orally 
bioavailable and antagonized PES-induced arrhythmias in dogs. The 
SAR leading to the discovery of a series of clofilium-like class 111 
antiarrhythmics was described. Removal of an N-ethyl group from clo- 
filium (2) a quaternary ammonium derivative, results in the formation 
of LY97119 ( g ) ,  an agent devoid o f  class I11 antiarrhythmic activity. 
However, LY97241 (21) , the nitro congener of 111, is even more potent as 
a class I11 agent than clofilium.106 

- 18 R=CL;  20 
R=NO, ; 21 

Agents with Mixed Activity - Propafenone has about 1/40 to 1/50 the 
potency of propranolol as a p-blocker; 144 however, because of the large 
doses administered, this activity probably contributes to its clinical 
antiarrhythmic efficacy. 144 '145 Cibenzoline (22) decreased automaticity 
arising from depolarized membrane potentials 146 and prolonged AH 
interval and APD in muscle of isolated rabbit tissue,147 suggesting the 
involvement of class I11 and IV activity. The compound is a potent 
sodium channel blocker in cardiac tissues in vitro 146 and has no effect 
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on AH interval in dogs & e,148 suggesting that additional effects 
of 11 are probably of minor importance. Compound 22 is being evaluated 
extensively in clinical trials, and a compendium of results obtained 
to-date has appeared.14' Bepridil had little effect on normal canine 
Purkinje fiber APD or Vm , but decreased Vmax of ouabain-intoxicated 
fibers.150 The antiarrhyiYhmic effects of bepridil & were ac- 
companied by increased intramyocardial conduction time, QRS duration, 
QTc interval and refractoriness in dogs with chronic infarcts. lS1 Thus, 
class I, 111 and IV activities probably contribute to the antiarrhythmic 
effects of this agent. The neuroleptic agent, melperone, possessed 
class I11 activity in isolated rabbit atrial and ventricular tissues but 
also inhibited V , especially in Purkinje fibers and the ~entric1e.l~~ 

Asocainol (88E-4704A, 23), has recently been advanced to clinical 
trials.152 This agent appeared to be a mixed class I/IV antiarrhythmic 
in isolated guinea pig papillary muscles. Its block of sodium and 
calcium channels was not stereo~pecific.~~~ Another example of a dual 
class I/IV agent is BRL-31660 (24).lS4 The combination of class I and 
IV mechanisms may lead to enhanced antiarrhythmic efficacy, but marked 
negative inotropic activity is a potential liability. A series of amino 
substituted steroids was investigated and CCI-22277 was found to be more 
active than lidocaine, disopyramide or aminosteroid Org 6001 in the rat 
aconitine test.155 Compound CCI-22277 was reported to be a class I 
antiarrhythmic with an long recovery time constant; however, additional 
class IV action at high concentrations was evident.156 

- 22 - 24 

Miscellaneous Agents - A variety of vasodilator substances have 
activity against arrhythmias during acute coronary artery occlusion in 
dogs. lS7 Nicorandil (SG-75, 3) shortens APD and reduces automaticity, 
effects mediated by an increase in K+ conductance. 158 The antihyper- 
tensive agent pinacidil (26) markedly decreased ventricular ectopic beats 
in conscious dogs 24 hr following coronary artery occlusion;159 other 
vasodilators, such as hydralazine or nitroprusside were inactive. 
Trapidil (z), an antianginal drug, significantly increased the amount of 
aconitine or ouabain needed for induction of ventricular arrhythmias 
in rats and guinea pigs. In isolated rabbit ventricular muscle cells, 
trapidil shortened APD and prolonged ERP. 160 Comprehensive reviews 
on the basic electrophysiology161 and therapeutic uses 162 of adenosine 
in supraventricular arrhythmias have appeared. This nucleoside has also 
demonstrated efficacy against ventricular arrhythmias in rats. 163 A 
prostacyclin "potentiator", nafazatrom (BAY-S6575), reduced infarct size 
and markedly decreased arrhythmias following acute coronary artery 
occlusion in rats. 164 The thromboxane synthetase inhibitor, dazoxiben 
decreased reperfusion VF but not occlusion arrhythmias in anesthetized 
dogs. 165 Moreover, additional thromboxane synthetase inhibitors, 
including furagrelate (U-63557A, @), markedly decreased VF upon acute 
coronary artery occlusion in conscious dogs. The antifibrillatory 
effect was blocked by indomethacin, suggesting the involvement of 
prostacyclin, 1G6 
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'CN 

- 25 

- 26 

- 28 - 29 

Phen~yclidinel~' and amiloride168 produced selective class 111 
effects in isolated Purkinje fibers. Phencyclidine's effect is likely 
related to block of K+ currents by the uncharged amine.167 In studies 
investigating the role of endogenous opioids in acute ischemia, naloxone 
failed to protect pigs against arrhythmias associated with acute coronary 
artery occlusion and release. 16' The potent serotonin antagonist 
ICS205-930 (3) was found to have a direct, class I electrophysiological 
effect on the heart, and protected rats from reperfusion-induced VF and 
VT. 1 7 0  The contribution, if any, of its serotonin antagonist properties 
to this cardioprotective effect has not been delineated. 

Proarrhythmia - The fact that antiarrhythmic drugs can induce 
arrhythmias under some circumstances is now well-appreciated. 171' 17* 
In general, the phenomenon can occur with any antiarrhythmic drug of 
any class. Many reports have focused on investigational class I agents, 
possibly because they are scrutinized carefully and used more often in 
patients that are debilitated and refractory to standard drugs. 173 
However, an excessively prolonged QTc interval may indicate enhanced 
disparity of recovery times and may also be arrhythmogenic.lf4 The 
moderate increase in QTc that accompanies the antiarrhythmic effect of 
most class 111 drugs probably signifies a homogeneous increase in 
ventricular repolarization. 175 Nevertheless, development of class I11 
drugs that increase refractoriness with minimal increases in QTc would 
seem worthwhile. At present it is difficult or impossible to predict 
when and if a given patient will experience a proarrhythmic response 
with either class I or I11 drugs. Because aggravation of arrhythmias 
is of paramount importance in assessing the therapeutic potential of 
antiarrhythmic agents, preclinical methodology to determine the 
proarrhythmic liability of  new drugs will be mandatory. A few 
investigators have already attempted to address this issue. 176y 177 
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Future Directions - Complex and/or frequent arrhythmias in the 
post-myocardial infarction population serves as an independent marker 
for increased 1 and 2 year mortality.178 However, no studies have 
yet shown that prophylactic therapy with class I or I11 agents can 
decrease mortality in high-risk groups. l1OY 179 Carefully controlled 
large-scale clinical trials now being planned should address the value 
of arrhythmia suppression in reducing mortality in patients with 
potentially lethal arrhythmias. Meanwhile, the safe reduction of life- 
threatening arrhythmias in high-risk patients should remain an important 
goal for drug development efforts. In addition, nonpharmacologic 
treatments such as automatic implantable cardioverter-defibrillators 
have been developed.leO Although these non-drug options may seem to 
compete with drug therapy, new drugs might actually complement such 
devices. Drugs that reduce the frequency of device operation or reduce 
current delivery could have an important impact on the design o f  future 
electrical devices. For example, although lidocaine181 and encainide182 
have been shown to increase the internal defibrillation threshold, some 
class I11 agents such as d-sotalol and ~ l o f i l i u m ~ ~ ~  have the opposite 
effect. Finally, the availability of implantable devices may facilitate 
drug development efforts by alleviating ethical concerns which currently 
limit placebo-controlled studies of new antiarrhythmic drugs in patients 
with serious arrhythmias. 
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INTRODUCTION 

Stroke is the third leading cause of death in the United States 
today,' and yet there remains no generally agreed upon effective 
treatment for this devastating neurological disorder. I t  has been 
estimated that each year 400,000 Americans suffer a stroke and 
two-thirds of the survivors are permanently disabled. Acute and 
long-term disability from stroke costs the nation over $8 billion each 
year. 

Stroke is caused by an abrupt interruption in blood supply to part  
of the brain, resulting in ischemia and cerebral tissue necrosis. Most 
often the interruption in cerebral blood flow is caused by an 
atherosclerotic arterial narrowing which develops progressively, but 
is of sudden hemodynamic significance. Another common cause of stroke 
is the abrupt lodging of an embolus within the cerebral circulation 
and its consequent, distal cerebral tissue ischemia. 

The treatment of acute stroke today consists mainly of 
individualized management dictated by diagnostic criteria and clinical 
predictors or outcome. Specific therapy for acute stroke includes 
normalization of systemic blood pressure, maintenance of vital functions 
and rehabilitation.5 The lack of any specific agent of proven benefit in 
the treatment of acute stroke is exemplified by the recent summation 
regarding stroke treatment, "single, best therapy : meticulous nursing 
care. 

Although it is commonly accepted that even a brief period of 
ischemia results in irreversible brain damage, recent experimental 
studies with animal models have suggested that this is not universally 
the case. Indeed, studies of experimental stroke in non-human primates 
have shown that surprisingly long episodes of cerebral ischemia can be 
tolerated without permanent disability and irreversible cerebral tissue 
injury,7'8 and, more importantly, that such tolerance is determined by 
the duration and degree of ischemia. ' l o  ' Thus, thresholds of focal 
(localized) cerebral ischemia determine functional cellular activity 
and cerebral tissue viability.13 The clinical implications of the 
threshold concept are that in acute stroke pharmacological intervention 
which increases residual cerebral blood flow would be ex ected to lessen 
tissue injury and improve long-term functional outcome. l B  Alternatively, 
treatment which enhances the brain's tolerance to ischemic conditions 
would also be expected to benefit the acute stroke victim. 

Animal model studies of brain ischemia have proposed diverse 
biochemical strategies for pharmacological intervention in acute 
stroke. Excellent reviews of such studies have been published 
recently. In general, the experimental findings support the 
pathophysiologic cascade illustrated schematically in Figure 1. 
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I 
t[KTIO 

FIGURE 1 

ISCHEMIC STROKE : PATHOPHYSIOLOGIC CASCADE 
Thrombo-Embolic Cerebral Artery Occlusion 
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f [ lo  = increase in the extracellular concentration 
)f potas ium (K'), water (H20), and neurotransmitters 
(Nt); ![]i = increase in the intracellular 
Joncentration of lactate (Lac) and calcium (Ca++) . 
Focal Cerebral Ischemia refers to a localized area 
)f reduced blood flow sufficient to impair cerebral 
tissue function. Arrows indicate increases in or 
production of the species or  event noted and 
progression of ischemic injury. 

From the above simplified scheme, possibilities for pharmacological 
intervention in acute stroke are suggested. In the section which 
follows, an attempt has been made to review such possibilities briefly by 
pharmacological mechanism of action and emphasizing the supportive 
experimental and clinical data where possible. 

MODIFIERS OF CEREBRAL METABOLISM 
A s  is implied in Fig. 1 and might be inferred logically in the 

treatment of acute stroke, a pharmacological reduction in the ischemic 
cerebral tissue's metabolic demand might be expected to protect 
against irreversible injury, Therapies which exemplify this approach 
are summarized below. 
Hypothermia - sufficient to depress brain metabolism has been 
proposed as beneficial in stroke.lg Hypothermia also slows 
cerebral perfusion by increasing blood viscocity and can therefore 
have detrimental effects. * O  
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Barbiturates - such as phenobarbital, have been shown to inhibit 
cellular glycolysis and hence cerebral metabolism. Although early 
studies were suggestive of a benefit in the treatment of stroke,22 
cardiorespiratory liability resulting from the high dose levels 
required have made this a last choice treatment, 23 

Anticonvulsants - have also been proposed as treatments for acute 
stroke on the basis of their activity as inhibitors of cerebral 
metabolism. 2 4  In particular, phenytoin has shown protective effects 
during experimental cerebral ischemia, but clinical data in acute 
stroke have not been reported. 25 

ATP Modifiers - The extreme susceptibility of the brain to ischemia 
results from the very limited reserves of the high energy phosphates, 
ATP and phosphocreatine, Therapeutic efforts to maintain the levels 
of these high energy intermediates have taken several paths. 

The infusion of ATP itself in dogs has been reported not to benefit 
ischemic tissue. 26 However, in animal models, the beneficial effect 
of acute administration of phosphocreatine in combination with creatine 
p h o ~ p h o k i n a s e ~ ~  and chronic administration of cyclocreatine phosphate 
(1)  - has been reported.28 A number of agents have also been reported 

+ 

U 

to inhibit the decline of neuronal ATP levels in a h poxic or  ischemic 
brain. These include n i ~ e r g o l i n e , ~ ~  pJ;idoxylate& (2), dih dro- 
ergotoxine, 31 vindeburnol (RU24722) (3), dihydroergocristine, 3J and 
recently the substituted quinoline (4).'4 In rat cortex, indoramin (5) 
at  subhypotensive doses increased the rate of ATP synthesis , 31 ' 3 5  
Naftidrofuryl (6) was also shown to both stimulate synthesis and 
slightly inhibit Fhe utilization of ATP. 31 

(7 HS " - N u  /NT 

OR 
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Oxyhemoglobin Destabilizing Agents - The partial pressure of oxygen 
available in ischemic tissues is influenced by the rate of 
dissociation of oxygen from hemoglobin. 36 In ischemic tissue, the 
slowed clearance of the metabolic endproducts, (202, and lactic acid 
combine with endogenous 2,3-diphosphoglycerate to destabilize the 
oxyhemoglobin complex and make oxygen more readily available to the 
tissues. Efforts to develop agents which augment this process have 
also been reported. A series of quinone derivatives, exemplified by 
(7), have been disclosed as enhancers of blood 2,3-diphosphoglycerate 
Gvels . 37 

7 - 

0 

Although not operating through a modification of diphospho- 
glycerate levels, xanthone derivatives ( 8 )  have been reported, which 
interact direct1 with the oxyhemoglobk complex and bring about 
destabilization. 3 8  

Substituted triazines (9) have also been claimed to increase the 
partial pressure of free arterial oxygen. 39 

Blood Substitution - The appeal of this approach is the reduced 
viscosity and hence easier penetration of the ischemic foci by the 
oxygenated carrier. The major focus of blood substitution research 
has been on Fluosol D A ,  an emulsion of erfluorodecalin and 
perfluorotripropylamine. Clinica140 and animal4!' 4 2  studies using 
Fluosol DA alone or in combination with mannit01~~ have shown some 
beneficial effect. A related approach to cerebral oxygenation 
utilizes the perfusion of an oxygenated fluorocarbon nutrient emulsion 
through the cerebrospinal pathway. 4 5 ' 4 5  The salvage of severely 
ischemic tissue by this technique has been reported recently in a cat 
model. 46 

The generation of neohemocytes, prepared from purified human 
hemoglobin and 2,3-diphosphoglycerate encapsulated in a membrane of 
phospholipid and cholesterol, has been reported. 47 The small 
particle size and good in vivo toxicological profile in rats, should 
make this a viable candidate for blood substitution trials in 
experimental stroke. Additional simplification of this concept, using 
iron tetraphenylporphyrin complexes has also been disclosed. 48 

CEREBRAL VASODILATORS 

Prompt return of cerebral blood flow would be expected to limit 
ischemic tissue necrosis. However, nonselective agents may exacerbate 
ischemic damage either by diverting blood to nonischemic brain areas, 
the so called 'steal syndrome,' 4 9 , 5 0  or by causing hypotension 
through peripheral vasodilation. Although beneficial reports of 
cerebrovasodilators in stroke are uncommon, 51  vincamine and 
papaverine have been reported active in experimental studies. 52 
Cerebrovascular-selective calcium channel antagonists have been 
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described. 53 Of these flunarizine and nimodipine have been 
reported to be active in animal models of hypoxia and ischemia.54’55 
Clinical studies using nimodipine in thromboembolic stroke remain 
inconclusive; however, this agent has shown efficacy in the treatment 
of subarachnoid hemorrhage-induced cerebral vasospasm . 56 

INHIBITORS OF NEURONAL INJURY 

Proposing, as the threshold concept suggests, that an ischemic 
penumbra or area of compromised yet viable brain may dominate in acute 
stroke, 57 ’ s 8  pharmacological intervention to prevent this tissue 
from progressing to irreversible injury would seem warranted. 59 
Several strategies have been proposed, based on experimental studies 
on cerebral ischemia pathophysiology . 
Antioxidants - A significant body of evidence has established that 
during an ischemic event, free radicals such as superoxide anion, 
hydroxyl radical, o r  lipoperoxides are generated by a variety of 
mechanisms. 6 o  ’61 ’62 Free radical scavengers have been investigated 
in experimental stroke models. These agents would augment endogenous 
an tioxidan t s y s t ems  . Mannitol, 63 vitamin E ( t o ~ o p h e r o l ) ~ ~ ,  
methylprednisolone, 65 ubiquinone, (coenzyme Q) , 66 a component of the 

mitochondria1 electron transport system, its derivative idebenone (CV 
2619) (lo), 67 and 1,2-bis(nicotinamide)propane (AVS) , 68 have all been 
reported to function in part as free radical scavengers and inhibit lipid 
peroxidation. Several phenolic species (11)69 ( 12)70 have also been 
claimed to act as antioxidants in the t r e a 5 e n t  o f  hypoxic conditions. 

Iron Chelators - The presence of iron in a wide range of enzymatic 
systems, such as hemoglobin and ferritin, make free iron readily 
available under ischemic conditions. This iron is thought to catalyze 
the generation of free radicals from reactive oxygen species. 71’72 
Stroke therapy based on the chelation of free iron has received scant 
attention. However, a study of deferroxamine (13) in rats has confirmed 
the potential use of this approach in brain resusxtation. 73 

OH OH OH 

13 

Excitatory Amino Acid Antagonists - Following an ischemic insult, the 
massive release of glutamate and aspartate from cerebral tissues has 
been confirmed both & vitro74 and - -  in vivo.75’76 These neurotrans- 
mitters have been shown to contribute to neuronal cell death possibly 
through deplorization induced edema. 77 

- 
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Recent studies using 2-amino-7-fhosphono- 
heptanoic acid (7APH) (14), 7 8  ' a specific "',p/VVy N-methyl-D-aspartate TNMDA) receptor 

NHZ antagonist, have shown that by prior 
14 intracerebral administration a protective 

effect against hippocampal injurT is 
observed in animal models following a temporary and 
hypoglycemics2 insult. 

Opiates. - Following the observation that the opiate antagonist naloxone 
could unprove the symptoms of stroke in both man83 and gerbils,84 
many subsequent studies, including clinical trials have appeared which 
have both supporteds5 and refuted86 these original findings. Later 
studies have shown that n a l t r e ~ o n e ~ ~  '8s and levallorphanag also 
exert a protective effect in animala7 and human trials.89 

The mechanism by which naloxone and associated opiates exert their 
protective actions is not known. Stimulation of selected brain motor 
centers may be responsible for the apparent neurological improvement 
seen in both animals and in man.g0 Given the benefit of both naloxone 
and naltrexone in prolonging poststroke long-term survival in cats, 87 
the observation that opiate antagonists reverse opiate induced leucocyte 
chemotaxisgl and superoxide releaseg2 may be of relevance. 

0'' 'OH 

- 

A central role for the Kappa receptor is suggested by recent 
studies which demonstrate that dynorphin 1-1393'a7 194 and the Kappa 
agonist U-50,488E ( 15)95 afford protection from cerebral ischemia in 
selected animal modas. I t  is of interest to note that the Kappa 
antagonist WIN 44,441-3 (16) has also been shown active in improving 
the neurologic recovery from ischemic spinal cord injury. 96 

Chemotaxis Inhibitors - It  has been 
shown that by four hours following 
ischemia, leucocytes become 
concentrated in areas of low blood 
flow, These recruited leucocytes 
may, during the critical early hours 
of ischemia, contribute to the 
evolution of neuronal damage. 97 
Inhibition of leucocyte migration HO 
within areas of compromised CNS 

phagocytic activity might reduce 
the progression of an initial 
ischemic insult. Distinct from known 
inhibitors of arachidonic acid metabolite induced chemotaxis a 
tripeptide inhibitor of leucocyte pha ocytosis (lJ) has also been been 

H y 4 % o "  

17 tissue o r  inhibition of resulting - 

developed by the Pasteur Institute. 9 f  



Chap. 1 1  Phamacologlcal Approaches in Acute Stroke Johnson, Marcoux 115 

INHIBITORS OF DAMAGING ISCHEMIC METABOLITES 

A s  the schematic pathophysiologic cascade (Fig. 1) suggests, 
activation and/or release of inhibition of certain metabolic pathways in 
ischemic tissue can lead to the accumulation of active metabolites which 
might exacerbate the progression to irreversible injury. 

Prostaglandins - can be vasoconstrictive 
and detrimental (PGF2 ) or vasodilatory 
and beneficial ( PGfYz) in ischemic 
tissue. 99 Inhibition of the cyclooxygenase 
pathway may prevent the accumulation 
of vasoconstrictive prostaglandins and 
thromboxanes (TXA2), and therefore, 
prevent further ischemia. In general, 
however, both cyclooxy enase 

have shown controversial results in 
experimental stroke models. Indeed, 
recent clinical trials with prostacyclin infusions in acute stroke have 
not been promising. lo4 Initial studies with a thromboxane synthetase 
inhibitor, dazmegrel (UK 38,485) (g), have also been discouraging. lo5 

Leukotrienes - are produced from arachidonic acid via the lipoxygenase 
pathway. These compounds are,  in feneral, vasoconstrictive, frequently 
increase vascular permeabilit lo6’ O7 have recently been shown to 

acute stroke. The activity of lipoxygenase inhibitors in stroke models 
has yet to be reported, however, several compounds, including 
BW755c (19)lo9 and nafazatrom (20)’1° - have shown promise in models of 
myocardialischemia . 

18 COOH inhibitors100’ lol  and prostacyclin1‘j2’ lo3 - 

accumulate in ischemic brain1 B ,  and may adversely affect outcome from 

aNH2 I 

OTHER APPROACHES 

An tiedema Agents 
proposed for some 
to the treatment 
Indeed, work with 
of stroke has 
importance of 
pathogenesis of 
injury. ’ However, steroid and 
osmotic diuretic therapies have shown 
inconsistent activity in acute 
cerebral ischemia. l4  ’ l5  A recent 
report suggests that cyclooxygenase 
and lipoxygenase inhibitors may 

O + q H  21 - 

- have been 
time as  an approach 

of acute stroke. 
experimental models 
demonstrated the 
edema in the 
ischemic cerebral A 



116 Section I1 - Pharmaoadynamic Agents Bristol, Ed. - 

substitute for or  be additives to steroid therapy for cerebral edema. 116 
A series of cerebral antiedema compounds has recently been 
reported. (21). 11’ 

Fibrinolytic Agents - Fibrinolytic removal of a clot with subsequent 
tissue reperfusion is an appealing solution to the problem of a 
thromboembolic stroke. However, this approach may lead to hemorrhagic 
complications. This not withstanding, small clinical studies using the 
nonselective plasminogen activators, urokinase and, less frequently, 
streptokinase, have been reported. lI8’ A recent study of the 
embolus selective tissue plasminogen activator (TPA) in a rabbit 
embolic stroke model has yielded encouraging results. 120 New 
heparinoid drugs which lack the bleeding risk of those presently 
available have also been reported. 121 

Nootropic - or cerebroactive drugs have 
been reported to be active in animal models 

experimentalE3 and clinical124 data have 
suggested improvement after treatment 

a,, 22 - I of brain hy oxia and ischemia. 11* Limited 0 

with the prototypic nootropic, piracetam 0 
(22)-  

CH, NHz f i  

Hemorrheologic Approaches - to the treatment of acute stroke have 
utilized pharmacological and non- 
pharmacological means by which to 
decrease blood viscocity and there- 
by improve residual cerebral blood 
flow. Hemodilution has been shown 
effective as a treatment for acute A-y; N stroke. 125 , 126 Pentoxiphylline 
(23), which improves blood flow by 
inireasin red blood cell deform- 
ability, 12% was ested as a 
treatment for stroi:FY;s and is now 
in clinical trials. 

O N  

- 23 

Enhancers of Neuronal Plasticity - Gangliosides, a class of complex 
biological molecules which belong to the glycolipid family, have been 
known for some time to potentiate axonal sprouting after peripheral 
nerve injury, and more recently such findings have been extended to the 
CNS. 129 GMl , a specific monosialoganglioside, has been shown to reduce 
cerebral edema in an animal model of brain injury130 and to improve 
neurological outcome in a small clinical trial of stroke patients.131 

Lactic Acidosis - arising from anaerobic glucose metabolism has been 
proposed to play a role in ischemic cerebral injury. 132’ 133 
Substitution of glucose by 1,3-butanediol, a ketone substrate, has been 
reported to be beneficial in stroke models.134 

CONCLUSION 

From the forgoing survey, it is apparent that despite the breadth 
of pharmacological approaches which have been examined for the 
treatment of stroke, no single effective therapy has yet emerged. 
However, from the rapid progress currently being made in the under- 
standing of stroke pathophysiology it is probable that effective 
strategies for stroke therapy will be identified in the next few years. 
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Introduction - Future opportunities for product development in antimicrobial chemotherapy 
will be guided as much by the economics of therapy as by the perceived need for improved 
antimicrobial coverage.' Current economic trends indicate that incremental improvements in 
spectrum or potency will not be sufficient to guarantee the profitability of new agents.l.2.3 
Indeed, new antimicrobials will have difficulty getting placed on the hospital formulary unless 
they demonstrate clear economic and therapeutic advantages."' A significant advantage would 
involve the use of some new compounds as single agents, replacing expensive combination 
therapy with less potent compounds.8~9 In order to accomplish this, new antimicrobials would 
have to have an outstanding spectrum, including many of the organisms listed in Table 1, that 
have proven difficult to treat with currently available agents. The purpose of the current review 
will be to describe several of these organisms and to discuss their mechanisms of antimicrobial 
resistance where they are known. Effort will be made to describe new agents that have shown 
promising activity against these clinical pathogens. The microorganisms reviewed have been 
chosen based upon the following observed clinical trends: a) drugresistant, Gram-positive cocci 
have made a resurgence in causing nosocomial infections; b) infections involving enteric bacilli 
like Enterobacter, Serratia and froteus often remain refractory to therapy with broad spectrum 
drugs; c) Gram-negative non-fermenters like Pseudornonas and Acinetobacter remain multi- 
resistant; and d) atypical mycobacteria and fungi are increasing in frequency in infections 
involving immunocompromised patients.5~10,11~12 

Importance of Gram-posltlve Cocci - Gram-positive cocci continue to be extremely impor- 
tant in causing nosocomial infections in the United States.10~14 Staphy/oc~~cus aureus remains 
an important pathogen in primary bacteremia and with cutaneous and surgical wound infec- 
tions.10~13 The importance of S. epidermidis is growing as a pathogen in intensive care units 
and with infections in imrnunocompromised patients.10114~15 The role of the staphylococci in 
nosocomial infections is not surprising, considering their ubiquitous nature in the environment. 
From 50 to 90% of hospital personnel are nasal carriers of S. aureus, and S. epidermidis is 
present on the skin of >90% of the general population, making the reservoir for infection 
extremely large.10116-19 The outcome of infection is influenced by the overall susceptibility of 
these organisms to antimicrobial agents. While the majority of staphylococci in the hospital 
environment are resistant to penicillin due to the elaboration of penicillinase, more alarming 
trends are occurring with regard to their susceptibility to newer agents.20121 Staphylococci as 
well as other Gram-positive cocci, can demonstrate decreased susceptibility to a wide variety 
of beta-lactams by either a tolerance mechanism or some intrinsic change such as altered 
penicillin binding proteins (PEPS). Tolerant organisms, by definition, show a dissociation be- 
tween the minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) 
to beta-lactams."25 In this sense, tolerance does not represent a form of true resistance since 
in the tolerant strains examined to date, the MIC has been essentially the same as observed 
in routinely susceptible isolates.20 While tolerant strains maintain a normal MIC to beta-lactams. 
some block exists in the series of events leading to bacterial lysis. This blockade is most likely 
at the level of release and activation of the cell's autolytic enzymes.26-28 Several investigators 
have shown that the detection of tolerance in vitfo is highly dependent upon the culture and 
testing conditions employed.*9-31 While tolerance has been identified in over twenty species, 
the clinical significance of the phenomenon remains uncertain.32333 
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Table 1. Cllnlcal Pathogens Often Resistant to Antlmlcroblals 
~ ~~~~~~ 

Antlmlcroblal 
Pathogen Ampiclllin Tobramycln Cefoxltin Cefotaxime Norfloxacin 

Staphylococci >64 32 >64 x 4  8 
Meth-R 

f n t e r m c i  4 16 x 4  64 16 

Pseudomonas >64 4 x 4  64 4 
aeruginosa 

Acinetobacter >64 16 >64 64 16 

Enterobacter >64 4 3 4  0.5 0.5 
cloacae 

Serratia marcescens x 4  16 64 0.5 4 

aYinimal inhlbitory concentratlon required to inhibit growth of 90% of boiates, from ref. 168. 

A subject generating much greater concern in the clinic, involves the potential spread of 
methicillin-resistant staphylococci (MRS). High-level methicillin resistance (MR) can be rapidly- 
distinguished from the tolerance phenomenon, in that MR is associated with high-level resistance 
to semisynthetic penicillins and cephalosporins. The incidence of MRS in the United States 
has been highly variable between institutions, being highest in large teaching hospitals.5 From 
a few to 50% of S. aureus infections are caused by methicillin-resistant isolates.34-37 The fre- 
quency of S. epidermidis isolates that are MR is reported to be even higher.5#3*Js As might 
be expected, many patients infected with MRS are immunocompromised in some way and 
are least able to resolve the infection, necessitating aggressive antimicrobial therapy.5,10,40 
Since many MRS are also resistant to aminoglycosides, therapy usually consists of vanco- 
mycin.10 With the suggestion of an increase in the frequency of MRS in some institutions and 
the limited choice of therapy currently available, attention has turned to developing safe and 
effective agents against these pathogens. In order to evaluate the clinical need for developing 
such effective new agents, a full understanding of the mechanism and potential for further 
spread of this resistance must be considered. 

Evidence suggests that the overall incidence of nosocomial infection with staphylococci 
may not actually increase in institutions where MRS have become endemic.34 MRS strains 
may simply replace endemic strains that are susceptible to methicillin in the institution.34 Such 
selective pressure is likely due to the increased use of beta-lactamase stable penicillins and 
cephalosporins occurring in contemporary clinical practice. The magnitude of the problem can 
best be predicted from the mechanism of MR which has been recently elucidated. Resistance 
to methicillin is intrinsic and is not due to the production of penicillinase.~~ Some confusion 
has arisen in the literature concerning the role of the penicillinase plasmid in MR. It was recog- 
nized early that the in vitro transduction to MR in S. aureus was dependent upon the recipient 
strain containing a penicillinase plasmid.42 This increased frequency of transduction to MR 
could also be accomplished if the recipient was previously lysogenized by prophage.43 This 
dependence upon the penicllinase plasmid for successful conversion to MR is misleading since 
the structural mec gene is believed to be located on the chromosome in S. aureus.42 This 
dependence on the penicillinase plasmid for establishment and expression of MR in S. aureus 
laboratory isolates may have some relevance in clinical isolates as well. Although the majority 
of resistant strains in one study contained the penicillinase plasmid, in 80% of the clinical strains 
studied the plasmid could be eliminated from the isolates and MR was maintained.44 It is clear 
that MR is not due to elaboration of penicillinase and the rnec gene is not located on plasmids 
encoding penicillinase. However, the presence of these plasmids andlor prophage may play 
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some role in making a methicillin susceptible cell accept the rnec determinant.43144 Studies 
are in progress to identify the locus of the rnec determinant on the S. aureus chromosome 
and study the nature of its transfer in this species.45 Since the spread of MR is not due directly 
to an R factor, an understanding of the expression of this intrinsic resistance plays an impor- 
tant role in predicting its potential clinical impact. MR is a heterogeneous form of resistance 
in most strains in that under normal in vitro culture conditions of 37OC, only a portion of the 
population expresses resistance.44 The percentage of cells that are resistant can be raised 
to nearly 100% under culture conditions of 3OoC or in medium containing 5% NaC1.45-49 The 
heterogeneous nature of MR is a stable trait since resistant populations will return to a mixed 
phenotype when cultured under conditions that do not favor expression of the resistance.44 
Consistent with this phenomenon has been the finding that expression of low affinity PBPs 
correlates with the occurrence of MR. Beta-lactam susceptible strains of S. aureus and S. epider- 
midis normally contain four PBPs that can be detected in polyacrylamide gels, following labelling 
of membrane preparations with 1°C-penicillin G.55 It is believed that PBPs 2 and 3 are the essen- 
tial binding proteins in S. aureus that are responsible for cell growth.55 It is believed that PBPs 
2 and 3 are the essential binding proteins in S. aureus that are responsible for cell growth.55 
Resistant strains have been found that contain variants of these lethal proteins and these 
resistance-associated PBPs have low affinities for methicillin and many other beta- 
Iactams.",45,53,54,57,5* The low affinity PBP most commonly identified in s. aureus has a 
molecular weight of 78,000 daltons and migrates on SDS polyacrylamide gels very close to 
PEP-24453 Labelling studies using whole cells indicated that the low affinity protein PBPQ' 
was not saturated until levels of methicillin reached 1 mglml, which correlated with a similarly 
high MIC to the drug.54 The "normal" PBPs in such a resistant cell are saturated at concen- 
trations up to 1,000-fold below this level, therefore, PEP-2' apparently can act independently 
in carrying out all the necessary functions associated with normal cell division.54 As would 
be predicted, culturing the resistant S. aureus cells at pH 5.2 both eliminated expression of 
PBP-2' and methicillin resistance.54 This mechanism of intrinsic resistance seems even more 
complex in that both individual PBPs other than PBP-2' and multiple changes in several PBPs 
have been associated with resistance to beta-lactams.~~59 Beta-lactams have also been shown 
to be effective inducers of high levels of the low affinity PBPs.59160 Thus, in strains of 
staphylococci, there are low affinity PBPs that are responsible for conferring intrinsic resistance 
to a wide variety of structurally diverse beta-lactams. Given that some beta-lactams have been 
shown to induce higher levels of these low affinity PBPs in the cell, is there a rationale for 
discovering new beta-lactams that are effective against these nosocomial pathogens? 

A number of new beta-lactams have been developed that show improved activity against 
MRS, presumably due to their increased affinity for the resistance associated PBPs. Cefmetarole 
is a broad spectrum, cephamycin-type antibiotic with cyanomethylthioacetamide and methyl- 
tetrazolylthiomethyl radicals on the 7 and 3 positions, respectively (Table 2). Although some 
degree of activity is claimed against MRS, studies with PBPs of these organisms indicate that 
the low affinity PBP-2' is saturated by cefmetazole levels one hundred-fold above the MIC.61 
A similar minor improvement in in witro potency against MRS is seen with imipenem (N- 
formimidoyl thienamycin (l), in which published MICgO values generally range between 8 and 
64 pglm1.62-64 Strains of S. epidermidis have been shown to express an inducible form of 
resistance to imipenem that is distinguishable from PBP changes.65 It is not yet clear whether 
this phenomenon limits the efficacy of the drug against these organisms in vivo. 

1 2 

3 
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Certain members of the penem class of antibiotics have shown promising activity against 
MRS. While sulfur-linked compounds at C-2 of the penem nucleus like SCH-34,343 (2) have 
poor activity against MRS, some carbon-linked compounds demonstrate significantly improved 
potency in vitm.64,88167 As shown in Table 2, the reported MICeo values for FCE-22,101 (3) 
against MRS are <8 pglrnl.66~87 The effect of linking the side chain to the penem nucleus 
through a carbon rather than sulfur, is interesting when comparing the in vltro activity of penems 
SCH-34,343 and FCE-22,101 against MRS (Table 2). Other C-2 carbon-linked penems in 
development have shown similar increases in potency against these organisms.6~~69 Studies 
describing the relative affinities of these new penems for the PBPs in MRS would be helpful 
in describing the structural specificity required for relevant activity. The impact of intrinsic beta- 
lactam resistance in Gram-positive organisms should not be underestimated. In addition to 
MRS, a number of streptococci have demonstrated the presence of low affinity PBPs that have 
been associated with beta-lactam resistance.".58.*w The presence of these low affinity or 
slow reacting PBPs in strains of Enterococci accounts for the low activity of many newer beta- 
lactams against problem pathogens like s. faecelis (Table l).s8,87,89191,*2 Thus, new oppor- 
tunities for discovering broad spectrum antimicrobials that show real improvements in efficacy 
against problem Gram-positive organisms may logically involve compounds other than beta- 
lactams. 

Indeed, at least two non-beta-lactam approaches offer promise for obtaining highly active 
compounds against MRS. While mortality associated with infections caused by MRS can be 
extremely high, vancomycin has been established as the effective drug of choice.70874 In an 
effort to find glycopeptides with improved pharmacologic characteristics compared to vanco- 
mycin, a number of analogs have been studied. Teicoplanin is currently in development and 
demonstrates improved pharmacokinetics with similar activity to vancomycin against MRS.75-77 
Quinolones represent one of the more promising classes of compounds that possess broad- 
spectrum antibacterial activity including MRS.78-82 While the in vitro activity of the first of the 
newer quinolones, norfloxacin, is not great against MRS, ciprofloxacin MICso values are 
equivalent to those of vancomycin against these organisms (Table 2),78,80183.84 Pefloxacin also 
has excellent activity against MRS in vim and has been shown to be equally effective as 
vancomycin in treating experimental endocarditis with these organisms in rabbits.85 The impres- 
sive activity of some quinolones against MR organisms lies in their mechanism of action which 
avoids the PBP targets that confer intrinsic resistance.80 A chapter detailing recent developments 
in the quinolone area appears later in this volume. 

Table 2. Actlvlty of Antlmlcroblals agalnst 
Methlclllln-Reslstant S. aureus 

Antimicrobial MICeoa 

Cefmetazole 1s 

lmipenem 16 

SCH-34,343 3 4  

FCE-22,lOl 8 

lelchoplanin 0.5 

Clprofloxacin 0.25 

aMlnlmal inhibltory concentration required to inhiblt 90% of 
stralns, from refs. 61, 67, 77, and 78. 
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Improved Therapy for Treating Infections with Gram-negative Bacilli 

Enterobacteriaceae are still the causative pathogens in over 50% of all nosocomial infec- 
tions in the United States.10 Despite the extensive effort to develop efficacious antimicrobials 
for use against this group, several species still represent significant therapeutic challenges 
with currently available compounds (Table 1). In addition, current trends indicate an increased 
occurrence of polymicrobial infections in hospitalized patients, further challenging the efficacy 
of existing antimicrobial agents.ll.93 One study has shown that one-third of nosocomial 
bloodstream infections from patients in a cancer treatment center were polymicrobial.94 The 
diversity of resistance mechanisms to antimicrobial agents within this family of organisms has 
greatly affected the development of more effective agents (Table 3). The efficacy of 
aminoglycosides, beta-lactams, and chloramphenicol has been limited by the frequent presence 
of modifying or inactivating enzymes present in Gram-negative organisms.9s-99 This problem 
has seriously limited the clinical utility of many agents, resulting from the spread of plasmid- 
encoded enzymes. Species-specific beta-lactamases encoded on the chromosome have been 
implicated in the resistance to many newer beta-lactams by hydrolytic and non-hydrolytic 
mechanisms.100-1m In addition, mechanisms of reduced permeability across the outer mem- 
brane and extrusion of intracellular drug, has also limited the usefulness of some beta-lactams 
and the tetracyclines.107-110 More recently described mechanisms of resistance have involved 
the appearance of low affinity PEPS that have reduced the effectiveness of many beta- 
lactams.lll~ll* 

The development of the third generation cephalosporins was in part, a response to 
organisms that possessed many of these resistance mechanisms. While these antimicrobials 
demonstrate improved activity against many Gram-negative organisms, some isolates (Table 
1) are often resistant. In the 1982 National Nosocomial Infections Study >15% of Serrafia 
mafcescens reviewed were resistant to cefotaxime and >8% were resistant to moxalactam.13 
Chromosomal beta-lactamases have been found which can inactivate cefotaxime, ceftazidime, 
moxalactam, and monobactams.113-115 Resistance emergence during therapy with cephalo- 
sporins has also been a potential problem in infections caused by isolates of Enferobacfer 
cloacae, Cifrobacfer ffeundii, and indole-positive Profeus sp.116-117 This potential for resistance 
emergence lowers the economic impact of the newer cephalosporins since they require com- 
bination with aminoglycosides in some clinical settings.10 Development of enhanced potency 
against Gram-negatives has often compromised the Gram-positive activity of cephalosporins, 
which has allowed superinfections with organisms like streptococcus faecalis. 118,119 

Table 3. Mechanlsms of Antlmlcroblal Redstance among 
the Enterobacteriaceaea 

Antimlcrobial Class Mechanism 

Beta-iactams Inactivation by beta-lactamase, decreased permea- 
bllity across outer membrane, presence of low 
affinity PBPs. 

Aminoglycosides Modlficatlon by N-acetylation, 0-phosphorylation, 
or N-nucleotldylation. Failure to enter cell. Altered 
30s ribosome. 

Chloramphenlcol 0-acet y latlon 

Tetracyclines Transport out of cell 

Suifonamldes Altered dihydrofolate synthetase 

'Adapted from ref. 40. 
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The problems associated with finding efficacious agents against enteric organisms are 
magnified greatly for fseudomonas 8mgino.w and some other nonfermenting Gram-negatives. 
The difficulty of finding potent anti-pseudomonal agents involves both the virulence and 
physiology of this increasingly significant pathogen. Currently P. aenrginosa is responsible for 
causing about 12% of all reported infections in community hospitals in the United States.20 
Data from the Centers for Disease Control indicates that 10% of urinary tract infections, 9% 
of surgical wound infections, 17% of lower respiratory tract infections, and 11%~ of bacteremias 
are caused by this organism.120 Particularly susceptible patients are those with burn wounds, 
cystic fibrosis, acute leukemia, organ transplants, and intravenous-drug abusers.120-123 Poly- 
microbial infections involving p. aeruginosa are particularly difficult to treat with mortality rates 
from one study equaling 57% compared to 48% observed with polymicrobial infections with 
Gram-negatives excluding Pseudomonas.121.124 The difficulty associated with the treatment 
of this organism involves the extensive armament of inactivating enzymes, restricted outer 
membrane permeability, and alterations of lethal targets for antimicrobials, a subject reviewed 
previously in this and other publications.lo2~125 Promising new compounds for use against this 
organism have included a number of third generation cephalosporins, carbapenems, mono- 
bactams, and quinolones. Ceftazidime (4) is an aminothiazolyl cephalosporin with excellent 
in vitro potency against many Gram-negatives including P. aeruginosa.la.127 Cettazidime is 
highly stable to hydrolysis by almost all beta-lactamases due to the propylcarboxy side chain 
and is also a weak inducer of Type Id beta-lactamase of P, aewgir?osa.12@.129 It also binds less 
well to Type 1 enzyme and is, therefore, a less effective inhibitor of this enzyme.129 Ceftazidime 
binds primarily to PEPS 3 and l a  in E. coli and P. aeruginosa with little affinity for PBPP and 
the non-lethal targets, PBPs 4-6.129 This “lethal site directed” activity along with its avoidance 
of interaction with beta-lactamase, explains why ceftazidime is significantly more active against 
P. aeruginosa than many other cephalosporins.12e~l27 Ceftazidime has been shown to be highly 
effective in treating serious infections, although its moderate Gram-positive spectrum neces- 
sitates use of combination therapy in several situations.131~132 The lack of balance in the 
spectrum of ceftazidime results from its low affinity for the lethal PBPs of organisms like S. 
aureus, S. faecalis, and S. faecium.133 Other approaches aimed at finding potent anti- 
pseudomonal compounds have involved the monobactams, possessing a limited spectrum 
consisting of Gram-negatives and the narrow spectrum antipseudomonal agent cef- 
sulodin.134~135 The narrow Gram-negative spectrum of these agents results from their restricted 
PBP binding pattern which includes PBPS for aztreonam and PBPs 1NlB for cefsulodin.135 

I 
COON8 

Carbapenems and quinolones have shown promise as broad-spectrum antibacterials with 
potency against Gram-positives and Gram-negatives including P. aenrginosa,1sJ37 The 
rationale for pursuing carbapenems as truly broad-spectrum agents, involves their rapid penetra- 
tion into Gram-negative cells, high stability to essentially all beta-lactamases, and their high 
affinity for the lethal PBPs in many bacteria.102,13* lmipenem is the leading example of the 
class and has proven to be highly efficacious for a wide variety of infections although its use 
as a single agent against Pseudomonas may be limited due to development of resistance.139~140 
Further improvements in the carbapenem area would likely involve development of analogs 
with higher in vivo stability to mammalian renal dipeptidase that would eliminate the need for 
co-administration of an inhibitor of this enzyme for clinical use of these compounds.~41 The 
development of quinolone antibacterials is, in part, due to their potential as potent, broad- 
spectrum agents that would avoid the resistance mechanisms described above. Quinolones 
are potent bactericidal agents that appear to inhibit bacterial DNA synthesis by inhibiting the 
activity of DNA gyrase (topoisomerase ll), which is responsible for ATP-dependent negative 
supercoiling of DNA.142-145 No known bacterial enzymes exist that inactivate quinolones and 
single step mutations leading to high level permeability resistance occurs only at low frequency 
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(<lQ9).14 Mutations can occur to nalidixic or oxolinic acid in the DNA gyrase subunit A and 
this can decrease the potency of the newer fluoroquinolones.~47~~~~ The impact of the fluoro- 
quinolones lies in their potential to achieve a balanced Gram-positive and Gram-negative 
spectrum with improved activity against organisms like MRS, Acinefobacfer spp., and 
P. aeruginosa.80 

increased Clinical importance of Atyplcal Mycobacteria 

With the decreasing occurrence of Mycobacferium fuberculosis infections in the United 
States, an increase in the clinical significance of the atypical mycobacteria has occurred.5 These 
organisms are ubiquitous in nature and have played an increasingly important role in infec- 
tions in immuno-compromised patients, and in infections associated with invasive procedures 
such as corneal grafts, prosthetic heart valves, vascular grafts, and breast implants.5.10~~4e-l" 
Isolates of the Mycobacferium avium/intrace//u/are complex have been isolated from patients 
with acquired immune deficiency syndrome (AIDS), often demonstrating disseminated infec- 
tion with these organisms.5114S The atypical mycobacteria are notoriously resistant to most cur- 
rent antimicrobials including isoniazid and streptomycin, necessitating combination therapy 
with several agents.5.150 While imipenem and ciprofloxacin have shown some activity against 
these organisms, new agents are clearly needed.151~152 Studies with ciprofloxacin indicate that 
it is active against M. fubercu/osis, M. fortuitum, M. kansasii, and M. marinum with MlCs of 
0.78 to 1.56 pg/m1.153 Ciprofloxacin was not highly active against isolates of M. aviumhtrace//u/am 
and M. chelonei however, since MlCs were 212.5 pg1ml.153 Since these non-tuberculosis 
mycobacteria are likely markedly underdiagnosed and since immunocompromised patients 
will continue to be a growing segment of hospitalized patients, development of new and more 
effective antimicrobials is warranted.ls4 

Need for Improved Antifungal Therapy 

Significant improvements in antifungal therapy have been few since the introduction of 
amphoteracin B in the early 1950's. This lag behind antibacterial therapy is due to a poorer 
understanding of fungal cell physiology, organisms which like man, are eukaryotes contain- 
ing a well defined plasma membrane.157 Further, the causative role of fungi in many infectious 
disease processes has been poorly understood due to a lack of appropriate diagnostic and 
culture methods for these opportunistic pathogens. Since fungi are ubiquitous, the presence 
of these organisms in clinical culture has often been difficult to interpret. Several recognized 
clinical trends highlight the need for new antifungals with improved efficacy and safety. A number 
of common hospital procedures predispose patients to opportunistic fungal infections.5~11 The 
increased use of indwelling catheters to administer nutrition and medication increases the fre- 
quency of fungemia.5*11 Fungal infections are markedly increased in frequency with immuno- 
compromised patients, particularly those given broad-spectrum antimicrobial therapy.5 In one 
medical center, from 25 to 50% of patients with hematologic malignancies were shown to have 
documented fungal infections at autopsy.155 Like some other infectious diseases, fungal 
infections are undoubtedly under diagnosed.11~155 As methods of culture and diagnosis in the 
area improve, the extent of morbidity and mortality from opportunistic fungal infections will 
become clearer. Such advances will also allow the design of better clinical studies by which 
to objectively measure the efficacy of new antifungals.5 

The areas in need of improvement for antifungal agents are several. Since many fungal 
infections are chronic in nature, the introduction of new, broad spectrum antifungals would 
be a welcomed advance.5 Much work has been done with the mole derivatives in order to 
find new oral agents and ketoconazole has been found to be effective in several fungal 
diseases.l=<157 Ketoconazole has been shown to have decreased side effects compared to 
amphoteracin B, but the efficacy of ketoconazole is not greater than amphoteracin 8.158 A 
number of new azole-based antifungals are in various stages of testing and many have shown 
increased potency in vifro and improved efficacy in animal infection studies compared to 
ketoconazole.l58 Bifonazole (5) has been shown to have good in vitro activity against dermato- 
phytes compared with miconazole and clotrimazole158 Two triazole-based compounds 
Bay-1-1-7133 (6) and itraconatole (7) showed good in vifro activity against a wide variety of 
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fungi and were orally active in mouse protection studies.1” Zinoconazole (8) and terconazole 
(9) also showed good activity as broad spectrum antifungals, although, little in vivo work has 
been published on these and other new mole derivatives.156 The importance of extensive in 
vivo testing of new agents is demonstrated by studies describing UK-49,858 (10) a new oral 
bis-triazole antifungal.159 UK-49,858 is less active than miconazole or ketoconazole in vim 
but was an order of magnitude more efficacious than these agents in treating mice with vaginal 
candidiasis.la UK-49.858 also appears to be selective for inhibiting fungal sterol biosynthesis 
compared with mammalian steroidogenic enzymes.161 New agents outside of the azole-based 
class include SF-86,327 from the naftifine series and tioxaprofen, a compound discovered as 
a non-steroidal anti-inflammatory agent.156 Tioxaprofen has activity against dermatophytes and 
C. albicans and acts by uncoupling mitochondria1 respiration.156 
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Concomitant with the search for new, more potent antifungals, has been the development 
of novel drug delivery systems aimed at optimizing the therapeutic potential of these agents. 
Delivery systems involving lipid vesicles (liposomes) have shown promise since they are simple 
to prepare, biodegradable, and possess no appreciable toxicity.lez~f63 Changing the lipid com- 
position of liposomes alters their pharmacokinetics, enabling a mote targeted delivery of the 
chemotherapeutic agent enclosed.163 While liposomes have been employed as carriers for 
various chemotherapeutic agents, enzymes, and immunostimulants, recent studies have 
evaluated their potential as a delivery system for amphoteracin B.182 Studies in mice indicated 
that liposome-encapsulated amphoteracin B was as efficacious as free drug in the treatment 
of and prophylaxis against Candide s/bicans.f6~ The maximum tolerated dose of encapsulated 
drug was over ten-fold higher than that obsewed for free amphoteracin 8.182 Toxicity observed 
with the free drug was absent from the liposomal form.162 The lack of toxicity associated with 
giving amphoteracin B in liposomes allowed higher concentrations of drug to be administered, 
producing improved cure rates in vivo.162 Similar results were observed in prophylactic studies 
using neutropenic mice infected with C. albicans.164 Studies in animals, therefore, suggested 
that an improved therapeutic index could be achieved by administering amphoteracin 6 in 
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liposomes. Limited studies in man further support this conclusion.1~5 Significant clinical improve- 
ment was observed using liposomal amphoteracin B in eight out of twelve patients with 
hematologic malignancies complicated by fungal infections. Unlike therapy with free drug, few 
side effects were observed with drug administered in liposomes.1~5 Thus the development of 
a novel delivery system for amphoteracin B shows promise in mitigating the toxicity associated 
with this highly effective antifungal. Improved efficacy of the drug may also be realized through 
the liposome system.166 Studies with radiolabeled liposomes indicated that they distribute to 
a large extent in organs rich in reticuloendothelial cells such as the liver, lung, spleen, and 
bone marrow. These organs are often involved in disseminated fungal infections and more 
effective levels of drug may be targeted to these infected sites.le5 Secondly, due to the higher 
potential safety of liposomal amphoteracin B, higher doses might be given in order to achieve 
earlier clinical improvement. The advantage of giving amphoteracin B in patients predisposed 
to serious fungal infections before overt disease is noted, has been recently documented.167 
The routine administration of a non-toxic dosage form would make this practice more feasible. 

Conclusion - New opportunities in antimicrobial chemotherapy will likely involve the develop- 
ment of compounds that avoid the wide variety of microbial resistance mechanisms, while at 
the same time offering dosing characteristics that reduce therapy costs. Clinical isolates of 
MRS, fnrerococci, P. aeruginosa, Acinetobacter, and some Enterobacteriaceae are commonly 
resistant to many aminoglycosides, penicillins, and cephalosporins. New antimicrobials that 
will be in a position to respond to future clinical needs will be those with high activity against 
these organisms as well as against the multitude of other pathogens that are currently more 
susceptible to existing agents. A balanced spectrum including high activity against both Gram- 
positive and Gram-negative organisms, will enable such drugs to be used as monotherapy, 
further reducing high therapy costs incurred from the widespread use of antibiotic combina- 
tions. Carbapenems and quinolones, perhaps have the greatest potential for producing new 
antimicrobials possessing such a balanced spectrum. These classes are unaffected by the 
vast majority of inactivating enzymes and intrinsic resistance mechanisms found in bacteria 
that have limited the usefulness of other antimicrobials. New agents are greatly needed for 
treating immunocompromised patients infected with opportunistic pathogens like atypical 
mycobacteria and fungi. New opportunities in this area may well involve the development of 
novel approaches designed to more efficiently deliver therapeutic agents to infected tissues. 
This is currently being tested by administering liposomes that deliver effective levels of ampho- 
teracin B, while at the same time decreasing the toxicity of the compound to host cells. 
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Chapter  13. 8-Lactam Antibiotics 

George L Dunn 
Smith Kline & French Laboratories, Philadelphia, PA 19101 

Introduction - In 1985, though progress on t h e  discovery and development of new 
l3-lactam antibiotics continued, f ew significantly new and novel s t ruc tures  were  
described. A major concern in t h e  clinical application of t h e  13-lactam antibiotics 
continues to  b e  t h e  development of resistance to these  antibiotics particularly by 
Pseudomonas and Enterobacter species. Reviews have  appeared discussing t h e  
determinants of microbial resistance to t h e  13-lactam antibiotics,l-6 t h e  evolution 
of resistance to t h e  penicillins and cephalosporins,7 t h e  role of 13-lactarnases,8-10 
PBPs,lI and permeability barriers.12-14 One review l 5  focused entirely on t h e  
mechanism of resistance in _P. aeruginosa. A journal supplement was published16 
containing reviews on peptidoglycan biosynthesis and inhibition, t h e  basic design 
of cephalosporins, s t ruc tura l  requirements of e f fec t ive  semisynthetic 13-lactams 
of all  classes, as well as o the r  topics. Reviews also appeared describing new 
prospects for research on cephalosporins,l7 S A R  studies of t h e  
cephalosporins,l8,19 comparisons of second generation20 and third generation 
cephalosporins 21 t h e  clinical pharmacokinetics of third generation 
cephalosporins22 and one  devoted solely to c e f t a ~ i d i m e . ~ ~  The proceedings of t h e  
13th International Congress of Chemotherapy which covers all classes of 8-lactam 
antibiotics was published in two  v 0 l u m e s . ~ ~ , ~ 5  Another review focused on 
antibiotics, including 13-lactams, used for P. aeruginosa infections.26 Several 
reviews were  ublished on t h e  discovery, d&elopment and biological profile of 
imipenem.27-3P The proceedings of a symposium on carbapenems also 
a ~ p e a r e d . 3 ~  The history and development of t h e  monobactams was reviewed33 
and t h e  proceedings of a symposium on az t reonam was p ~ b l i s h e d . 3 ~  Reviews also 
were  published describing t h e  mode of action of I3-lactam antibiotics35-38, t h e  
molecular bas is o f 13-lacta m catalysis, 39 pe ptido gl y can  b ios yn th es is ,40 PB Ps ,4 1 
and t h e  oral absorption of es te rs  of &lactam antibiotics.42 An approach to 
screening for  f3-lactam antibiotics in na tu re  was reported43. One study described 
t h e  interactions of formylamino- and  methoxysubs t i tu ted  13-lactams with 
8 - l a c t a r n a ~ e s , ~ 4  while another  reported on t h e  leaving group e f f e c t  in 13-lactam 
ring opening of t h e  cephalosporins.45 

Cephalosporins - The first examples of 7-a-methoxycephem antibiotics to be  
isolated from bacteria,  t h e  cephabacins M(L), were  reported by a research group 
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from Takeda.45946 The unique s t ruc tura l  f ea tu re  of these  cephems, l ike t h e  
cephabacins F and H described in 1984, is t h e  presence of an oligopeptide s ide  
chain at  t h e  3-position. These antibiotics exhibit weak antibacterial  activity with 
properties between those of t h e  cephabacins F and H. A number of new 
parenteral  cephalosporins were  reported with improved in vitro activity against  
Pseudomonas species. Commonly these  antipseudomonal compounds were  
characterized by t h e  presence of a quaternary ammonium function at t h e  
3'-position along with an aminothiazolyloximino grouping in t h e  7-acyl side chain. 
Two derivatives, DQ-2522(2) and DQ-2556(2), showed broad spectrum activity 

P. aeruginosa with improved potency versus & aureus (MIC 1 . 5 6 ~  F$fp! E t e n s i v e  S AR studies on a series of 3-isoindolinium cephalosporins48 
led to t h e  selection of BO-1232(3) and BO-1236(<) f o r  more  extensive 
evaluation.49 The l a t t e r  compounds were  about ten times more  ac t ive  than  
cef taz id ime against aeruginosa and more  ac t ive  against  o the r  Pseudomonads as 
well. Another series of 3 'qua ternary  ammonium cephalosporins was  reported.50 
In this case t h e  heterocyclic groups were  pyridothiazoles, pyridoimidazoles, 
pyridooxazoles and thiazoles. Many of these  derivatives displayed potent 
antipseudomonal activity. MI-4646($), a n  aminothiazolyloximino cephalosporin, 
was reported to show broad spectrum antibacterial  activity,  including 5 
aeruginosa.51 SAR studies on t h e  terminal D-amino acid moiety of t h e  novel 
cephamycin MT-141(1) showed tha t  conversion to the  side chain amide, 
decarboxylation, acetylation o r  inversion to t h e  Lconfiguration led to a decrease  
in activity against gram-negative b a ~ t e r i a . ~ ~ , ~ ~  Though i t  was inactive against  
P. aeruginosa CL-I 18523(8) exhibited activity against  gram-negative organisms 
similar to tha t  of ceftazidTme and ~ e f o t a x i m e . ~ ~  SAR studies were  described fo r  
1 qxacephems  related to 631 5 4 5 5 ,  ceftizoxime analogs56 and hetero- 
acylacetamidocephalosporins.57 Three publications appeared describing extensive 
SAR studies on 7-arylglycine derivatives of 7-aminodeacetoxycephalosporanic 
acid.58960 These compounds were  orally active and displayed good ac t iv i ty  
against gram-positive bacteria. The benzothienyl analog LY 164846 (?>, has  
undergone extensive biological evaluation.6l Also studied was a ser ies  of 
7-arylglycyl cephalosporins (10) having e t h e r  substi tuents at t h e  3-positi0n.6~ In 

Coon 
- 5 A= -cn, x= II 

i 
COOH 

X= 
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general, increased aliphatic chain length of t h e  e t h e r  resulted in increased 
gram-positive but decreased gram-negative activities. Also, increased chain 
length led to decreased ora l  absorption, though somet imes  results w e r e  mixed. 
CGP 33098A (u), another new orally ac t ive  compound, has a s ec t rum of ac t iv i ty  
similar t o  t h a t  of FK027 but may be  more readily Only 20-25% was 
excreted in t h e  urine of rodents. The p-hydroxyphenylglycyl derivative BM Y 
28100 (4) showed in v i t ro  activity comparable to t h a t  of cefac lor  and superior to 
~epha lex in~s .64  However, i t  was more  susceptible to l3-lactamases. Pro-drug 
forms of several  parenterally ac t ive  cephalosporins have been reported. K Y-109, 
a bifunctional pro-dru was well-absorbed orally65 as were  the  pivaloyloxymethyl 
esters R015-8075~6-~8  and ME I207.69*70 Additional publications appeared  on  
t h e  pharmacokinetic and antibacterial  properties of t h e  pro-drug cefuroxime 
axetil.71 Laborator or clinical studies also were  published on cefixime 
(FK027),72 DN-9550)3 YM-13115,74y75 FCE 20635,76 L-IO5,77 SK&F 88070,78 
BM Y -28 1 42,79-81 ce f pi ramide ,82983 and ce f pirome .84,85 

Penicillins - Few reports of new penicillins appeared in 1985. Interest  has  
continued in t h e  novel and potent 6a-formamidopenicillin BRL36650 (131.86 Two 
synthetic chemical publications reported t h e  introduction of t h e  6a -formamido 
function into t h e  penicillin molecule.87,88 A new, broad spectrum penicillin 
VX-VC 43 was reported to b e  superior to piperacillin, bu t  was not s tab le  to 
l3-lactamases.89 Comparison of t h e  antimicrobial properties of temocillin 
s idecha in  epimers revealed tha t  t h e  R-isomer is twice  as potent as t he  S-isomer 
against aeruginosa, however, epimerization takes  place rapidly even under 
normal bioassay conditions.90 One review of t h e  in vitro antibacterial  activit ies 
of temocillin a ~ p e a r e d . 9 ~  

Penems - The synthesis and antibacterial  roperties of a series of novel penems 
typified by compound (14) was reported.82 This compound displayed a broad 
spectrum of ac t iv i ty  against  both g rampos i t ive  and  gram-negative bac ter ia  
including B. fragilis, bu t  not Pseudomonas. The  novel penem, FCE 22101 (e), 
inhibited t h e  growth of most Enterobacteriaceae but was less ac t ive  than 
cefo tax ime and cef taz id ime against these  0rganisms.~3  Reviews appeared on t h e  
antibacterial  activity of a series of 2-(substitutedthiamethyl) penems,94 and on 
t h e  potent, broad spectrum penem Sch 34343.95-97 

Carbapenems - The synthesis of several  new carbapenem antibiotics structurally 
related to thienamycin was described including t h e  novel 9-methoxythienamycin 
(161.98 These derivatives, however, were  significantly less ac t ive  than  
thienamycin in vitro. Several additional members of t h e  pluracidomycin family of 
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carbapenems were isolated from Streptomyces.99 Pluracidomycin A2 (17) was 
reported t o  be  t h e  first example of a sulfinic ac id  isolated as a microbial 
metabolite. Mutual p r o d r u g  forms (esters) of t h e  olivanic acids MM22382 and 
MM13902 with a renal dehydropeptidase I inhibitor were  reported.loO Though 
urinary recoveries of t hese  derivatives in t h e  mouse were  about s i x  t imes  higher 
than those of t he  f r ee  acids, recoveries still  were  low (1.8% and 8%). T h e k v i t r o  
activity and 8-lactamase stabil i ty of t h e  carbapenem RS-533 was d e s c r i b e d v  
Neu has reviewed t h e  special properties of imipenem tha t  contribute to i t s  potent 
bioactivity, e.g. lack of a permeability barrier, high affinity for key PBPs and 
resistance to degradation by B-lactamases.lO2 Total s ntheses were ublished f o r  
1 a - and IB-methylthienamycin,103 thienamycin,154 (+) - PS-5lt5 and t h e  
carpetimycins. 106 

"jf&., 
0 COOH 

R,  = ti R, -CH,OCH,CH(OH) 
'6 RJ -SCH,CH,NH, 

17 R, =cn3cti(oS03n)- R, = -ti - 
R3= -SO,H 

Monocyclic B-lactams - A new class of monocyclic 13-lactams containing a 3a -  
formamido group, exemplified b formacidin CCG), was isolated from a bacterium 
of t h e  genus Flexibacter.10y,108 Like the i r  cephalosporin relatives t h e  
chitinovorins, described in 1984, formacidin C was highly s tab le  to Wactamase. 
However, 4, though potent, has a very narrow spectrum of activity,  bein l imited 
to Pseudomonas, Proteus and Alcali enes which 
led to t h e  selection of carumonam 3- AMA-1080, 5) as a candidate for extensive 
biologicall l 2  and subsequent clinical evaluation. The results of SAR studies 
on I +xysulfonic acid derivatives of t h e  monobactams (monosulfactams) have  been 
reported.l13,114 The antibacterial  activity of t h e s e  derivatives is, in general, 
limited to gram-negative organisms. Interestingly, their  oral absorption 
properties appear  to be  structurally specific t o  t h e  C-4 dimethyl compounds 
suggesting t h a t  absorption occurs by a facil i tated transport  system. 5430,213 (20) 
was selected for fur ther  biological evaluation. 115,1  16 A 1-sulfonylaminocarbonyl 
derivative, SQ83,360(Z), was selected fo r  fur ther  study following t h e  synthesis 
and testing of numerous analo s.I 17 This compound exhibited exceptional 
activity versus P. aeruginosa.1 I f 9 1  19 SAR studies also were  carried out on 
l d x y a c e t i c  acid derivatives.1*0,121 Again, bioactivity was limited to 
gram-negative pathogens. Publications also appeared on t h e  e f f e c t s  of having 
heteroatom substitution at t h e  B-position of t h e  monocyclic ring,122 t h e  discovery 
of t h e  monobactams123 and az t reonamI24 and on a naturally*ccurring 
chlorinated nocardicin.125,126 

SAR studies were  published 
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B-Lactamase Inhibitors - Further studies with t h e  penicillanic acid sulfone 
derivative, YTR-830, demonstrated t h a t  when combined with ampicillin i t  is as 
ef fec t ive  as clavulanic acid and more  e f fec t ive  than sulbactam in inhibiting 
8-lactamases, especially those of chromosomal origin.127 A review of t h e  
mechanism of action of B-lactamase inhibitors was published.128 Three  reports 
also appeared describing both mechanistic and biochemical aspects of 13-lactamase 
inhibition. 1 29-1 31 

Biosynthetic Pathways and Enzymes - A number of publications appeared in 1985 
which describe various aspects of t h e  biosynthesis of 8-lactams. The  
stereochemistry of ce halosporin C biosynthesis s ta r t ing  from chiral methyl 
valine was reviewed.lf2 One study showed t h a t  t h e  &methyl of penicillin N 
labeled from t h e  chiral methyl of valine suffered comple te  epimerization in t h e  
oxidative ring expansion to deacetoxycephalosporin C.133 The conversion of t h e  
l a t t e r  to deacetylcephalosporin C in Acremonium s t r ic tum was shown to proceed 
with retention of c ~ n f i g u r a t i o n . ~ ~ ~  The incorporation into isopenicillin N of 13C- 
and 15N-labeled precursors using a cell-f r ee  system from C, acremonium was 
studied.135 The enzymes deacetoxycephalosporin C synthe tase  and  
deacetoxycephalosporin C hydroxylase were  shown to be  distinct and separable 
enzymes in & clavuligerus but were  not separable in C, a ~ r e r n o n i u m . ~ ~ ~  Two 
general reviews of 13-lactam biosynthesis were  published.15/,15s Biosynthetic 
studies also appeared on carbapenems,l39 thienamycinl4o,l4l  and clavulanic 
acid.142~143 Using purified biosynthetic enzymes from C. acremonium and & 
clavuligerus su l furconta in ing  s idecha in  derivatives of penicillins and 
cephalosporins were  prepared and found to b e  more ac t ive  than  their  
naturally-occurring ~ o u n t e r p a r t s . l ~ 4 - 1 ~ 6  Preliminary amino acid sequencing has 
been carried out on t h e  active s i t e  of PBP It1147 and PBP 5148 from -- E. coli and on 
t h e  terminal amino acids of isopenicillin N synthe tase  from a ~ r e m o n i u r n . ~ 4 9  
Ac t ives i t e  specific mutations in PBP 3 of E. cplJ produced an enzyme with 
reduced affinity for cephalexin.150 
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Introduction* - The renewed in te res t  in  quinolone antibacterials tha t  began 5 years 
ago  with t h e  f i r s t  descriptions of norfloxacin (NOR), pefloxacin (PEF), and 
enoxacin (ENO) has continued unabated. After two decades of only modest 
improvements in t h e  antibacterial  potency, t h e  activity of t h e  new fluoro- 
quinolones f a r  surpasses tha t  of the  original quinolone, nalidixic acid (NAL, I). ''' 
The most significant changes made  in t h e  quinolone nucleus, addition of fluorine 
and piperazine, have provided these  fluoroquinolones with ac t iv i ty  a a ins t  Gram- 
negative bac ter ia  t ha t  rivals t ha t  of the  major classes of antibiotics. ,,# 

Previously relegated to t h e  t r ea tmen t  of UTI, t h e  increased potency of t h e  
new fluoroquinolones holds promise for  a grea t ly  expanded clinical use. This 
includes the  potential  f o r  t r ea tmen t  of bacterial  prostatitis, gastroenterit is ,  osteo- 
myelitis, some pneumonias and infections caused by multiply-resistant Entero- 
bac te r iaceae  and methicillin-resistant staphylococci. ' The possibility for  such 
clinical use has motivated at leas t  eleven major pharmaceutical f irms to engage in 
t h e  R&D of quinolone antibacterials. This has resulted in clinical trials with at 
least  eight different fluoroquinolones throughout t h e  world, of which four have 
received approval for clinical use outside t h e  U S .  The first of these  new 
fluoroquinolones is expec ted  t o  reach  t h e  U.S. marke t  in 1986. 

Relative to the  f i r s t  commercially introduced fluoroquinolone, NOR, sub- 
sequent analo ues have shown grea te r  oral absorption (PEF, ENO), increased serum 
half-life (PEF!, overall  increased potency in v i t ro  (CIP) and an increased s ec t rum 
to include Gram-positive cocci (CI-934) and anaerobic bac ter ia  (DIF)." ' Along 
with t h e  intense e f fo r t  to design more potent derivatives, a major th rus t  in  
development has been to provide formulations acceptab le  for  intravenous use. If 
successful, fluoroquinolones could provide both oral and parenteral  therapy  for a 
broad range of bacterial  infections i n  both hospitalized and outpatient populations. 

The chronology of quinolone development in  chemistry and biology prior to 
1985 was t h e  subject of a previous review.' This report  will com lement  recent 
reviews describing t h e  mechanism of action and r e ~ i s t a n c e , ~ "  
toxicity,' pharmacology' and SAR's"' of t h e  quinolone antibacterials and focus  on 
t h e  relevant l i t e ra ture  of 1985. The biochemical ta rge t  of the  quinolones is t h e  
bacterial  DNA gyrase, an example  of t h e  type  I1 topoisomerase class of enzymes 
*Abbreviations used in this report: AMI-amifloxacin; CIP-ciprofloxacin; DIF- 
difloxacin; ENO-enoxacin; NAL-nalidixic acid; NOR-norfloxacin; OFL-ofloxacin; 
PEF-pefloxacin; UTI-urinary t r a c t  infections. 

c 
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that  a r e  described in a separa te  report  in this Volume.8a For those quinolones tha t  
have been studied clinically, human pharmacokinetics and efficacy will be  stressed. 
Where the re  has been l i t t l e  or no human da ta  reported? preclinical laboratory d a t a  
will be presented. Whereas NOR was t he  dominant quinolone during 1980-84, CIP 
became the  in vitro class standard during 1985 with OFL rapidly emerging as the  
m arke t  standard. 

C i r o f l o d n  (2) is the  most potent of the  quinolone antibacterials.' As with o ther  
quinolones, its in vitro ac t iv i t  is not enhanced, nor antagonized by the presence of 
other antibacterial  agents"' but it is reduced by divalent Mg." 

The pharmacokinetics of CIP have been determined following oral and intra- 
venous administration of single or multiple doses.I2 Peak serum concentrations 
were proportional to t h e  dose with values of 0.38 or 3.62 pg/ml achieved a f t e r  
single oral doses of 100 o r  1000 mg." No significant differences between HPLC 
and microbiological assay values were found in the  serum of singly" or multiply15 
dosed subjects. Significant differences were noted, however, by t h e  two methods 
in two other The level of CIP metabolites in urine, as percent of 
total drug in urine, was grea ter  for a 50 m dose administered orally (42.7%) 
relative to the  same  dose given iv  (29.7%hF6 These da t a  suggest a first  pass 
metabolism ef fec t  of CIP' leading to biologically ac t ive  metabolites in t h e  bile'' 
and in the  ~ r i n e . ~ ~ ' ~ ' ' ' ~ ' ~ ~  

lY 

M o s t  studies show similar pharmacokinetic profiles for CIP with oral and iv 
d o ~ i n g . ~ ~ " ' ' ~ ~ ' ~ ~ , ~ ~  When compared in the  same  study, CIP showed approxi- 
mately 60 to  77% bioavailability by the  oral  r ~ u t e . ' ~ ' "  CIP is widely distributed 
giving volumes of distribution values ranging from 2.0 to 2.7 l/kg a f t e r  iv doses of 
50 to 200 mg.16'18'20 Since normal body water is  0.6 I/kg, this indicates 
distribution into secondary tissue compartments. CIP is reportedly taken up into 
human neutro hils where it exer t s  a bactericidal e f fec t  against intracellular staphylococci. P 1  

CIP has been used clinically to t r ea t  a variety of bacterial  infections 
includin bacteremia,2' deep soft tissue  infection^'^-^' and abscesses, '' 
GI,22y2a26 UTI, '-2 ' '27 '28  and pulmonary''-2 'inf ections, chronic otitis,' osteo- 
m y e l i t i ~ , ? ~ - ~ '  gonorrhea2' and GI decontamination.26 Instances have been 
reported of CIP-resistant bacteria from patients receiving oral or iv the rap^^"^' 
and one report  of h e m a t ~ r i a ~ ~  has appeared. In one study side e f fec ts  were noted 
in 12 of 42 patients with liver enzyme elevations being t h e  most frequent ( 5  
patients). 2 3  

Norfloxacin (3) was the  f i r s t  of the 6-fluoro-7-piperazinylquinolones to reach the  
market (1983) and should be available for clinical use in t h e  U.S. in 1986. An 
excellent review of the  antibacterial, pharmacokinetic and therapeutic properties 
of NOR was recently published." The in vitro potency of NOR is less than t h a t  of 
CIP or OFL and the  oral absorption is less than tha t  of OFL or EN0.3 Nonetheless, 
NOR is ac t ive  against those bacterial pathogens responsible for infections of t he  
eye,34 the urinary gastroenteritis 37'38 and some genital pathogens,39 
while less active against anaerobic bacteria'  and some selected bacteria such as 
Pseudomonas maltophilia and S. faecalis.' ' 

The normally prescribed dosage of NOR (400 mg, PO) provides serum levels 
near 1.5 pg/ml. With 30% of the dose excre ted  in to  t h e  urine (peak concentrations 
of 180 to 480 ~ # / m l ) , ~ ~  NOR has proven to be effective therapy for  both uncornpli- 
ca ted  and acu te  urinary t r a c t  i n f e c t i o n ~ . ~ " ~ ~ - "  There is little excretion of NOR 
in to  the bile, but NOR has been measured in several  other tissues and body 
fluids,39 including human prostatic t i ~ s u e ' ~  and prostati t is  has been effectively 
t rea ted  with NOR.46 The drug reduces the  Enterobacteriaceae in the  anal and 
vaginal flora." NOR may thus be e f fec t ive  in prophylaxis against bacterial  sepsis 
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in neutropenic patients.33 Other therapeut ic  uses for NOR may include ear ,  nose 
and throa t  infections and some infections of t h e  respiratory t r a c t  other than those 
cause by neumoncocci. Clinical tr ials for these  indications have been conducted 

Ofloxacin (4) potency is close to t h a t  of CIPc’3”39~c’’48 and greater than CIP fo r  
some bacteria. 3 9 ’ 4 7  This tr icyclic quinolone has shown excellent potency in v i t ro  

against  e n t e r o p a t h o g e n ~ , ~  a mycobacteria, 
anaerobes” and genital pathogens. ’’ The drug 
appears to penet ra te  cellular membranes and 
inhibits bacterial  growth within host 
 tissue^.^^'^^ The protective action of OFL in 
experimental  infections indicates t h a t  t h e  drug 
is well absorbed and this observation has 
carried over into clinical studies.’ 0’52 

in Japan. ?p3 

-- 
4, 

OFL has been compared with trimethoprim/sulfa, nitrofurantoin, doxycycline 
and cefuroxime in clinical t r ia l s  i n  Europe and Japan. Single dose (100 mg, PO) 
therapy has been successful for UTI” while Ion e r  t r ea tmen t  t imes  (7-10 days) and 
higher doses have been used more  f r e q ~ e n t l y . ~ ‘  More a t ten t ion  has been focused 
recently on respiratory infections54 where 200 mg BID has proven more  e f fec t ive  
than d o ~ y c y c l i n e ~ ~  or cefuroxime.’ 3’55  Other bacterial  infections successfully 
t r ea t ed  have included b i l i a r ~ , ~  pyelonephritis, prostatis, osteoarthrit is ,  t r aumat i c  
and post-operative wound infections. ’ Gynecologic infections have responded to 
OFL with c u r e  r a t e s  (95%) equal to minocycline against  ChlamvdiaS5 and long t e rm 
t rea tment  (6-8 months) has been successful for  t rea t ing  otherwise resistant cases 
of t u b e r c u l o s i ~ . ~ ~  Pharmacokinetic measurements of OFL in lung” and pros- 
ta t ic”  tissues, as well as bile,5 are consistent with observed clinical efficacy. 
The few side effects reported” include nervousness, GI upset and pain, skin 
reaction and transiently e leva ted  liver transaminases without any  signs of renal 
toxicity.60 OFL levels in  serum (ca. 4 &ml) and blister fluid (ca. 2 pg/ml) have 
been measured followin oral dosing while bile contained 26% of t h e  OFL as 
glucuronide  conjugate^.^' The rate of oral drug absorption and t h e  serum half-life 
(9.0 hr) was reduced by foods9 while in uremic patients the  plasma half-life 
increased f rom 4.4 hr to 13.2 hr with a reduction in urine recovery from 74% to 
20% relative to patients with normal glomerular f i l t r a t i ~ n . ~ ~  One crossover 
comparative pharmacokinetic study showed ora l  OFL to have 2-fold greater serum 
levels and urine recovery relative to the  same  oral  dosage (200 rng) of CIP.61 The 
synthesis and antibacterial  activit ies of both OFL enantiomers have been 
reported.62 The levorotatory isomer was 8- to 128-fold more  ac t ive  in v i t ro  than 
t h e  dextrorotatory isomer against a variety of Gram-negative and Cram-positive 
bacteria. 

Enoxacin(5) is generally less potent than CIP or  OFL and particularly so with 
respect to s t r e p t o c ~ c c i . ~ ’ ~ ~ ’ ~ ~  However, E N 0  is more potent in vitro against  

Cram-negative bac ter ia  including Pseudomonas 
than az t reonam or  t h e  amino lycosides.”’ EN0 
is well absorbed orally 6 9  6 B  reaching s teady  
state serum concentrations (peak and trough 
values of 3.5 and 1.3 &ml, respectively) by t h e  
third day of dosing (400 mg, BID, 7 days).68 
Serum half-life values range f rom 4.4 to 6.7 
hr67’68 with 40% to  70% of the  dose appearing 
in the  urine6‘ as E N 0  and 4 ac t ive  metabo- 

lites.6E One report described single intravenous doses (10 to 800 mg) to human 
volunteers as being well to le ra ted  and providing slightly higher plasma levels 
(5.8 &mI) than the  same  oral  dose of 800 mg (4.0 ~ g / m l ) . ~ ’  E N 0  is capable of 
penetrating human leukocytes and equally potent as rif ampin in killing ingested 

I 
- 
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b a ~ t e r i a . ~ '  The capability of tissue penetration is also seen in  pharmacokinetic 
studies where levels of E N 0  in human sputum, prostatic tissue and bile exceeded 
serum or plasma  level^.^' EN0  was also found in human tears, saliva, blister fluid 
and middle ear exudates.68 Similar results have been found for E N 0  penetration of 
prostatic tissue and the CSF of This ability to cross the blood-brain 
barrier may contribute t o  t h e  CNS-related side effects observed in clinical 
 trial^.^''^' 7 4  Clinical trials to da te  have relied upon oral E N 0  therapy (general1 
200 to 400 mg/day, BID) to t reat  infections of the r e ~ p i r a t o r y , ~ ~ " ~  u r i n a r ~ k 7 ~ ' ~  
GI and biliary tracts,6 and 
ophthalmological infections.68 The majority of these trials with respiratory or 
urinary tract infections have shown E N 0  therapy to be 70 to 80% effective6'  and 
in the case of acute gonorrhea, 100% effective.76 Side effects in humans were 
reportedly dose related6' increasing from 0.9% with 200 mg/day t o  13.3% with 
900 mg/day oral doses and may have been related to an interference with 
theophylline metabolism in some 

Pefloxacin (6) and NOR were the first of several 6-fluoro-7-piperazinylquinolones 
to be described. PEF has & & activity similar t o  NOR and E N 0  against 
Enterobacteriaceae and P. aeru inosa but is 4- t o  8-fold more potent against 2. - aureus. 7 7  CIP is cons&r*e potent than PEF against Gram-negative 
organisms but they generally show similar activity against Gram-positive cocci. In 
experimentally induced Pseudomonas pneumonia in guinea pigs, PEF and CIP at the 
same dose (im) were highly efficacious in increasing survival times and decreasing 
bacterial counts in the lungs of surviving animals." Against an experimental 
infection model with methicillin-resistant 5. aureus, PEF at 30 mg/kg, (im) was as 
efficacious as vancomycin (25 mg/kg, iv) while cephalothin was i n e f f e ~ t i v e . ~ '  

At  a dose of 
400 mg (PO or iv), a serum half-life of 11 hr was observed." Areas under the  plasma 
concentration curves were essentially identical indicating complete oral bioavail- 
ability. A t  this same dose, peak serum levels of PEF were 3.8 and 4.2 kg/ml for PO 
and iv  administration, respectively.' Urinary recoveries of PEF were 11% of a 
400 mg oral dose providing concentrations well in excess of t he  MIC's against most 
uropathogens.*' PEF is extensively metabolized with NOR being the major 
metabolite.' Biliary excretion of PEF, either as intact drug or metabolites, can 
account for 20-30% of an oral dose and its pharmacokinetics were studied in 
patients with cirrhosis of the liver." Following a single dose of PEF (8  mg/kg, iv) 
t h e  mean serum half-life, although highly variable, was significantly longer (35 hr) 
in cirrhotic patients than in normal subjects." 

Y 
skin and soft  tissue," as well as gynecological 

In humans, PEF exhibited a relatively long serum half-life.' 
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Amiflcucacin (7) is  t h e  only 6-fluoro-7-piperazinylquinolone reported t h a t  does not 
have a carbon directly a t tached  to t h e  I-position; i t  has instead a methylamino 
appendage.82 AM1 has broad in v i t ro  ac t iv i ty  comparable to NOR, PEF and E N 0  
but is  less active than CIP.4’BZ’BJLike other quinolones AM1 has relatively low 
activity against most anaerobes. I t  was  more e f fec t ive  in  vitro than  az t reonam in 
inhibiting amikacin-resistant E. aeruRinosa.84 Against Gram-negative clinical 
isolates from cancer patients, AMI, HR 810, and imipenem exhibited potent in vitro 
activitv which was considerably Rreater than  tha t  exhibited by ceftazidime.m AM1 
and CIP had similar in vitro activity against  29 Leaionella Golates but both were  
much less potent than  rifarnpin.O6 

Pharmacokinetic studies with r a t s  indicated t h a t  AMI, as with man quino- 

elimination half-life of AM1 was 2.2 hr in rhesus monkeys given 10 m d k g  (base 
equivalents) of AM1 mesylate intravenously.*’ Concentrations of AM1 in pros ta t ic  
secretion and pros ta t ic  interstial  fluid of dogs medicated with AM1 (iv) exceeded t h e  
MIC’s of most pathogens involved in chronic bacterial  prostatitis.” 

Diflowcin (A-56619, 8) and A-56620 (9) are I-(4-fluorophenyl)-substituted quino- 
lones which exhibit excellent & vitro and in vivo activity against  a wide variety of 
organisms, including anaerobes.- Against E. and E. cloacae, A-56620 
showed comparable in vitro activity to CIP (MIC90 < 0.06 FgTml) but was generally 
less ac t ive  than  CIP against  o ther  Gram- negative^.'^ A-56620 was less active than  
CIP but two to eight t imes more ac t ive  than  NOR against  Gram-positive isolates. 
Against Chlamydia trachomatis DIF exhibited similar v i t ro  ac t iv i ty  as tetra- 
cycline while A-56620 and OFL were  somewhat less p o t e n F  DIF, A-56620, and 
CIP had similar i n  vitro activity aga ins t  Bacteroides (including B. f r a  ilis), 

although clindamycin was more potent than any quinolone tested.96 In r a t s  and 
dogs DIF showed essentially complete ora l  bioavailability resulting in hi h peak 
serum levels and extended serum half lives relative to  other quinolones. 

lones, was well absorbed orally and rapidly excre ted  in to  the  urine. 8 2 9 x 7  The 

Clastridium and other anaerobe spp. while NOR was considerably less active,  --%t-.6 

9 O,’? 

In addition to 1-piperazinyl and 4-methyl-1-piperazinyl at position-7, t h e  3- 
amino-I-pyrrolidi;yl group was also shown to impar t  good activity to these  a ry l  
fluoroquinolones. The in vitro activity of one such analogue, A 4 0 9 6 9  (10) was 2- 
to 16-fold more potent than  CIP against  Gram-positive organisms and approxi- 
mately 10-fold more  potent than CIP against  B. fraailis. Against P. ae ru  inosa and 
en te r i c  bacteria,  A 4 0 9 6 9  was approx. 4-fold less potent than CIP? Qualitatively 
similar comparative d a t a  were noted in mouse protection tests against  Gram- 
positive and Gram-negative organisms.” 

Both enantiomers of an aryl fluoroquinolone have been prepared.’ O 0  They 
differ from DIF only at t h e  7-position; instead of a piperazine moiety these  
new agents have a 2-hydroxymethyl- I-pyrrolidinyl substitution. The (Rhenantio- 
mer had approximately 60- and 30-fold grea te r  in  vitro activity against  s. and - S. a u r e u s  respectively, than the  (Sbenantiomer. Pirfloxacin, I-ethyl-6-fluoro-1,4- 
dihydro-4-oxo-7-(1H-pyrroI-I-yl~-3-quinolinecarboxylic acid, has been synthesized 
and has i n  vitro activity reported to be similar to  ENO.’ O 1  

CI-934 (11) has broad in vitro activity and is particularly e f fec t ive  against Cram- 
positive bacteria. lo2 For example, CI-934 is 4-fold more  potent in v i t ro  than  OFL 
against staphylococci. Against Pseudomonas spp., CI-934 has much higher MIC’s 
than against t h e  Enterobacteriaceae.  The in vitro ac t iv i ty  of CI-934 against  E. 

+ 
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franilis was comparable to CIP but 2-fold and 
8-fold less potent than clindamycin and metron- 
idazole, respectively.' CI-934 was 4-fold 
more potent than CIP and OFL against Clostri- 
dium difficile.lO' Oral efficacy of (21-934 has 
been demonstrated in mice experimentally 
infected with g. coli, 5. 
o enes Upon oral administration of the 
*(25 mg/kg) to dogs a peak plasma level of 
5.8 &ml occurred at 3 hr with an apparent 
half-life of 8.4 hr. lo6 CI-934 had an oral bio- 
availability of 57% in dogs. 

aureus, and 5. 

S-25930 (12) and S-25932 (13) a r e  two new analogues of flumequine (14)"' in which 
the hydrogen at position-8 has been replaced by methyl and I-imidazolyl, 
respectively. Against a variety of Gram-negative and Gram-positive organisms, 
including anaerobes, S-25930 and S-25932 were 2- to 4-fold less potent in vitro than 
CIP and had activity similar t o  E N 0  and OFL. l o *  In another in vitro study S-25930 
and S-25932 displayed activity similar to CIP against streptococci, Neisseria spp., 
H. influenzae Bacteroides spp., Clostridium spp., and anaerobic Gram-positive 
cocc-ainst the Enterobacteriaceae and p. aeruninosa the two quinolones 
were 20-fold and 60-fold less active than CIP, respectively. S-25930 was 
approximately 2-fold more active h vitro than S-25932. S-25930 showed excellent 

a c t m y ,  while S-25932 exhibited poor in vitro 
activity, against an isolate of E. onorrhoeae 

Based on this and studies with other l. gonor- - rhoeae isolates, quinolone resistant Neisseria 
were divided into two groups. One t h a t  was 
susceptible t o  quinolones having heterocyclic 
(e.g. I-piperazinyl, bpyridinyl, or I-imidazolyl) 
substitution; the other susceptible t o  quinolones 
having methyl or hydrogen subst i twnts  (e.g. S- 

mN 25930, NAL, or flumequine). In vivo compari- 
son of S-25930 and NOR in mouse protection 

E, R-H tests (PO) showed a similar potency/s ctrum 
profile as the in vitro experiments.ll'ln t he  

adult  rat, S-25930 was consistently detected in brain tissue while NOR was not.' * 
Comparison of t he  in vitro properties of both optical isomers of 5-25930 indicated 
the (9-enantiomer to be more potent than the (Rbisomer.' 

resistant to rosoxacin but sensitive + to NAL. 

12, RmCH3 

13, 

A series of novel mono- (15) and tricyclic (16) analogues of the quinolones 
was the most potent member 

of that  subserieg having in vitro activity against - E. @ and 2. aureus comparable to NAL. 
Because several of the monocyclic compounds 
showed CNS stimulation, an at tempt  was made 
to reduce the  CNS activity by restricting t h e  
conformation of the phenyl ring with respect t o  
t h e  4-pyridone ring. To that end a sterically 
encumbered variant I5 (X,R =2,6-diMe-4- 
N M e  was made in which the  ri&s a r e  nearly 
perpendicular. This analogue lacked CNS 
stimulation, however, i t  was devoid of anti- 
bacterial activity. Several examples of tricyc- 

has been r e ~ 0 r t e d . l ' ~  Ro 13-5478 (15; X=4-NMe 

X 
2 

s, R=CH2CH3,  R1.H 

12, R1 (R * CH2CHCH3 
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l i c  derivatives 16, in  which the  rings are planar, were  found to have in  v i t ro  
activity against  E. and 5. aureus. The  most ac t ive  tr icyclic was  Ro 14-9578 
(16; X=3',4 'aCH CH 0-1 and had antibacterial  potency grea te r  than NAL. In 
cont ras t  to t h e  c&ralAy studies of S-259301 " t h e  (Rbenantiomer of 16 (X=H) was 
considerably more  poten t  in vitro than  t h e  (Shisomer. R o  13-5478 and Ro 14-9578 
had similar in vitro DNA gyrase (g. & inhibitory activity tha t  was somewhat 
grea te r  than  NAL. Both compounds had substantially reduced ac t iv i ty  against  a 
NAL resistant g. a. These d a t a  indicate tha t  these  mono- and tricyclic 
analogues act like the  quinolones by inhibiting t h e  A subunit of bacterial  DNA 
gyrase. 

A new series of l-cyclopropyl-1,8-naphthyridines containing a 4-substituted-3- 
aminomethyl-I-pyrrolidinyl appendage at t h e  7-position has been reported. l1  One 
of t h e  most potent analogs, AT-3765 ( I f ) ,  had in  vitro and in  vivo (mouse, iv) Gram- 
positive activity equal to or  up t o  10-fold grea te r  t h a n ? T l 6  In similar tests 
against  g. & and 11. aeruninosa, however, CIP was 2-fold more ac t ive  than  AT- 
3765. The --isomer of AT-3765 showed comparable in vitro activity as did t h e  
fluoro (cis and trans) and deschloro analogues. A related quinolone, AT-3295 (18, 
was shown to have similar i n  v i t ro  ac t iv i ty  to CIP a ainst Gram-negative bacilli 
(including p. aeruRinosa) and anaerobic bacteria. " However against Gram- 
positive cocci, AT-3295 was %fold more potent than  CIP. Upon comparison of AT- 
3295 and CIP in mouse protection models (PO and iv), a similar profile to t h e  h - vitro study emerged."' The two  diasteriomers of AT-3295 showed comparable - vitro activity. 

AM-833 (19), although somewhat less ac t ive  than CIP in vitro, was 2- to 8- 
fold more ac t ive  than  CIP when administered orally t o  mice  infected with 2. 
aureus, P. ae ru  inosa 5. pneumoniae, o r  2. marcescens. ' l 9  Following a single ora l  
dose of 10-AM-833 o r  CIP to mice, mean peak serum levels were  2.4 to 
0.4 pg/ml, respectively."' Lung and  kidney levels of AM-833 were  much higher 
than  those  of CIP. 

Another 6,8-difluoroquinolone, NY-198 (20), has a 3-methyl-1-piperazinyl 
appendage at position-7 instead of t h e  more common 4-H- o r  4-methyl-l- 
piperazinyl moiety.'*l I t  has broad in vitro activity comparable to NOR and OFL 
and is up to &fold more  potent in vivo. Following a 20 mg/kg oral dose of [ 14C] 
NY-198 to dogs, a Cmax  of 11.1 pg/ml ( to ta l  radioactivity) was observed within 1 
hr with a serum half-life of 6.9 hr. NY-198 showed complete oral  absorption in 
dogs with 61% of dose excre ted  into t h e  0-48 hr urine.'22 

a 
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CHAPTER 15. DEVELOPMENTS I N  MICROBIAL PRODUCTS SCREENING 

L.J. Nisbet  and J.W. Westley 

Smith K1 i ne & French Laborator i  es , Swede1 and, Pennsylvania 19479 

INTRODUCTION - Over the course o f  the pas t  three decades the  face of  
n a t u r a l  products d iscovery f rom mic rob ia l  sources has undergone 
dramatic metamorphosis from b l i n d  a n t i b i o t i c  screening, t o  
ta rge t -d i rec ted  assays fo r  an t im ic rob ia l s ,  through a v a r i e t y  o f  
speci f i  c enyzme i n h i b i t o r  screens, a n t i  gen-anti body screens and now t o  
the use o f  receptor- l igand b ind ing  assays. S t ra teg ies  used i n  the  
d iscovery of d r u  s f rom na tu ra l  sources have been reviewed p r e v i o u s l y  
1 n t h i  s Decreasing numbers o f  c l  i n i c a l  l y  use fu l  drugs 
f o l l o w i n g  major systemat ic searches o f  p l a n t  and m ic rob ia l  sources has 
l e d  t o  discouragement, on the p a r t  of  some, i n  t h e  prospects f o r  
na tu ra l  roducts  research as a f r u i t f u l  approach t o  drug 
d i  scovery.q,3 Others take the view t h a t  na tu ra l  products research, 
i n  general, and fermentat ion,  i n  p a r t i c u l a r ,  may represent  an avenue 
f o r  renewed i n d u s t r i a l  p r o d ~ c t i v i t y . ~  T r a d i t i o n a l l y ,  m ic rob ia l  
products d iscovery has focused on an t im ic rob ia l  and ant i - tumor agents, 
Compounds w i t h  s i g n i f i c a n t  pharmacological a c t i v i t i e s  have n o t  
t y p i c a l l y  been discovered, and the  convent ional  reason c i t e d  f o r  t h i s  
i s  t h e  d i f f i c u l t y  o f  adapt ing t e s t i n g  methodology t o  fermentat ion 
broths.4 With the  recent  explosion i n  molecular b io logy,  t he  
development o f  new assay procedures coupled w i t h  t h e  a p p l i c a t i o n  o f  
f a c i l e  screening methods appears t o  be favorably a1 t e r i n g  t h e  d iscovery 
r a t e  o f  m ic rob ia l  products w i t h  a range o f  pharmacologi c a l  a c t i v i t i e s ,  
Recent data suggests t h a t  w h i l e  the re  cont inues t o  be an annual 
d iscovery r a t e  o f  approximately 50 new an t im ic rob ia l s ,  t he re  has a1 so 
been a notable increase i n  t h e  r a t e  o f  d iscovery o f  new 
pharmacological ly a c t i v e  agents, ranging from a handful  i n  1981/1982 t o  
17 i n  1985 (Table I ) .  I n  contrast ,  t he re  have been f e w  r e p o r t s  
desc r ib ing  immunoregulatory molecules o r  agrochemi c a l  s f rom m ic rob ia l  
sources. Comprehensive reviews o f  a n t i m i c r o b i a l  5,697,899 
pharmacological ,10911 immunoregulatory,lz a n t i  tumor13>f4 and 
general approachesl5.16, l 7 ~ 1 8  t o  screen! ng programs have appeared 
over t h e  pas t  decade. I n  t h i s  review, we w i l l  descr ibe s i g n f i c a n t  new 
d iscover ies f rom mic rob la l  sources which have been repo r ted  du r ing  the  
pas t  few years along w i t h  novel screening assays and methodologies. It 
w i l l  n o t  cover ant l tumor a n t i b i o t i c s .  

s e r i e s  .? 

ANTIBACTERIALS - The development o f  t a rge ted  screening systems has 
had a profound e f f e c t  on m ic rob ia l  products discovery.  0-Lactam 
screens exempl i fy  t h e  t rend  toward screens aimed a t  s p e c i f i c  metabol i c 
ta rge ts .  The f i r s t  0-lactams were  detected by agar d i f f u s i o n  o f  
an t im ic rob ia l  a c t i v i t y  f rom colon ies o f  microbes through agar 
conta in ing whole c e l l s  o f  suscept ib le  gram p o s i t i v e  bac te r ia .  Over the 
years, these have been successively replaced by the  de tec t i on  o f  
morphological changes,lg supersensi t ive bacter ia,20 0-lactamase 
i n h i b i t i o n 2 1  and D, 0- carboxypeptidase i n h i b i t i o n . 2 2  Recently, 
novel approaches employing R-lactamase induct ion,23 and a chromogenic 

ANNUAL REPORTS IN MEDICINAL CHEMISTRY-21 
Copyright 0 1986 by Academic Press, Inc. 

All rights of reproduction in any form reserved. 



- 150 Section I11 - Chemotherapeutic Agents Sciavolino, Ed. 

substrate24 f o r  detect ing D, D-carboxypeptidase i n h i b i t o r s  were 
described long w i th  the discoveries o f  a number o f  monocylic 
O-lactams~5-~0 and carbapenems .31-33 The common features o f  
B-lactam screens t h a t  have lead t o  t h e i r  success are s p e c i f i c i t y  and 
s e n s i t i v i t y .  This was e legant ly  exemplif ied i n  repor ts  on the 
development and app l ica t ion  o f  monoclonal antibodies t o  an 
enyzme-linked immunosorbent assay f o r  the detect ion o f  
cephalosporins.34~35 Thls system i s  sens i t ive (detection l i m i t  below 
1 pg/ml) and spec i f i c  for  acetyl o r  acetoxy cephalosporins. Indeed 
t h i s  was a f i r s t  generation monoclonal antibody detector t ha t  was 
probably over ly  compound spec i f i  c, but provided an important assessment 
o f  the hypothesis on the basis o f  which class-specif ic antibodies could 
be developed. 

Other an t ibac ter ia ls  have recent ly  been sought t h a t  are e f f e c t i v e  
against the emerglng B-lactam res is tan t  gram pos i t i ve  s t ra ins.  This 
has led  t o  the development o f  semi-synthetic l ipopept ide a n t i b i o t i c s  
(1136 and a ser ies o f  glycopeptide an t ib io t i cs .  Reports o f  
glycope t ides  o f  the vancom c i n  class include a r i d i c i n s  (2),37 

TABLE 1 
REPORTS OF NEW MICROBIAL PRODUCTS I N  J .  ANTIBIOTICS 1981-1985 

BIOLOGICAL ACTIVITY 1981 1982 1983 1984 1985 

A41020, !I 8 actaplanin,39 A166864 8 and N-demethylvancomycin.41 

Antimicrobial 34 41 54 43 41 
Anti  tumor 20 15 13 8 22 
Pharmacol ogi cal 5 3 9 18 17 
Immunoregul a to ry  0 1 0 0 0 
Agrochemi cal 1 0 1 2 0 

I 
I 

L-AmD 

L - A m  
t 

1 -'Tm 

NH 

1 - 2 

The discovery o f  new glycopeptide an t i b io t i cs  was markedly en- 
hanced by the development and appl icat ion o f  innovative screens. I n  a 
h o l i s t i c  approach, the s t r a i n  selection, fermentation and s p e c i f i c i t y  
o f  the screen were shown t o  have a profound e f f e c t  on the detection 
rate.8 Novel an t ibac ter ia l  agents of the vancomycin class were 
detected a t  a r a t e  o f  1 per 320 cu l tures tested. The effect iveness o f  
t h i s  approach was I n  large p a r t  due t o  the use o f  a mechanism-based 
screen employ1 ng the bacter i  a1 c e l l  wal l  receptor t o  which vancomyci n 
class a n t i b i o t i c s  bind. The successful appl icat ion o f  polyvalvent 
vancomycln antibodies t o  screening f o r  new glycopeptides (Fig. 1) was 
reported.42 This technique was previously described f o r  
aminoglycoslde screens.43 These assays are h igh l y  sensi t l ve ,  
spec i f i c  and amenable t o  automation f o r  high throughput. The 
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heterogenous m ic rop la te  enzyme immunoassay f o r  aminoglycosides had a 
s e n s i t i v i t y  o f  10 pg/ml f o r  gentamicin and cross-reacted w i t h  a l a r g e  
number o f  aminoglycosides w i t h  the  except ion o f  neomycin. 
Furthermore, t h e  assay was i n s e n s i t i v e  t o  o t h e r  a n t i b i o t i c s  and 
detected s t r a i n s  producing sub-anti b a c t e r i a l  concentrat ions o f  
aminoglycosides. 

FIG 1 

COMPETITIVE VANCOMYCIN ELISA PROCEDURE 

An t i  body Coating ( M i c r o t i  t e r  We1 1 s )  

Block ing Step (PBS-BSA) 

Add Sample/Broth 

+ 
-c * 
.t 

Add Vancomycin-Enzyme Conjugate ( A l k a l i n e  Phosphatase) 

Add Substrate (p-N t trophenylphosphate) 

O.D. Reading (Microplate Reader) 

The inc idence o f  new a n t i b i o t i c s  i s o l a t e d  from actinomycetes, 
fungi  and eubacter la  does no t  i n d i c a t e  t h a t  any a r t i c u l a r  group has a 
h igher  propensi ty  t o  produce new compounds. Thus, t h e  h i g h  
incidence o f  fungal  der ived products descr ibed from the  U.K. i s  
repor ted t o  be an i n d i c a t i o n  o f  t he  i n t e n s i t y  o f  screening these 
products whereas t h e  concentrat ion on actinomycetes i n  Japan has 
s i m i l a r l y  i n f l uenced  the  predominance o f  t h i s  source o f  a n t i b i o t i c s .  
Also, t h e  use o f  r a r e r  species does n o t  always increase t h e  d iscovery 
r a t e  s ince, f o r  example, du r ing  1974-1980 t h e  number o f  ActinODlanes 
der ived a n t i b i o t i c s  increased by 34 wh i l e  those from Streotomvcetes 
increased by 847 new compounds. There a re  except ions and the  

o f  t he  a r i d i c i n  group was due 
o f  a c t i  nomycetei designated 

y 2  

discovery o f  t h e  acy lated glycopept ides 
t o  the  i s o l a t i o n  o f  a new genus 
K i  bdel 1osPoranai u1n.3~ 

a 

nlj on 

1 
NH2 

O=CCHCH2 ' ' G O C H ,  

- 4 
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ANTIFUN L - An t i f unga l  chemotherapy was l a s t  reviewed i n  these 
reportsGAi: 1984.44 Whereas t h a t  review concentrated main ly  on the  
syn the t i c  azole a n t i  fungal  drugs, t h i s  sec t i on  covers new a n t i  fungal  
agents of var ious s t r u c t u r a l  c lasses which have been repor ted from 
mic rob ia l  sources du r ing  the  l a s t  three years. The macrol ldes emerge as 
the  major c lass of  novel compounds repor ted dur ing the  pe r iod  (Table 21, 
account ing f o r  a qua r te r  o f  t he  new agents. The s t r u c t u r a l  v a r i e t y  o f  
a n t i  fungals t h a t  have been i s o l a t e d  from mic rob ia l  sources are 
i 11 us t ra ted  by concanamyci n A ( 1 )  , chryscandi n (41, chaet i  acandi n (5) and 
mycoversi 1 i n  ( 4 ) .  

TABLE 2 

ANTIFUNGAL AGENTS REPORTED I N  J .  ANTIBIOTICS 1983-1985 
(numbers i n  brackets i n d i c a t e  t o t a l  compounds reported) 

ANTIB IOTIC  TYPE 

Polyene (6) 

Macro1 i de ( 13) 

Lactone (4) 

Baslc (4) 

Pept ide (2)  

Nucleoside (3) 

B-Me thoxyacry 1 a t e  (2 

Quinone (51 

Ansamyci n (1 

45 

46 

47 

48 

49 

50 

51 

52 

53 

ANTIBIOTIC TYPE 

N i  t rosohydroxyl  am1 ne (1  1 

Pyr ro le  (4) 

Phenazi ne (1 1 

Anthraqui none (1 1 

D I  benzopyran (1 

Phosphonami de (1 

Indolocarbazol  e (1 1 

Azet id lne ( 1 )  

Papul acandi n ( 1) 
( g l y c o l i p i d )  

Acyl t e t r a m i  c a c i d  (1 1 

REFERENCE 

54 

55 

56 

57 

58 

59 

60 

61 

62.63 

64 

Screens f o r  a n t i  fungal  agents i nc lude  t h e  p r e f e r e n t i a l  i n h i b i t i o n  
o f  fungal  growth (mycoversi l in58),  c e l l  e longat ion o f  t he  f i s s i o n  
yeast  Schiz  sa harom ( l e p t o m y ~ l n s ~ ~ ) ,  i n h i b i t i o n  o f  imper fect  
fungi (hfst5)di&nycin%? p o t e n t i a t i o n  o f  polyenes ( n e o - e n a ~ t i n 6 ~ ) ,  
and i n h i b i t i o n  o f  c e l l - w a l l  synthesis (phosphazomycin A).59 However, 
t he  search f o r  new and safe an t i f unga l  a n t i b i o t i c s  i s  l i m i t e d  by the  
s p e c i f i c i t y  and s e n s i t i v i t y  o f  t h e  screens employed. Improved screens 
are l i m i t e d  by the  p a u c i t y  o f  i n fo rma t ion  on t h e  d i f f e r e n t i a l  
metabolism o f  fungal and mammalian c e l l s  and the  l a c k  o f  good genet ic  
and c l o n i n g  systems f o r  c l i n i c a l l y  important fungi  such as Candida 
dlb icanq.  This i s  w e l l  recognized and progress i s  be ing  made toward 
overcoming cu r ren t  l i m i t a t i o n s  i n  screen development by c l o n i n g  o f  
C. a l b i c a n t  genes i n t o  Sacc haromvces cerev i  s iae.65~66 Thus, i t i s 
t e c h n i c a l l y  f e a s i b l e  t o  complement a s t r a i n  o f  st Serev i s iae  d e f e c t i v e  
i n  a c r u c i a l  enyzme o r  s t r u c t u r a l  p r o t e i n  w i t h  genes cloned from 
mammalian o r  L a l b i c a n r  c e l l s .  By comparing the  i n h i b i t i o n  obta ined 
w i t h  m i c r o b i a l  broths against  isogenic  S, c e r e v i s l a e  con ta in ing  
d i f f e r e n t  eukaryot ic  genes i t  should be poss ib le  t o  screen f o r  
a n t i b i o t i c s  t h a t  a re  s e l e c t i v e l y  t o x i c  f o r  t he  C, a l b i c a n t  gene 
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product.  A f u r t h e r  l i m i t a t i o n  i n  screening d i r e c t l y  aga ins t  
- C. W s  i s  i t s  genera l l y  low s e n s i t i v i t y  t o  a n t i b i o t i c s ,  due i n  
p a r t  t o  permeabi 11 ty  problems, t h a t  could be improved by c l o n i n g  
complementary genes i n t o  S, ce rev i  s i  ae o r  o t h e r  fungi  .66 Compounds 
having the  des i red s p e c i f i c 1  t y  could subsequently be d e r i v a t i z e d  t o  
improve potency. 

PHARMACOLOGICAL AGENTS - The c o n t r i b u t i o n  o f  n a t u r a l  products t o  
p r o v i d i n g  d i ve rgen t  chemical s t ruc tu res  having a f f i n i t y  f o r  t h e  same 
p r o t e i n  i s  exemp l i f i ed  by the v a r i e t y  o f  i n h i b i t o r s  o f  angiotens in 
conver t ing enzyme (ACE), Table 3. The f a c i l i t y  w i t h  which s p e c i f i c  
screens f o r  ACE i n h i b i t o r s  can be establ ished has been e l e g a n t l y  
i l l u s t r a t e d . 6 7  This screen i s  comprised o f  a s imple agar d i f f u s i o n  
assay i n  which p u t a t i v e  i n h i b i t o r s  a re  preincubated w i t h  t h e  enzyme gel  
p r i o r  t o  being over layed w i t h  a ge l  con ta in ing  a chromogenic 
substrate.  O r i g i n a l l y ,  t e p r o t i d e  CSQ 20,881)68 an i s o l a t e  f rom t h e  
venom o f  BothroDS ja ra raca  provided the  impetus f o r  syn the t i c  
p ro l i ne -con ta in ing  i n h i b i t o r s  o f  ACE t h a t  l e d  t o  the  development o f  
captopr i  1.69 More recen t l y ,  A58365A (2 )  , a b i  cycl i c 
conformational l y - r e s t r i c t e d  analog o f  t he  syn the t i c  ACE i n h i b i t o r ,  
2-methylglutar 1-L-prol ine was repor ted from S t r e  tom es 
chromofuscus.7~ One o t h e r  non-peptidyl i n h i b i t o r ,  p h e n a m  
been descr ibed as has a s e r i e s  o f  unusual pept ide analogs i n c l u d i n  
foroxymi t h i  ne j#) ,72 15B2,73 marasmi ne (9) ,74 muracei ns ( M I 7 8  
and ancoveni n. Aspergi 1 lomarasmine,77 a fungal  product,  was 
shown t o  be a potent  ACE i n h i b i t o r  having an IC50 o f  luM. 

Hooc -2% 0 COOH 

- 7 - 8 

- 9 - 10 

A second pharmacological t a r g e t  screen f o r  i n h i b i t o r s  o f  
hydroxymethyl g lu tary l -Co A reductase, has r e s u l t e d  i n  the  d iscovery o f  
novel molecules t h a t  would n o t  have been designed us ing  a r a t i o n a l  
syn the t j c  chemistry s t ra tegy.  These i n c l u d e  t h e  monacol ins78~79 
(Table 3) and mevinol in  which i s  under development as a ant ihyper-  
cholesterolemic agent.86 
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TABLE 3 

MICROBIAL PRODUCTS HAVING PHARHAOLOGICAL ACTIVITIES (1983-1985) 

Mechanism o f Ac t i on  M ic rob ia l  Metabol i  t e  

A58365 A&B Foroxymi th ine,  

Phenacei n, Ancoveni n, 
Aspergi 1 lomarasmi ne 
Amauromi ne 

0 Anti-hypertens! ve 
- Angiotensin conver t ing 

enzyme i nhi b i  t o r  Muracein, L-681,176, 1582, 

- Vasodi 1 a t o r  

0 An t i  hyperchol e s t e r o l  em1 c Monaco1 i n s  
J, L & X, Dlhydromonacolin X 

0 An t i  thrombot i  c 
- P l a t e l e t  aggregat ion i n h i b i t o r  WF-5239, WS-30581 A & B 
- F i b r l n o l y t l c  WB-3559 A, B, C, & D 

0 5'-Nucelotidase i n h i b i t o r  Nuc leo t i c id in ,  Melanocidin A & B 

0 Peptidase i n h i b i t o r  
- Caboxypeptidase 

A 
B H i  s t a r g i  n 

S-a-Benzyl ma1 i c act d 

- Am1 nopeptidase 
1 euci ne ami nopept i  dase Bu-2743E 
aminopeptidase B Orphamenines A & B 
d i p e p t i d y l  aminopeptidase I11 Acetyl-L-leucyl-L-argininal 
d i p e p t i d y l  aminopeptidase I V  D i p r o t i n s  A & B 

0 Glycosi  dase i n h i b i t o r  

0 Glucosyl t ransferase i n h i b i t o r  

0 Phosphol ipase i n h i b i t o r  
- Phosphol ipase A2 
- Phospholipase C 

0 Na+, K+ ATP'ase i n h i b i t o r  

0 Cycl i c AMP-Phosphodi esterase 
i n h i b i t o r  

0 Acetyl-CoA carboxylase i n h i b i t o r  

0 Cholecystok in in  antagonis t  

N o j i r i m y c i n  B 
D-Mannoi c-0-1 actam 
Val io lamine 

T res ta t i ns  
Mutastein 

P l a s t a t i n  Luteospor in 
(S,S)-N,Ni-Ethyl ene 
d i  am1 nosucci n i  c a c i d  

L-681,110 

G y r i s e o l i c  acid,  Te r fe ro l ,  
Acyl p e p t i  des 

Octyl pentanedioic a c i d  

Asperl i c i  n 
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A wide range of new pharmacologically-active mic rob ia l  products 
have been repor ted i n  recent  years (Table 3 )  i n c l u d i n g  ant j thrombot ics,  
and i n h i b i t o r s  of 5 ' -nucleot idase, carboxypeptidases, aminopeptidases, 
g 1 ycos i das e , cyc 1 i c AMP-phos phod i es terase , and ace ty l  -CoA 
carboxylase. The p r o l i f i c  r a t e  o f  i d e n t i f i c a t i o n  o f  these products i s  
due t o  the  harnessing o f  enzyme assays t o  prov ide s p e c i f i c ,  s e n s i t i v e  
and h igh  throughput screens. 

The a p p l i c a t i o n  o f  receptor-based screens t o  m ic rob ia l  products 
d iscovery has been p red ic ted  f o r  some years.12 During 1985, U.S. 
i n v e s t i g a t o r s  repor ted the  f i r s t  example o f  a nonpeptide antagonis t  o f  a 
neuropeptide t h a t  has been i s o l a t e d  from mic rob ia l  sources .a1 
A s p e r l i c i n  (11) i s  a new, competitve, cho lecys tok in in  (CCK) antagonis t  
t h a t  has 300-400 times t h e  a f f i n i t y  f o r  pancreat ic ,  i l e a l  and 
gal  1 bladder CCK receptors  than proglumide, a standard agent o f  t h i s  
class.81 I n  seeking t o  apply receptor  b ind ing  assay techniques t o  the  
d iscovery o f  pharmacological ly a c t i v e  substances from mic rob ia l  sources, 
Japanese i n v e s t i g a t o r s  a1 so repor ted a novel O-adrenergic receptor  
antagonist ,  MY-336a ( E > , 8 2  which was i s o l a t e d  from a StreDtomvces 
fermentat ion.  

ATP ' as e , 

5 

- 11 - 12 

CONCLUSIONS - The recent  advances i n  screening technologies have 
demonstrated t h a t  t he  development o f  novel s p e c i f i c  and s e n s i t i v e  
screens i s  t h e  key l i m i t a t i o n  t o  the e x p l o i t a t i o n  o f  m ic rob ia l  products 
as f u r t h e r  sources o f  pharmaceutics r a t h e r  than the  chemical v a r i e t y  and 
range o f  b i o l o g i c a l  a c t i v i t i e s .  Receptor based screens have 
demonstrated t h a t  molecular mechanism-based systems can be app l i ed  t o  
m ic rob ia l  products and these may have f u r t h e r  a p p l i c a t i o n s  i n  
immunotherapy and i n  novel approaches t o  cancer chemotherapy. 
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Chapter 16. Oncological Aspects of Growth Factors 

David S. Salomon and Isabelle Perroteau 
Laboratory of Tumor Immunology and Biology, Division of Cancer 

Biology and Diagnosis, National Cancer Institute, National 
Institutes of Health, Bethesda, MD 20892 

A new arm of endocrinology has emerged within the last ten years as 
a result of the identification, purification, and molecular cloning of 
tissue growth fa~tors.l-~ 
as hormone-like proteins which can stimulate cell proliferation. In addi- 
tion to controlling cell growth, these regulatory agents may also function 
as trophic or survival factors, chemoattractants, immune modulators, 
neurotransmitters, and as differentiation inducers or inhibitors. 

Growth factors may be functionally defined 

The current interest in growth factors and their receptors and in the 
abnormal control of these cellular proteins has already had a major impact 
on the directions of basic and clinical research in such areas as endocri- 
nology, immunology, neurobiology, developmental biology, and oncology. A 
large body of evidence has accumulated which suggests that these activi- 
ties may be important in the etiology or progression of a variety of 
disease states .3,4 Some of the most challenging and provocative results 
have come from defining the role(s) that growth factors or their receptors 
may perform in oncogenic transformation in vitro and possibly in tumor 
promotion and progression in V ~ V O . ~ ’ ~  T m s  review will focus on those 
more well-defined growth factors such as PDGF, EGF, TGFs, IGFs, and bombe- 
sin, which are associated with or synthesized by solid human tumor cells 
and their structural andlor functional relationship to specific oncogene 
and proto-oncogene proteins. 

Growth Factors, Oncogenes, and Cell Growth - Tumorigenesis in vivo is a 
process consisting of several discrete steps Ii.e., initiation, promotion, 
transformation, progression, and metastasis) .8 The conversion- in vivo 
of a normal cell to a fully malignant, metastatic cell through each of 
these steps represents a process of continuous selection for a cell(s) 
which can readily adapt and proliferate in an environment with a minimum 
number of growth regulatory constraints. 
of cells to specific growth factors and in the interactions of cells with 
surrounding extracellular matrix components within the basement membrane 
or stroma can ultimately affect cell proliferation, motility, and differ- 
entiation and may be contributing factors to the processes of oncogenic 
transformation and subsequent tumor cell metastasis.6V7 s9-11 In this 
respect, we may consider cancer as a spectrum of different diseases which 
share a common characteristic of uncontrolled cell proliferation coupled 
in some instances to restricted or aberrant cell differentiation.12 
Transformation of mesenchymal or epithelial cells in vitro by oncogenic 
RNA (retroviruses), viruses, DNA tumor viruses, or by chemical carcino- 
gens generally results in a partial or complete relaxation in the growth 
factor requirements of these cells for anchorage-dependent proliferation 
leadin 
(AIG) . g ~ 7  ,13s1& This observation in conjunction with the recent knowl- 
edge that various retroviral oncogenes and their cellular homologs, the 
proto-oncogenes, code for specific regulatory proteins which control 

Changes in the responsiveness 

eve tu lly to the acquisition of anchorage-independent growth 
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discrete aspects of cell proliferation andlor differentiation has now led 
to a convergence in the study of growth factors and oncogenes.6~15-17 
The activation by point mutation or inappropriate overexpression of spe- 
cific oncogenes or proto-oncogenes may confer growth factor autonomy upon 
cells.7~17 This family of regulatory genes may code for proteins which 
are growth factors, which are portions of receptors for growth factors, 
or which are involved in the intracellular signal transduction pathway 
for growth factors .6 3 l5 9 l7 

Platelet-Derived Growth Factor (PDGF) - PDGF is a heat stable, cationic 
(PI 9.8-10.2) poly eptide consisting of two peptide chains, A and B (Mr 
12,000 to 18.000).f3,18 The native PDGF molecule (Mr 28,000 to 35,000) 
consists of either homo- or heterodimers of the A and B chains which dif- 
fer in their degree of glycosylation and which are linked by interchain 
disulfide bonds .I8 
in progenitor megakaryocytes and stored in the a granules of mature plate- 
lets. 
lation during tissue injury and into serum following clotting. 
PDGF may be involved in the 
tion during atherosclerosis.y,18 PDGF is a strong chemoattractant for 
smooth muscle cells and for stromal fibroblasts and may therefore be one 
of several growth factors along with endothelial mitogens and chemoattrac- 
tants such as fibroblast growth factor (FGF) and endothelial cell growth 
factor (ECGF), which can contribute to the process of angiogenesis or 
neovascularieation.19,20 PDGF is also a potent mitogen for a variety 
of mesenchymal cells and for neural cell types but not for epithelial or 
endothelial cells.lr3~18 The response of these target cells to PDGF is 
mediated through the binding of PDGF to specific high affinity cell sur- 
face receptors (Mr 170,000 to 180,000) which are associated intracyto- 
plasmically with a tyrosine-specific protein kinase .21 

PDGF is primarily but not exclusively synthesized 

It is normally released into the blood following platelet degranu- 
As such 

rocesses of wound repair and in plaque forma- 

The production of a PDGF-like activity(ies) has been demonstrated 
for fibroblasts and epithelial cells which have been transformed by a 
variety of retroviruses and DNA tumor viruses.22~23 
been demonstrated that this activity can compete with native PDGF for 
receptor binding and that the biological activity associated with this 
species can be effectively neutralized with anti-PDGF antibodies.24~~~ 
This suggests that PDGF and these cell-derived 
physiochemically , and immunologically related .2g In 1983 the amino acid 
sequence of the B chain of PDGF and of the simian sarcoma virus (SSV) 
v-sis oncogene protein, p28V-%, was deduced. 
a p z e n t  from these studies that these two proteins were virtually 
identical.3,6,7,*-17 Cells which have been transformed by SSV express 
v-*-related mRNA and synthesize and secrete a 20,000 to 24,000 Mr pro- 
tein which IS encoded by the viral mRNA and which is related to a homo- 
dimer of two B chains of PDGF.18,24,26 The possibility that PDGF may 
function as an autocrine growth factor in this system stems from the 
observations that the differential susceptibility of various cells to 
transformation by SSV parallels their intrinsic responsiveness to exoge- 
nous PDGF and their ability to express PDGF receptors.27 
following transformation, these cells lose their growth dependence upon 
exogenous PDGF and the number of cell surface receptors for PDGF is sub- 
stantially reduced.22 s27 Both of these parameters correlate with an 
increase in tumorigenicity and possibly metastatic behavior in vivo and 
with the abilit 
peptides.3,24,29~28 In addition, the c - e  proto-oncogene (chromosome 
22 in humans) encodes a protein which is also identical to the B chain of 
PDGF.3,6s18 
of transforming cells following tranefe~tion.2~ 

It has recently 

roducts are biologically, 

It quickly became 

Moreover, 

of these cells to synthesize endogenous PDGF-like 

If linked to a viral promoter, the c-+ gene is capable 
However, native, 
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exogenous PDGF by itself is incapable of eliciting all of the phenotypic 
changes which are observed following SSV transformation.l8,21 One pos- 
sible explanation for this lack of complete mimicry by PDGF is that cells 
transformed by SSV and other unrelated retroviruses secrete not only a 
PDGF-like activity but also other growth factors such as transforming 
growth factors (TGFs), which may cooperate with this PDGF homolog in stim- 
ulating the growth of these cells through an autocrine mechanisrn.5~7,22,30 
This may be the case since anti-PDGF antibodies are either ineffective or 
only partially effective at relatively high concentrations in arrestin 
the growth and in inhibiting foci formation of SSV transformed cells.2&,25 
Alternatively, these results may suggest that this PDGF homolog is able 
to function as a mitogen intracellularly by its interaction with a PDGF 
receptor which is in transit to the cell urface and is therefore inacces- 
sible to the action of these antibodies. 2.t 

Using complementary DNA (cDNA) probes for the c-s& gene, messenger 
RNA sequences related to c-+ have been detected in human glioma, 
neuroblastoma, rhabdomyosarcoma, osteosarcoma, fibrosarcoma, and mammary 
carcinoma cell lines and in human T-cell leukemia virus (HTLV-I)-infected 
cell lines but not in normal fibroblasts, melanomas, or other carci- 
nomas.3,6,17*18,21~31,32 
table c - e  mRNA, a series of polypeptides which are biologically, immuno- 
logically, and structurally related to PDGF ha e been identified in cell 
lysates and in the conditioned medium (CM) .3,13926 Moreover, biosyn- 
thetic labeling studies have demonstrated that these activities are syn- 
thesized and secreted by cells in vitro. 
and can activate the PDGF receptor on their respective roducer cells as 
well as on other PDGF responsive indicator cell lines.2f~24,27~32 Little 
information is available on the content of PDGF, the expression of c - s  
W A ,  or the presence of PDGF receptors in fresh tumor biopsies. 

In those human cell lines that possess detec- 

These mitogens can interact with 

Epidermal Growth Factor (EGF) - EGF is an acid and heat stable single 
chain peptide (Mr 6045) that is acidic (p1 4.5-4.6).l In mice the major 
but no; exclusive site of synthesis for EGF is the submaxillary gland; 
Human EGF (urogastrone) exhibits a 70% amino acid sequence homology to 
mouse EGF and is biologically but not immunologically indistinguishable 
from its rodent counterpart in a variety of assays in vivo and in vitro. 
In serum and in some tissue extracts, EGF is found in association with a 
high molecular weight complex (Mr 74,000) composed of two moles of EGF 
bound to two moles of an EGF-arginine esteropeptidase binding protein (Mr 
29,300, PI 5.4). 
of high molecular weight precursors (Mr 9000 and 28,000 to 30,000) by the 
arginine esteropeptidase within cells which are synthesizing and secreting 
this growth factor.lS2 
stimulate the proliferation of a variety of epithelial and mesenchymal 
cells throu h its interaction with specific, high affinity cell surface  receptor^.^^ The EGF receptor (EGFR) has been purified to homogeneity 
from human placenta and from A431 epidermoid carcinoma cells .33 9 34 
Similar to the PDGF receptor, the EGFR (Mr 180,000) contains an intrin- 
sic tyrosine-specific protein kinase activity within its cytoplasmic 
domain. Various domains of the EGFR have been molecularly cloned and 
mouse monoclonal antibodies have been generated against some of these 
regions.34935 The gene for EGF (chromosome 4 in humans) in the mouse 
has also been cloned and the structure of the mRNA for this growth factor 
has been deter~ined.~~ The size of the mouse EGF mRNA indicates that 
this species is capable of encoding a large prepro-EGF protein (Mr- 
133,000) in which the sequence for EGF is found within the carboxy-termi- 
nal region. 
may also be processed from the amino-terminal domain of this precursor.36 

Native EGF is proteolytically processed from a series 

EGF is a broad spectrum mitogen since it can 

Seven other EGF-related peptides of varying molecular weights 
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There are several regions within the amino-terminal and the hydrophobic 
transmembrane domains of this precursor which exhibit partial amino acid 
sequence homology to portions of the bovine and human low density lipo- 
protein (LDL) receptor, tissue plasminogen activator, urokinase, and to 
the c- and v-E oncogene protein, p37E.37~38 
biosynthetically labeled prepro-EGF, and other peptides related to regions 
within prepro-EGF have been detected in several mouse tissues, and in 
transformed human  fibroblast^.^^ s40 The biological function of these 
cell-derived EGF-like peptides is unknown. Moreover, an EGF-related, 
glycosylated growth factor (Mr - 23,000) has recent1 been detected in 
cells which have been infected with vaccinia virus.41 This growth fac- 
tor is derived from the viral genome (probably an early virus gene) and 
exhibits extensive amino acid sequence homology to the transmembrane 
regions within preproEGF and within oTGF. 
bind to EGFRs and may therefore be involved in triggering the prolifer- 
ation of epidermal cells that is observed following vaccinia infection. 

Transformed rodent cells generally exhibit a decrease in their 
growth requirements for exogenous EGF which in some cases is reflected by 
a reduction in the number of EGFRs on the surface of these cells and 
parallels an increase in the tumorigenicity of these cells observed ip 
vivo.6~7~14 However, in some human tumor cells the converse situation 
may 0ccur.3~ 
comes from the revelation that a region of the EGFR exhibits a 90% 
amino acid Be uence homology to the avian v - e  oncogene protein, 
p65V-eB .6,38 This region contains the transmembrane and intracyto- 
plasmic tyrosine-specific protein kinase domains of the receptor, demon- 
strating that ~ 6 5 ~ - 9  actually represents a truncated form of the 
EGFg which may possess a constitutively activated tyrosine protein 
kinase activity.6~42 In contrast, the c-erbB gene (chromosome 7 in 
humans) encodes the complete EGFR protein- 
kinase associated with the EGFR and with the receptors for PDGF, insu- 
lin, and insulin-like growth factor-I (IGF-I) are functionally and, in 
some cases, structurally related to each other and to the 
tyrosine protein kinases .b2 In addition, a newly discovered oncogene, - neu (chromosome 17 in humans), encodes a EGFR-related 185,000 Mr cell 
surface glycoprotein ( ~ 1 8 5 3 )  and is artially homologous in its nu- 
cleotide sequence to the c-erbB gene.48 Therefore, the = gene may 
represent an allele (c-erbBTof the EGFR gene .44 Amplification, 
overexpression, and/or rearrangement of the EGFR gene (c-erbB-1) or the 
c-erbB-2 allele has been demonstrated in several human c e m e s  of 
squamous epidermoid carcinoma cells, breast carcinoma cells, salivary 
adenocarcinoma cells, pancreatic carcinoma cells, and in biopsies of lung, 
breast, and brain tumors.6,7,34,42,44,45 
gene, this amplification is generally reflected in a corresponding in- 
crease in the amount of EGFR H A  and in an increase in th number of 
EGF receptors which are expressed on these tumor cells.34,$6-48 The 
enhanced expression of EGF receptors on these cells may be involved in 
the progression of some of these tumors vivo since mouse monoclonal 
anti-EGFR antibodies can attenuate the growtxf some of these tumor 
cells in vivo in nude mice as xenografts.35 Moreover, expression of high 
levels of EGFRs on certain types of lung, brain, bladder, and breast 
tumors may be useful as a diagnostic and/or prognostic marker.45~47-50 
In the case of breast carcinomas, the level of EGFRB is  inversely cor- 
related with the estrogen receptor content of these tumors while in breast 
and bladder carcinomas elevated EGFR levels can be directly correlated 
with me tas tatic propensity .49 s 5O 

Prepro-EGF mRNA, 

The vaccinia growth factor can 

- 
The potential relevance of the EGFR to transformation 

The tyrosine protein 

family of 

In the case of the EGFR 
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Transforming Growth Factors (TGFs) - TGFs represent a large family of acid 
and heat stable polypeptides or peptides which have been implicated in 
the autocrine or 
cells.5,7,13,51,5~ TGFs reversibly confer upon normal, nontransformed 
mesenchymal, and epithelial cells several properties associated with the 
transformed phenotype such as AIG. TGFs consist of at least two func- 
tionall and structurally distinct classes of factors, aTGF and 
/.3TGF.7,%,51,52 Alpha TGF (Mr 5,400) is functionally related to EGF 
since it binds to and interacts with the EGFR and is a potent mitogen.53 
Mouse, rat, and human aTGFs are immunologically distinct from mouse or 
human EGF and are only 30 to 40% homologous in their amino acid sequence 
to either of these EGF species.53 However, they are 90% homologous to 
each other. 
in place of EGF.54 Native BTGF (Mr 25,000) is a dimeric polypeptide 
composed of two disulfide linked homologous peptide chains (Mr 12,500) .'sS2 
Beta TGF is structurally distinct from either aTGF or EGF and is not re- 
lated to PDGF although all of these growth factors can be found in human 
platelets.55 
which bind BTGF but not aTGF or EGF have been identified and partially 
characterized on a variety of normal and transformed cells.52 
genes for rat and human aTGF (chromosome 2 in humans) and for human@TGF 
have been c l ~ n e d . ~ ~ , ~ ~  The size of the mRNAs for a and PTGF indicates 
that both TGF species are probably derived from larger precursor polypep- 
tides 
IGFs ,51,56,53 These larger precursor molecules may be embedded within 
the membrane of cells which are producing these growth factors .53 sS6 ,57 
Messenger RNA species for Q andj3TGF which are capable of hybridizing to 
specific cDNA probes have been detected in several human tumor cell 
lines.56~57 Functionally, a and j3TGF cooperate with each other and 
with PDGF and I F-I to induce the AIG of some nontransformed indicator 
cell lines.55~58 

prepared from avian and rodent fibroblasts transformed by a variety of 
different retroviruses containing functionally and structurally distinct 
viral oncogenes (e.g., v - K i - ~ ,  v-Ha-=, v-E, v-E, v-*, v - E ,  
and v-abl) and more recently in cells transformed b 
virusene.g., SV40, polyoma and adenovirus) .7 913,323*51,53,59 Studies 
using temperature-sensitive or transformation-defective Harvey, Moloney, 
or Abelson retroviruses have demonstrated that TGFs are cellular gene 
products whose synthesis is  either indirect y or directly controlled by 
the expression of these viral TGFs have also been 
identified in the CM and extracts prepared from chemically traneformed rat 
and mouse cells, rodent and human tumor cell lines, and from a spectrum of 
rodent and human  carcinoma^.^,^,^^^^^,^^ The presence of some of these 
same species, particularly BTGFs, in a variety of nonneoplastic tissues 
suggests that this class of TGFs may be involved in other normal physio- 
logical processes such as wound healing and embryogenesis. 9 54 55 
Although TGFs may be necessary along with other growth factors such as 
PDGF and IGF-I1 to maintain tumor cell growth, the overproduction and/or 
enhanced secretion of these activities alone may not be entirely suffi- 
cient to initiate neoplastic transformation in ~ i t r o . ~ ~ , ~ ~  
biological activities have been ascribed to some of the TGFs. 
ple, OTGF can function under certain circumstances as a negative growth 
regulator or chalone for the AIG of some human tumor cell lines and as 
such may be functionally related to a class of tumor inhibitory factors 
(TIFS) which can antagonize the biological effects of QTGFS.~~,~* 
addition, a and13TGF can induce bone resorption in vitro suggesting that 
these growth factors which are released by tumor cells may be involved in 
inducing the hypercalcemia that is observed in vivo in association with 

racrine growth of a number of rodent and human tumor 

Alpha TGFs may represent an embryonic growth factor utilized 

Moreover, specific high affinity cell surface receptors 

The 

Mr 24 000 to 43,000) similar to PDGF, mouse EGF, and the human 

Both TGF species were originally detected in the CM and cell lysates 

some DNA tumor 

Additional 
For exam- 
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certain malignancies. 63 
urine along with other growth factors such as EGF and as such, quantita- 
tive or qualitative changes in TGFs and EGF in body fluids such as urine 
or serum may be useful as prognostic markers for the presence of occult 
malignancies .64,65 

Insulin-like Growth Factors (IGFs) - The IGFs (somatomedins) are a family 
of low molecular weight (Mr - 7,500) peptidee which are structurally but 
not immunologically related to insulin and more distantly homologous to 
the /3 subunit of nerve growth factor (NGF).2,3 In combination with EGF 
or aTGFs, they are strong mitogenic progression factors in normal rodent 
and human fibroblasts which have been presensitized with competence 
factors such as PDGF or FGF.7sl4~~~ 
as a competence factor in some tumor cells which are expressing elevated 
levels of the c-, L-, or N-E genes, since fibroblasts which have been 
transfected with the c-E gene that has been linked to a strong viral 
promoter no longer require PDGF as a competence factor, are able to pro- 
gress through the cell c cle with EGF alone, and are capable of AIG in the 
presence of only EGF.7,14,67s68 The IGFs consist of at least two groups 
of peptides: 
rat somatomedin C (SM-C) and a group of more neutral peptides consisting 
of human IGF-I1 and rat multiplication-stimulating activity (MSA). 
exhibits extensive amino acid sequence homology to rat SM-C while IGF-I1 
is virtually identical to rat MSA.3 
while IGF-I1 is found almost exclusively in fetal aerum.3 
site of synthesis of IGF-I and IGF-I1 is the liver in adults and in the 
fetus, although both growth factors are probably synthesized to lesser 
extents in other tissues and in some cultured fibroblast cells in response 
to PDGF.69 The serum levels of IGF-I are regulated primarily by growth 
hormone while IGF-I1 levels in the fetus may be controlled by placental 
lactogen.3 In serum, IGF-I and IGF-I1 are associated with discrete high 
molecular weight binding proteins (Mr 60,000 to 70,000) which exhibit 
specificity for these two growth factors.3 Pre-pro and pro-forms of 
IGF-I and IGF-11 (Mr 20,000 to 23,000) have been identified and both 
growth factors have been cloned from hepatic cDNA libraries ,3970971 
Using appropriate cDNA probes, it has been possible to elucidate the 
nucleotide sequence, genomic organization, and chromosomal location of the 
IGF-I and IGF-I1 genes. 
somatic cell hybrids and by in situ hybridization, the IGF-I gene in 
humans has been mapped to the long arm of chromosome 12 which also con- 
tains the c-Ki-ras-2 proto-oncogene, while the IGF-I1 gene has been 
located on the short arm of chromosome 11 in a gene cluster which includes 
the insulin gene and the c-Ha-ras-1 proto-oncogene .72 
the insulin and IGF genes to two proto-oncogenes suggests that these 
gene families may in some way be evolutionarily related and that the ex- 
pression of the - and IGF genes in some normal and malignant cells may 
be coordinately controlled. Interestingly, the gene for the 0 subunit of 
NGF is located in a region of chromosome 1 which is adjacent to the other 
member of the ras family, the N-Z gene.73 

Alpha and /3 TGFs have been identif led in human 

However, PDGF may not be required 

a series of basic peptides which include human IGF-I and 

IGF-I 

IGF-I predominates in adult sera 
The major 

By restriction enzyme analysis of DNA from 

The proximity of 

Human tumor cell lines have been demonstrated to synthesize IGF-I and 
possibly IGF-11. 
detected in the CM obtained from a fibrosarcoma cell line, two osteosar- 
coma cell lines, renal and transitional carcinoma cell lines, and from 
several mammary carcinoma cell line8 and biopsies .6,45,74,75 Dot-blot 
and Northern-blot analysis with an IGF-I1 cDNA probe has demonstrated 
elevated levels of IGF-11 mRNA in certain embryonal tumors such as a 
nephroblastomas (Wilms' tumor), a rhabdomyosarcoma, a teratocarcinoma, and 
a hepatobla~toma.~~ Deletions within chromosome 11 or reactivation of 

Biologically active and immunoreactive IGF-I has been 
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certain embryonic regulatory genes may be responsible for the overexpres- 
sion of the IGF-I1 gene observed within Wilms’ tumors and may also relate 
to the elevated expression of this gene in some normal embryonic tissues. 

Specific, high-affinity receptors exist for both IGF-I (Mr a-U5,000; 
p-90,OOO) and for IGF-I1 (Mr 250,000) ,3942 
tors are functionally related to each other since both contain a tyrosine- 
specific protein kinase which in the case of the insulin receptor is asso- 
ciated with the fl  subunit (Mr, /3-9O,OOO) .6,15~4~,45 
relationship of the insulin receptor-associated protein kinase to the 
tyrosine-specific protein kinases of the proto-oncogene proteins of the 
- src family of oncogenes has recently been discerned by molecular cloning 
of the insulin receptor gene.77 
has been localized to a region of the short arm of chromosome 19 in a 
break-point region which is associated with some pre-B cell leukemias.78 
Furthermore, antibodies raised against p60V-c can immunoprecipitate 
af f inity-labeled insulin receptors. 79 

The IGF-I and insulin recep- 

The structural 

The insulin receptor gene in humans 

Bombesin and Gastrin-Releasing Peptide ( G R P )  - Bombesin is a tetradeca- 
peptide (Mr 1620) orininally isolated from amphibian skin. GRP, a 27- 
amino acid pancreatic-peptide (Mr 28051, is the mammalian counterpart of 
bombesin.80 
intestinal peptide hormones, can stimulate smooth muscle contraction, and 
can increase gastric acid secretion in vivo. 
logically related and bind to the same class of high affinity cell surface 
receptors on various target cells.81 
for mouse SWISS 3T3 fibroblasts, human bronchial epithelial cells 
various human small cell lung cancer (SCLC) cell lines in vitro.81 

Bombesin or GRP can regulate the level of several gastro- 

Both peptides are immuno- 

Either peptide is a potent mitogen 
and 

Human SCLC Cells but not large cell lung cancer cells, squamous lung 
carcinoma cells, or adenocarcinoma lung cancer cells can synthesize and 
secrete GRP or other bombesin-like peptides .83 
are immunologically related to bombesin have been identified in primary 
and in some metastatic SCLC tumor biopsies and in certain human gastro- 
intestinal  tumor^.^^,^^ 
related peptides are probably involved in regulating the growth of these 
tumor cells through an autocrine growth mechanism because of the following 
observations. 
in soft agar. 
tides and third, mouse monoclonal antibodies which were prepared against 
bombesin and which equally recognize GRP can block the binding of labeled 
bombesin to its receptor on SCLC cells, can specifically inhibit the 
clonal AIG of SCLC cells in soft agar, and can attenuate the growth of 
SCLC xenografts in nude mice.85 

Conclusions - The recent demonstration that there are highly significant 
structural, functional, and/or regulatory homologies between certain 
growth factors or their receptors and specific oncogene or proto-oncogene 
proteins suggests that these proteins are important in oncogenic trans- 
formation -- in ~ i t r o . ~ , ~  ,16,17 
remain unanswered with respect to the potential in vivo role of growth 
factors or their receptors in the etiology of human cancers. 
qualitative andlor quantitative changes in growth factors or their recep 
tors a secondary consequence of transformation or are these changes actu- 
ally involved in initiating neoplastic transformation? Second, are there 
different growth factors or sets of growth factors which regulate the 
proliferation of normal and neoplastic cells within any given tissue? 
Third, do normal and malignant cells within any given tissue exhibit the 
same relative dependency on these activities for growth? Fourth, do the 

Moreover, peptides which 

In SCLC cells, GRP or these other bombesin- 

First, bombesin or GRP can stimulate the AIG of SCLC cells 
Second, SCLC cells can synthesize and secrete these pep- 

However, several important questions 

First, are 
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mechanism(s) of action of these growth factors differ between normal and 
malignant cells? Fifth, are normal cells capable of synthesizing and/or 
secreting comparable growth factors as their neoplastic counterparts (and 
if so, under what circumstances) and can their synthesis or turnover be 
differentially modulated by other growth factors or hormones? 
there any unique association with the production of a particular growth 
factor(s) or the level of expression of its receptor(s) and with a 
specific type of malignancy or with the degree of differentiation, histo- 
pathology, or metastatic aggressiveness within any given lesion? 
is there any association between the activation, overexpression, or 
rearrangement of a particular proto-oncogene(s) in a defined malignancy 
and the level of production or expression of a specific growth factor or 
its receptor? 
bodies against growth factors or their receptors and the use of appropri- 
ate cDNA probes which are homologous to portions of the genes for these 
proteins will be efficacious in addressing some of these questions.45 
Moreover, these immunological reagents in conjunction with the isolation 
or development of natural or synthetic antagonists against these growth 
factors or enzymes associated with their receptors (e.g., tyrosine- 
specific protein kinases) should eventually lead to potential diagnostic , 
prognostic, and/or therapeutic applications. 24 $25 $35 985-87 

Sixth, is 

Finally, 

The development of specific polyclonal and monoclonal anti- 
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Introduction - Since our 1979 review,’ advances have been made in the develop- 
ment of agents which interfere with pregnancy by inhibition of progesterone (PI 
biosynthesis, e.g., epostane, or by antagonism of P at the receptor level, e.g. 
mifepristone. Significant progress has also been made in the development of prosta- 
glandins (PGs) with improved properties. These subject areas constitute the major 
portion of this review. The status of research in male contraception is summarized 
with particular emphasis on the antifertility effects of gossypol. Finally, the 
antifertility effects of a group of compounds characterized by their structural and 
mechanistic diversit are described. The use of analogues of luteinizing hormone 
releasing hormone {LHRH) for both male and female fertility control has  been 
reviewed recently2 and will not be discussed here. 

In addition to comprehensive reviews, 3-5 specialized reviews on menstrual 
regulation and early post-coital drugs, the immunological approach to fertility 
cont1-01,~ and long acting contraceptives* are available. There has been a decreased 
emphasis on contraceptive research since 1970.’ Methods under development or in 
research which could be available by the year 2000 have been summarized.” 

Antiprogestins - The potential value of antiprogestational agents as abortifacients 
and menstrual re ulators has been recognized for many years; progress was 
reviewed in 1979’’ and 1982.12 hlifepristone (RU 38486, RU 486, L), binds to P 
and glucocorticoid receptors,13 and is related to gestrinone (R 2323, 21, a drug 
known to possess antiprogestational a ~ t i v i t y . ’ ~  Termination of pregnancy of 6 to 8 
weeks duration by l-, at a dose of 200 mg/day po for 4 days in 9 of 11 women has 
been rep~r ted . ‘~  In another study, at 100 mg/day for 7 da s 1 terminated early 
pregnancy in all 1 0  subjects.16 In a more definitive ~tudyp~~administration of 1 
(25-100 mg bid x 4d) caused only 22 of 36 women to have complete abortions and it 
was concluded that an increase in efficac was required in order for the method to 
compete with vacuum aspiration or PGs.‘~ When 1 (25 mg po, bid-qid x 4 d) was 
administered and a 0.25 mg im dose of the PG analogue, Sulprostone” (26 Table 1) 
given on the 4th day, 32 of 34 patients underwent complete abortion.+The lack 
of a dose-response relationship in  the abortion studies using 1 alone was attributed 
to insufficient concentration of the drug at the P receptor at the higher doses.’ ’ 

Intravaginal administration of 1 during the mid- to late-luteal phase in the 
cycling primate, induced early menstruation;20 a similar effect on menstruation 
was found after im administration in the estrogen/progestin-maintained ovari- 
ectomized monkey,?’ and when given PO to humans during human chorionic 
gonadotropin (hCG)-induced prolongation of the luteal phase results which were 
manifestations of the antiprogestational activity of the drug. 2 1  
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The antiglucocorticoid activity of 
- 1 was demonstrated in vitro in 
rats, monkeys and hum&425 - 1 interacted weakly with the 
androgen receptor and did not 
bind to  estrogen or mineralocorti- 
coid receptors.” Although it was 
originally reported to lack proges- 
tational activity in non- 
primates,” 1 may have weak - 1 4-Me2NC6H4 Me- CE CMe agonist activ5y in humans,26 a 
result which is consistent with the 

- 2 H, Et- CE CH lack of a dose-response relation- 
ship in the human abortifacient 

- 3 4-Me2NC6H4 Me- 4CH2130H studies.18 In estradiol-primed 
postmenopausal women, induced 
secretory changes in the endo- 

metrium characteristic of a progestin.2 Similar results were obtained when 
endometrial biopsies from anovulatory women were examined.” Utilizing estrogen 
independent T47Dco human breast cancer cells in culture, L bound to the P 
receptor and inhibited cell growth as progestins do but unlike progestin agonists, it 
did not increase cell surface insulin receptors.” It was suggested that 1 has 
progestin agonist/antagonist properties depending on the response measured.28 

Although a number of variations of 1 were made at  C-11 and C-17, no 
separation of antiglucocorticoid and antiprogestational activity was achieved 
except for a modest separation upon inversion of the C-17 ethynyl group from a 
to In contrast, inversion of configuration at  C-13 to give a cis C,D 
ring juncture resulted in a derivative (2) which had 30X less antiglucocorticoid 
activity & vitro (inhibition of dexamethasone-induced tyrosine aminotrans- 
ferase) than 1 and whose abortifacient activity in rats was apparently greater 
than 1. 

Jteroidogenesis Inhibitors - Problems associated with the development of the 
closely related 3Ehydroxysteroid dehydrogenase inhibitors 2-1 were species carry- 
over, the ratio of ovarian-placental to adrenal inhibitory activity, and the 
required suppression of circulating P levels.31 Azastene (&) was active on day 10 
of pregnancy in the rat and on days 50-54 in the monkey but was inactive in women 
in an hCG model for pregnancy.’ 1’32 The cyanoketone 5 was completely effective 
in terminating pregnancy in the rat when administered once on day 1 0  at 
6 mg/kg/po, but was inactive at 1000  mg/monkey on days 5054.32  Trilostane (6> 
and epostane were active in the  rat and the monkey and caused a decrease in 
circulating levels of P in early human p r e g n a n ~ y . ’ ~ ’ ~ ~  Epostane exhibited a better 
ratio of ovarian-placental to adrenailnhibitory activity than 6 when circulating P 
and cortisol levels were compared. The carbonitrile and epoxide groups were 
required for optimal interceptive activity in rats and monkeys. Conversion to t h e  
B-epoxide caused a marked decrease in activity.” Compound terminated 
pregnancy in 7/7 rhesus monkeys after a single 250 rng sc injection, whereas when 
given for 5 days PO 50 mg terminated pregnancy in 26/34 rhesus monkeys.34 It 
inhibited normal and hCG-stimulated P levels during the luteal phase of the 
menstrual cycle in monkeys3’ and lowered P levels in pregnant women.36 In an 
exploratory study, 2 of 3 early human pregnancies were terminated by 100 mg PO of 
- 7 administered qid for 5 days.37 

0 

R2 - R1 - R 
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4 - 6 R=H, 1 R=Me - 5 - 
Many inhibitors of aromatasearederivativesof andostenedione with modifi- 

cations at C-4,38, C-7,39 or C-19.40 The proestrus rise in  estradiol which induces 
the LH surge prior to 
estrus was inhibited by - 8" and 9" resulting in 
delayed mating. When 
the administration of 8 
was continued in 
animals which did 
m ate, implantation 

aAc sites were absent 
suggesting a postcoital 

9 effect.42 - 8 - 
Prostaplandins - Synthetic efforts to find PGs with improved potency and dimin- 
ished side effects (x gastrointestinal side effects) have continued. Replacement 
of the A l 4  double bond in PGFZa to give 10 resulted in a decrease in antifertility 
activity in the hamster.43 Pot?ncy was restored by introduction of a phenoxy group 
in theB side chain as in 11. Maximal antifertility activity was associated with the 
15-epi configuration in this series. 162-amino PGFZa (2) was 2OOX more active 
than PGF when given sc in mice on day 17  or 18 and did not cause diarrhea at 
1OX the ?$kfective dose.4u PGFb was reported to cause diarrhea at active 
antifertility doses. Introduction of a fluorine atom at C-12 of PGFk (13, 12-IlllF) 
resulted in a 25-fold increase in activity in the  hamster antifertility assay believed 
to be due in part to increased stability toward 15-hydroxy PG dehydrogenase." 
This change also resulted in  a decrease in smooth muscle stimulatory activity. The 
conformationally-fixed analogues 14 (Z=CH2,0) of the 17phenylw-trinor- and 16- 
phenoxy-u-tetranor- PCs were usually less active as guinea pig uterine stimulants 
and nore active in causing diarrhea in mice than the open chain  compound^.^^ 11- 
deoxy-PGEls were less active than their 11-hydroxy counterparts in the rat uterus 
stimulation test but potency was restored, for example, by 16,16-dimethylation as 
in 15 (ll-deoxy) and some tissue selectivity a~hieved.~' Incorporation of a A 3  
double bond into 16-phenoxy-17,18,19,2O-tetranor-PGFb (16) caused a 3- to 6-fold 
increase in antinidatory activity in the rat; 16 was reported to be 12OOX as active 

4 8  A corpus luteum site of action for g in the rhesus monkey was 
%::ilk!d since it lowered circulating P levels in the presence of administered 
hCG." The l7phenyl roup apparently imparts luteolytic activity in this model 
since 18 was inective."Compound 19 was also inactive in this test but it had been 
shown earlier to induce uterine contractions in t h e  monkey. Neither 17 or 19 alone 
terminated pregnancy on day 28 i n  the monkey, a time when pregnancy is 
dependent on both the corpus luteum and the placenta, but together in a single im 
dose (7.5 mg of 17 and 0.5 mg of lLJ, pregnancy was terminated in 3/3  monkey^.'^ A 
luteolytic mechanism may be sufficient for termination of very early pregnancy, 
but these results suggested the need for an uterotonic component in a PG in order 
to be effective during the period of the luteoplacental shift. That requirement is 
borne out by the ineffectiveness of 16-fluoro-13-dehydro PGFk (20) in terminating 
pregnancy in the monkey, since the compound had been selectedon the basis of a 
high ratio of luteolytic to smooth muscle stimulatory properties." The time when 
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a luteolytic drug could be effective in the monkey may be only a few days whereas 
in the human female it is several  week^.^' The related 21 (R=F) was 3X as active 
as (R=H) in the hamster anJifertility test and 20-40X less stimulatory of rabbit 
and rat uterine contractions. Plasma levels in humans of 2 -25 sufficient for 
induction of first or second trimester abortions after a single vaginal adminis- 
tration were, per ml of plasma, 3 1-1.5 ng; 23 and 25 (ONO-802, gemeprost, 
EwagemT, 2 0 0 6 0 0  pg; and 24,. 15-25 ng.53 All four PGs  were protected from the 
normally rapid oxidative deactivation at  C-15 but underwent oxidative degradation 
of the carboxyl side chain to  nor compounds. The ease of hydrolysis and hamster 
antifertility activity of three classes of PG lactones were in the order: 1,15>1,11 
>1,9." PGF2a 1,15-lactone was effective in terminating early pregnancy in 
monkeys under circumstances where PGF& was ineffective. 

Table 1 - Prostaglandins 

17 - 
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The most widely used method of pregnancy termination during the first 8 
weeks of gestation is vacuum aspiration. The use of PGs for termination of th is  
stage of gregnancy is still in the exploratory stage but results are considered 
promising. Intravaginal administration of 24 or 25 or i m  administration of 26 
within 3 weeks after the first missed menstrual period were as effective as vacuum 
aspiration. Side effects included vomiting, diarrhea, and uterine pain but were of 
lower incidence than observed with the natural PGs. Late first trimester and 
early second trimester terminations by surgical means were associated with an 
increased incidence of complications such as cervical injury and hemorrhage. 
Preoperative cervical dilation by the PG analogues 22,s and 25 by non-invasive 
routes and at sub-abortifacient concentrations resulted in a lower incidence of 
c~mplications.’~ Medically as opposed to surgically induced termination was the 
most common method used to terminate mid- to late second trimester pregnancy in  
four western countries. The technique consists of a two-stage administration 
of intra-amniotic hypertonic saline and extra- or intra-amniotic PGE2 or PGF 
Compound 22 is long-acting and thus suitable for single injection but is associat3 
with a high incidence of gastrointestinal side effects; 2 was as effective as 22 
and caused fewer gastrointestinal side effects. Intravaginal administration of 24 
was as effective as 22 and caused no more gastrointestinal side effects than S, 
The best procedure may be pretreatment with one laminaria tent (for cervical 
dilation) for 12 h followed by im g.55 

Male Contraception - Numerous classes of compounds have been identified as 
potential contraceptive agents for the male yet none has been accepted for 
human  US^.^^''^ Spermatogenesis requires normal levels of the gonadotropins, LH 
and follicle stimulating hormone (FSH). Inhibins are peptides o_f gonadal origin that 
selectively inhibit FSH production both in vitro and in viva.'* 6 o  Molecular weight 
estimates of these peptides vary from 3000-30,000 Daltons depending on the source 
and method of is~lation.’~ Inhibin-like peptides isolated from human seminal 
plasma have been characterized and the smallest, f3-inhibin-31, has been synthe- 
sized.’ ’ -6 

Several compounds have direct antispermatogenic activity but toxicity and 
unacce table side effects have prevented their development as male antifertility 
agentse6 Gossypol(27) was most effective in hamsters, followed by rats, monkeys 
and dogs and was relatively ineffective in rabbits and mice.61’62 Reversible 

Ho u 

[w*] -2 L 2 7  2 

antifertility effects have been produced in rats at  
doses of 7.5-30 mg/kg/day PO for 6-12 weeks with 
no significant toxic effects. In man, administration 
of 21 at a dose of 20 mg/day for 75 days followed 
by a maintenance dose of 50 mg/week caused 
sperm counts to fall below 4 million/ml after 3 
months in 99% of subjects. Only 75% of men 
experienced a return to retreatment levels upon 
cessation of treatment.‘ Compound 27 acts at  
multiple testicular sites (late spermatids, pachy- 
tene spermatocytes, Sertoli cells) to uncouple 

spermatozoa1 oxidative phosphorylation and td  inhibit lactic dehydrogenase-X 
activity.61 The problems of hypokalemia and irreversible sterility may prevent 
wide acceptance of gossypol.63 The racemate of 27 often is isolated from the 
cotton plant as a 1:l complex with acetic acid. The antifertility effects of gossypol 
reside in the ( - ) - e n a n t i ~ m e r . ~ ~ ’ ~ ~  In a study of 18 gossypol derivatives substituted 
with various groups at  the hydroxyl and/or aldehyde functions, only one showed 
modest activity.6 

Sulfasalazine (281, a sulfonamide drug used for the treatment of ulcerative 
colitis, caused reversible infertility in many patients.669b7 In rats, at 600 mg/kg PO 
for 5 weeks, 3 decreased fertility to 27% of controls. In man, 2-4 g/day for 2 
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months produced changes in 
sperm density and motility in 

?zH approximately 60% of subjects 
without affecting serum gona- 
dotropin or testosterone 
levels.6e In rat and man, 28 is 
metabolized to sulfapyridine 

2 8  - 
resulted in significant decreases 
pregnancy rate was not affected. 

.. 

and 5-aminosalicylic acid. 
Sulfapyridine treatment of male 
rats (321 mg/kg/day x 8 weeks) 

in the number of fetuses/pregnancy although the 

Phenoxybenzamine, an adrenergic blocking agent, inhibited ejaculation in 
some atients and was evaluated in rats and humans as a potential contraceptive  gent!^'^' Parenteral treatment of male rats with phenoxybenzamine (0.7 mg/kg/ 
5 weeks) produced infertility in 6 of 7 rats which was apparently due to a paralysis 
of the muscles associated with the sex accessory glands leading to the absence of 
e j a ~ u l a t i o n . ~ ~  In studies of men experiencing premature ejaculation, 10-12 mg/day 
produced azoospermia following orgasm after 2-3 days of treatment and was 
reversible. Treatment for a t  least one month did not affect serum gonadotropin 
and testosterone levels or blood p re~su re .~  

Miscellaneous - The 1,2,4-tria- 
zole 29 (DL-111-IT) terminated 
pregnancy at  low parenteral 
E D  doses of 0.4-0.7 mg/ 
kg 5for 2 to 5 days in the 
rat, mouse, hamster and dog 
and was also active in 
 baboon^.^' y72  The compound, 
which has no hormonal or anti- 

Me0 hormonal activity, is believed 
to act as2 the uteroplacental 
complex, and has been 
selected for early pregnancy 

women.73 Melatonin (30, R=H) 
R is metabolized by oxidation a t  

C-2 and C d .  Chlorination of 
30 to give 31 changed the 30 H 

c1 - 
plasma half-life in rats from n- 
12-15 minutes to about 27 
minutes. Compound 31 was 
more active than melatonin as 
an inhibitor of ovulation in the 
rat presumably because of 

c 32 increased metabolic ~tability.~’ 
Melatonin and its 6-chloro 
derivative inhibited LH release 

R which accounted for the 
observed inhibition of ovu- 
l a t i~n .~ ’  The synthetic conver- 
sion of the plant antifertility 
product zoapatanol 32 to the 

R=(CH& C=CHCHZ COqH(CH2)3 bicyclics 33 resulted in 
compounds with greater contra- 
gestational activity than 32 in R1=CH20H, CHO, COZH 

29 - 

R H termination studies in 

- 
- 

M. 

I 33 

CH3 
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the guinea pig, a result which suggested that the activity of 32 may be mediated by 
product(s) of in vivo oxidative c y ~ l i z a t i o n . ~ ~  ORG 13811 (33, R'=COzH, R with 
CHOH instead of CO) caused interruption of pregnancy in mice, rats, guinea pigs, 
dogs, and baboons in single or multiple doses of 6 4 0  mg/kg/po depending on the 
species.76 Like PGF but less active, 33 is both uterotonic and vasoconstrictive, 
properties which cougcontribute to the interceptive activity. 

Bremazocine (34) and mop hine lowered serum LH levels and inhibited 
spontaneous ovulation in rats.7P Termination of pregnancy in mice by -35, a 

mechanism-based irreversible ("suicide") 
inhibitor of ornithine decarboxylase, resulted 
from inhibition of the marked activity of 
ornithine decarboxylase in the e m b r y ~ . ~ '  
The compound also interrupts pregnancy in 
rats, rabbits, and hamsters and appears to be 

HO well t~ l e ra t ed .~ ' ' ~ '  

Summary - The successful termination of 
early human pregnancy by t h e  P receptor 
antagonist mifePriStOne could be regarded as 
the most significant development in female 
fertility control in the last few years. 
Although preliminary results suggest that this 
drug may lack sufficient efficacy to compete 
with existing methods when given alone, the 
validity of the approach has, nevertheless, 
been established. In a related and potentially 
equally important development, epostane, a P 
biosynthesis inhibitor, caused a fall in plasma 
P levels in early human pregnancy. Results 
of definitive pregnancy termination studies 
are not yet available. 

PGs are now used for the termination of mid- to late second trimester 
pregnancy. Three synthetically modified PGs were clinically advantageous with 
respect to duration of action, side effects, and stability when compared with PGEz 
and PGFS Instrumental evacuation for pregnanc termination is increasing, 
a reflection of a shift from late to early abortion." The percentage of medical 
inductions among all abortions decreased in the  W.S., Canada, and Sweden, again 
indicative of earlier abortions." 

The only accepted means of male contraception are surgical and barrier.'' 
Side effects and a significant incidence of irreversibility have impeded the 
development of gossypol; new derivatives with improved properties have not been 
reported. There have been no significant developments in the steroid hormone 
agonist field. 
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Chapter 18. Chemical Control of Androgen Action 

Gary H. Rasmusson 
Merck Sharp & Dohme Research Laboratories, Rahway, NJ 07065 

Introduction - Androgens originate primarily from three glands: the testes, the 
adrenal cortex and the ovary. The primary androgen from the testes is testosterone 
(T), while the weakly hormonal androgens, dehydroepiandrosterone (DHEA), its 
sulfate ester and ndrostenedione, are the primary C19 steroids secreted by the 
adrenal and  ovary! Each gland appears to secrete its products with a circadian 
variation corresponding to some degree with the secretions of stimulatory proteins 
from the pituitary. The release of these proteins, primarily luteinizing hormone 
(LH) [also interstitial cell stimulating hormone (ICSH) or lutropin] for the testis- 
ovary and adrenocorticotrophic hormone (ACTH) for the adrenal, in turn, is 
controlled primarily by hypothalamic factors, l u  teinizing hormone releasin 
hormone (LHRH) and corticotrophic releasing factor (CRF), respectively. 
Testosterone and its metabolites, estradiol and 5 cx-dihydrotestosterone (DHT), in a 
feed-back role a re  able to influence LH release a t  the neural and  pituitary levels. 
The release of ACTH is sensitive to the levels of circulating cortisol.' Thus, the 
androgen level in a n  individual is dependent on a balance of several interrelated 
stimulatory and  inhibitory processes. The end organ response to androgens, 
including that of feed-back control, is mediated through the androgen receptor 
(AR) which acts in the cell a t  the nuclear level to modulate RNA synthesis.* The 
nuclear AR has been found to be associated with only two natural androgens, T or 
DHT. DHT binds more avidly to the AR than T and, in certain tissues. such as the 
rat prostate, DHT is the exclusive androgen present in the nuclear isolates. 
Testosterone is derived from DHEA and androstene-dione a the biosynthetic steps 
of 3 p -01 dehydrogenasel A 5,4-isomerase and 17 p -01 oxidoreductase; DHT is formed 
irreversibly from T by the membrane bound enzyme 5 %  -reductase. Genetic 
deficiencies in androgen-synthesizing enzy es or in the AR result in development 
of male fetuses with female characteristics? Likewise, female fetuses are virilized 
by exposure to androgen. Excess androgenic activity is implicated in precocious 
puberty, male hypersexuality, seborrhea, acne, male pattern baldness and  hirsutism. 
Prostate size and maintenance are androgen dependent, suggesting that interference 
with this hormone would be a treatment fo r  benign prostatic hyperplasia (BPH) and 
prostatic carcinoma (PC). Male fertility control would be possible if T-stimulated 
spermatogenesis could be blocked. Treatments which interfere with androgen action 
include administration of agents that  block regulatory mechanisms, the AR or key 
biosynthetic steps in the formation of T or DHT. The study of androgen 
antagonists is over 20 years old and i t  is only recently that clinical use of these 
agents has been extensively investigated. This review will discuss recent 
developments in methods for  lim'ti g and abolishing androgen &tion. Additional 
information on androgen actioni-' and androgen antagonists - is available in 
several books or reviews. 

Ii 

INTERFERENCE WITH CONTROL REGULATORY MECHANISMS 

Estrogens - Estrogens are the natural antagonists of androgens. Increases in 
circulating strogen levels generally result in reduced levels and availability of 
andro ens.18 Estradiol interferes directly with T production a t  the testicular 
level.' Circulating levels of the testosterone binding globulin increase on 
stimulation, causing less free T to be available for  cellular uptake. 
pharmacological levels, estrogens block the secretion of LHRH and LH and, thus, 
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the production of T in the testes. This method of chemical castration has been used 
for  years as a non-surgical treatment of PC. The side effects of gynecomastia, loss 
of libido, liver toxicity and, more seriously, cardiovascular complications are 
common to estrogen treatment. Diethylstilbestrol (DES), 
ethinyl estradiol and the estradi -conjugated mustard, 

the treatment of PC.h DES only slightly decreases the 
production of adrenal androgens but may actually 
potentiate their ff$tion i n  PC by increasing prostate 
levels of AR. The cyclotetrasiloxane 2 
(quadrosilan, CisobitanR) in a PC trial exerted the 
same responses, therapeutic and toxic, as other estrogens. 15 

estramustine phosph te (1, Emcyt ?! ), have been used in 

2 

Proaestins - Progestational steroids also reduce the effects of androgens. Several 
modes of actp&iave been postulated the primary mechanism being inhibition of 
LH secretion. In addition, seve 1 progestins bind competitively with the AR 
to reduce the end-or n response ‘‘’O and some ve been shown to modify 
androgen biosynthesis!’ metabolism and clearance!’ The progestins generally 
appear to be free of the gynecomastia and cardiovascular side effects found with 
estrogens although loss of libido has bee o erved. S e 1 progestins have been 
tested in the clinic for treatment of BPH ”& and PC. ”-” The results, although 
encouraging, have not been significant enough to replace other means of treatment 
of these conditions. The gonadotropin inhibitor daaazol (3 severely sup essed T 
levels in a PC trial, but did not affect the course of the disease. sb The 
progestational antiandrogen, cyproterone acetate will be discussed below. 

LHRHanaloa~ - These agents were reviewed in  Volume 20 of t is series3’ and the 
proceedings of an international symposium were published!’ The fact  that  
continuous, non-pulsatile dosing of the agonist form of these agents provides a mild, 
reversible means of chemical castration has led to their widespread clinical use for  
PC. After dosing, the initial surge of T secretion falls to castrate levels. The effect  
on the course of the disease appears as good as estrogen treatment without the 
gynecomastia or cardiovascular side effects. Loss f fertility d libido occ 
one might expect. Successful trials with buserelin?’ leuprolide” and Zoladex 
have been reported. Added benefits appear to be gained by combining LHRH 
agonists with anti-androgens or androgen biosynthesis inhibitors (see below). 
Administration of buserelin to male dogs treated daily with percutaneous T or D 
is reported to result in azoospermia without loss of libido or prostatic function. 
Similar studies in man with nafarelin and the depot androgen, testosterone 
enanthate, result in  a lowering of sperm count in 5 of 6 subjects, but azoospermia 
was not attained. 

antagonist RS-68439, [N-Ac- oNal(2)l, DpC1-Phe2, D -Trp3, D - 
Ejaculatory function with continued azoospermia could 

w 31 

5T 

5% 

T e LHR 
hArg(EtZ) i: , D -Ala r o  ]LqFH, rapidly suppressed pituitary and testicular function in 
rats, dogs and monkeys. 
be maintained by T supplementation in dogs treated with RS-68439. 
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ANDROGEN RECEPTOR (AR) ANTAGONISTS 

Flutamide and  Non-steroidal Antazonists - Of the non-steroidal antiandrogens, 
flutamide (a has been the most widely studied. I t  a is "pure" antiandrogen since i t  
appears to have a single mode of action, interference with activated AR-complex 
formation in target cells. So e f the pharmacology and clinical experience with 
flutamide has been reviewed. lutamide is metabolized to the more active oc- 
hydroxy derivative 5. (Sch 16423)4F Topical or oral administration of f l  amide 
reduces androgen-dependent sebaceous gland activity in rats and hamsters!' The 
topical effect  is not confined to the application area but affects remote sites as 
well. In humans treated with & th sebum secretion rate is affected differently 
between males (-) and females (+).a3 Although plasma levels of T rise a f te r  
flutamide dosing as a result of a block to the feedback ef ct of T, the cellular 
levels of T and  DHT are reduced in androgen target tissues!' Clinical studies for 
treatment of BPH with flutamide were inconc sive and  pointed out the need for  
better indices of improvement in this dis '' Extensive trials for  treatment of 
PC with flutamide have been conducted. f8*''*46 In general, results equivalent to 
those seen with castration or DES treatment were found. Side effects were 
primarily breast tenderness and  gynecomastia. More positive results for  PC 
treatment have been a t  ned with flutamide used in combination with LHRH 
agonists or orchiectomy!' The anti-androgen reduces the effect of the early T 
surge caused by the agonists and  also neutralizes the effect  of circulating non- 
testicular androgens. The objective response rate was very high relative to 
castration alone. Side effects were hot flashes and  diminished libido. 

CF; 
-0-b- R 

The related anti-androgen 1 (RU 22208, AnandronR) which has 
pharmacological properties similar to flutamide, effect '  ely blocks the trophic 
effects of adrenal steroids in castrate- or DES-treated rats.@ In a human PC study 
- 7 with a LHRH agonist or with orchiectomy, resulted in significant improvement 
symptoms over prior therapy. However, 'n prolonged studies, 1 caused visual 
problems and was replaced with flutamide4' Topical treatment of hamsters with 8 
(RU 22930) was as effective as or 2 in blocking T-stimulated f lank  organ growth 
but w h j t  given subcutaneously, showed little effect  on T-stimulated prostate 
growth. The tetra loro- o< -hydroxyisobutyranilide 6 (AA560) resembles 
flutamide in  its a c t i o n j P  A series of potent anti-androgenic hydroxyflutamide 
analogs have been prepared and compared th steroidal and non-steroidal anti- 
androgens fo r  i n  vitro and  in vivo activity?' No correlation of biopotency and 
receptor binding affinity (RBA) could be determined. However, some analogs a t  a 
high dose stimulated castrate rat  prostatic growth indicating that agonist activity 
can be obtained with non-steroidal agents. Anti-androgenic activity can be retained 
when an olefin, %q,etylene or cyclopropyl group is substituted for  the amide moiety 
of such anilides. Non-steroidal anti-androgens outside the flutamide class a re  
rare. The antiulcer agent cim tidine, is a weak AR antagonist which occasionally 
induces gynecomastia in man.94 When given to hirsute women over a 3 month 
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period, cimetidine showed a beneficial effect on hair growth.55 The anti-estrogen 
raloxifene (2, LY-156758) also has andr en antagonist properties and has potential 
for use as a dual-acting agent in BPH' The DES-like a i-androgen bifluranol, 
(1p) showed some desirable effects for treatment of BPH.' The phthali 'de 11 
(DIMP) is a weak anti-androgen which was active in  standard animal assays. 3 

HO 

OH 
11 

19 

Cvmoterone Acetate ( 121 - The most thoroughly studied androgen antagonist is 
cyproterone acetate. Systematic studies over the last 24 years have resulted in  its 
applicatio&!tf treatment of most androgen related disorders. Several reviews are 
available. Whereas the parent alcohol, cyproterone (D, limits androgen action 
primarily by interference at  the level of the AR; the acetate l2, a potent progestin, 
blocks the , acts as a gonadotropin inhibitor and enhances the clearance of 
testosterone.@ In man, 12 is metabolized to i t  15 p -hydroxy analog fi which can 
occur a t  levels twice that of 12 in plasmai3 and which retains the androgen 
antagonist activity of U but is a less potent p r ~ g e s t i n . ~ ~  Because ofits potential for 
fetal feminization 12. is often administered in combination with ethinyl estradiol as 
a contraceptive regimen. This combination has found extensive use as a treatment 
for hirsutism in women. Effec on hair growth (hirsutism or aloggcia) in females 
require 3-9 months to developdS while noticeable effects on acne and seborrhea 
appear earlier and seem more sensitive to treatment. Treatment of acne in males 
with oral 12 is effective but side effects f gynecomastia, loss of libido and 
spermatogenic defects have been observed. ''? 
eff tive and is associated with systemic effects!' Trials of J.2 in BPH 

not gained wide acceptance. recent s t q e s  in 
which is combined with DEFfeor  buserelin have 
given preliminary indications of being better treatments 
for PC. Some success has bee observed in male breast 
cancer treated with 12. '3 Precocious puberty 
in boys and girls has been treated with 12. 
although interferenft with adrenal function was seen 
in this age group. 

Spermatogenesis is inhibited by & but its us for  COCH3 H 
male contraception does not seem promising. 

en topically applied, 

PC % have shown qualitative degrees of success but have 

Suppression of hypersexual't 
in men with is more effective than castration. $1 B X 

u H  H 
fi C O C H ~  OH 

95 

17 l3 -Hvdroxvsteroidg - A number of 17-oxygenated steroids have shown androgen 
antagonist activity. Probably the most thoroughly studied is the aldosterone 
antagonist spironolactone (m. In early studies, development of gynecomastia 
occ rred in patients after prolonged use. A dual mode of action, ibition a t  the 
AR 96 and interference with the 17-20 side-chain cleaving enzyme,vis thought to 
provide the primary means of androgenic deprivation. When 15. was g'ven to 
castrated PC patients, plasma levels of adrenal androgens were reduced!' In 
several t dies, a beneficial effect for  15. in  treating hirsutism and acne in 

7J-t1 was found, although in a comparative study, fi was not superior to 
gBenAdditional benefit may be derived by using a combined regimen of with 
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an oral contraceptive or dexamethasone. 83-84 Topical applicatio of 15. has shown 
a local anti-androgenic effect on the male hamster flank organ!5 The spiroether 
16 (MK-316), which combines soy8 structural features of 12 and fi is effective in 
reducing the size of dog prostate. 

15 9 

By manipulating the bulk a t  the 16-position of 19-nortestosterone, optimal androgen 
antagonism and minimal trophic effects were obtained with the 1 6 p  -ethyl 
derivative 11 (TSAA-291, o lone). Reviews and a comprehensive report of 
studies with 1z have appeared. "-" This material binds to the androgen receptor 
with a n  apparent K i  of 7 x 10- M and is modest 
inhibitor of the enzyme 5 K-reductase?' The 
effects of 11 on gonadotropins is a typical, being 
slightly inhibitory in male and stimulatory in 
female rats. In the dog, no effect on T levels is 
seen but the prostate is reduced in size. In a 
number of clinical studies for  treatment of BPH 

9 1-49 a minimum of side effects have been observed. 

8 

17 with u, injected weekly, improved symptoms wi 

Additional bulk a t  the 1 7 ~ - p o s i t i o n  of testosterone as, fo r  example, with 
the 17a - 8 ~ o p y l  derivative 1_8 (topterone) resulted in a n  effective androgen 
antagonist. This material blocks the actions of T and DHT by topical and 
systemic administration. In recent experiments, the 17 oc-propyl analog (SH-434) 
of the potent androgen mesterolone 20 as only locally active as an  anti-androgen 
on topical administration to hamste?' When applied topically to humans with 
acne and  seborrhea for  an  average of 3 months, 19 effective1 reduced sebum 
excretion by 23-60% and improved symptoms in 11 of 13 patient No effect  on 
serum hormone levels was found; 19 is in Phase 1 clinical trials. 1 b 

A number t& 17 p -hydroxy-des-A-steroids have been assayed for  androgen 
antagonist activity. As was the case with other pure anti-androgens, their 
interaction with the AR was more labile than that of T or DHT. For AR binding, 
the equivalent of the C-l of a steroid must be present i n  these molecules and  
planarity of the C-10 to C-12 edge increases activity. An anti-acne clinical 
candidate developed from this series, 21. (RU 38882), given orally or S.C. to rats, had 
less than 1/25 the androgen antagonist activity of but on topical application i t  
was 100-fold more active in regicing sebaceous elements i n  the same animal 
without showing systemic effects. A des-D-19-nortestosterone analog 22 (Ro 5- 
2537) topically educed sebum production in humans better than some steroidal 
anti-androgens. 94 
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Addition of methyl groups alpha to the carbonyl of the potent androgen 22 
(R 1881) converted the compound into the anti-androge 4 (R 2956). This material 
(m which blocked androgen action in rats and  dogs,"'was not a 5 oc-reductase 
inhibitor but exhibited weak gonadotropin inhibition in female rats. B-nor- 
Methyltestosterone (22) is an  androgen antagonist whic has shown a beneficial 
clinical result for acne and hirsutism after oral dosing." Weak anti-androgenic 
activity in l v p e  has been recently reported for  the cyclopropyl analog 26 of 
testosterone. 

Y 

25 
2 
H 
CI 
OH 
OH 

1 1-Oxvnenated Steroids - Several steroids which topically reverse androgen 
stimulated skin conditions but have shown little or no anti-androgenic effects on 
systemic administration include the 1 I-oxygenated steroids 27-30. Long-tcrm studies 
in humans indicatc&that sebum production and hair  loss could bc reduced by 
treatment with 22. The 11-oxosteroid was the best of several such 17- 
sulfinyl steroids 'n blocking androgen-regulated hamster flank organ growth and  
lipid synthesis."' The two carboxysteroids 29 (Org 7294) and (Org 7476) are 
not 5 ocir&luctase inhibitors, but reduce T- and not DHT-stimulated sebaceous gland 
growth. 

BIOSYNTHESIS INHIBITION 

17.20-Desmolase - Keto o azole (m, a n  antifungal drug which prevents ergosterol 
biosynthesis i n  fungi,'" is a potent inhibitor of the cleavage reaction which 
converts 17 oc - ydroxy progesterone to androstenedione, the penultimate step i n  T 
biosynthesis."' Treatment of humans with 2 resulted in an  im ediate decrease in 
CI9  steroids but feedback effects tended to reverse this process." At constant, 
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-. 
H -  

high df&s, a reduced androgen level was maintained and  led to beneficial effects 
in PC. The advantage with this treatment is that both adrenal and  testicular 
androgen synthesis a re  blocked with only moderate e fects on corticoid 
production. The use of 21 with the LHRH analog Zoladex‘ in PC patients who 
failed tplbespond or relapsed on conventional hormone therapy has shown 
promise. in precocious puberty has been reported. 

3 B -01 Dehvdroaenase - Although inhibition of this enzymic step could prevent the 
conversion of DHEA into androstenedione and, thus, into T i t  is of more 
consequence in the production of progesterone from pregnenolone (see Chapter 17 
of this volume). 

1 fTme  The successful use of 

5 ci-Reductase - In many androgen target tissues, most notably the prostate and  skin, 
T is largely converted to DHT, which is the trophic hormone in these tissues. Agents 
which prevent DHT formation should be selective anti-androgens which would not 
interfere with independent actions of T on muscle or in the brain. In early in vitro 
studies with human skin 5a -reductase, 3-keto-A steroi with a n  oxygen- 
containing 17 p -side chain were effective enzyme inhibitors.’” Additional studies 
with the non-hormonal 17 p -carboxy-4-androsten-3-one (32) on the female hamster 
flank organ or in  the castra e mouse indicated that T- but not DHT-stimulated 
growth could be attenuated. ‘ I 3  Progesterone (Xi) is a potent 5 a -reductase 
inhibitor which is extensively metabolized in the skin. When topically a p  lied, 33 
selectively and locally blocks T and not DHT stimulation in hamsters. ‘14 On 
human skin, 5 o< -reductase is completely blocked byljopical 22 but skin areas 
remote from the application site may be affected. 
excretion was seen in women but not men in one study with 
while in another study 85% of the men responded with decreased excretion. 

4 

A structural activity (SAR) stu of 4-azasteroids as inhibitors of rat  
prostatic 5 ci-reductase has been Optimal jn vitrq activity resides with 
4-methyl-3-0x0-4-aza-5 o( -androstanes substituted in the 17 -position with a 
semipolar group. Examples of these compounds have been found to inhibit the 5s 
reductases of rat  prostate, pituitary, hypothalamus, liver a n d  i t r i ial cells, 
human prostate and skin, dog prostate and hamster sebaceous gland. ‘18-f’’ Oral or 
S.C. administration of 4-MA (w to rats decreased the DHT content of the prostate 
while T levels rose. 126 was more cffective in blocking T 
stimulated prostate growth than that stimu by DHT. Reduction in dog 
prostatic size has been demonstrated with &“’p28 The rate of growth of a rat 
PC,$vmor was slowed to that equivalent to castration by administration of 2 or 
s. Azaster ‘ds 4 3 and 26 caused fetal feminization of offspring of treated 

1fdp6-13ty zasteroids unsubstituted on the ring nitrogen have very low pregnant rats. 
affinity for  the AR. oxazasteroid 2 is a poorer 5 a< -reductase inhibitor 
than the parent azasteroid?” The 4-chlorosteroid 3 was the best (K-=95n 
several 2- and 4-substituted steroids for inhibition of rat prostatic 5 K-reductase. 

In castrate rats 

9 30s 
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R-1 R2 Other 
C02H H 
COCH3 H 
CH(CHz)CH20H H 4- CI 
COCH3 H 6=CH2 
COCH3 OAC 63CH2 

R 

k 

R 
H CH2 NCH3 CONEt2 
ZZ CH2 NCH3 CH(CH3)COzNo - 36 CH2 NH CON(i-C,H,)2 

- 0  37 NCH3 CH(CH3)CH20H 

S CH2 CN2 CH(CH3)CH20H 

- Y x - 

A number of irreversible inhibitors of 5 a -reductase have been reported. The 
addition of a 6-methylene group to 3-keto- d steroids 

parenterally a reduced rat  prostate growth. The 
5,lO-secosteroids 41 and 42, also apparent Michael 
acceptors, appear to be irreve le inhibitors of 
rat  epididymal 5 a-reductase. '" When given 
topically, 42 blocked th effects of T on the 
female hamster flank organJ4' The 4-diazo-5 a-steroid 
MDL-18341 (a is a selective irreversible inhibitor 
of 5a-reductase (Ki = 35 nM) with no affinity fo r  
the DHT-Tfiabolizing enzyme 3 a-hydroxysteroid oxido- 
reductase. In castrate rats, 42 b o ed T but not R=COCH3 
DHT effects on sex accessory glands. "' The T effect 
on growth of the levator an i  was not antagonized by 43. 

Conclusion The  development of agents which will limit or block androgen action is 
reaching new levels of refinement. The use of LHRH analogs, alone or in the 
presence of androgen antagonists or synthesis inhibitors, now provides a highly 
effective and  safe alterntive to surgical castration in the treatment of PC. 
Idiopathic hirsutism often responds favorably to anti-androgen treatment but 
development of agents fo r  the treatment of non-life threatening ailments such as 
skin disorders or BPH has been slow because of the potential for  hormonal side 
effects, slow or erratic onset of action, alternative medical or surgical methods and  
a lack of appropriate experimental models. The use of 19. and which show local 
topical effects with negligible systemic activity in animal models, is a n  example of 
recent attempts to develop treatments which are safe and selective in their action. 
Similarly, the new 5 a-reductase inhibitors afford a class of compounds which may 
be free of some side effects associated with classical anti-androgens. Such targeting 
of inhibitors to specific tissues or enzymes has the potential to provide therapeutic 
agents which can be used safely on a much larger scale than was possible in the 
past. 

41 R=O 
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Chapter 19. Approaches to Drug Intervention in Atherosclerotic Disease 

Roger S. Newton and Brian R. Krause. Warner-LambertIParke-Davis 
Pharmaceutical Research Division, Ann Arbor, MI 48105 

Introduction - The progression of atherosclerotic disease from fatty 
streak to fibrous plaque occurs over decades in most individuals and is 
initiated or aggravated by risk factors including hypertension, 
personality traits, genetics, smoking, obesity, age and sex. However, 
only hypercholeeterolemia has been shown in large scale, double-blind, 
placebo-controlled clinical trials to be a definitive and sufficient 
cause for coronary heart disease (CHD). 
relationship between high serum levels of cholesterol (C) and CHD, but 
reduction of plasma C, in particular low density lipoprotein-cholesterol 
(LDL-C), can in certain patients result in a decrease in the degree of 
stenosis of coronary arteries. Since the economic impact of CHD in the 
United States alone is estimated at $78.6 billion for 1986 (or 
approximately double the figure for 19781, and that almost 1 million 
people will lose their lives to heart attack, stroke and other vascular 
diseases this year, there is an even greater need for new and better 
approaches toward pharmacological intervention. This review will discuss 
retmt advances in the regulation of plasma lipids, therapeutic 
approaches based on cellular C metabolism in specific tissues, and 
lastly, possible points of metabolic regulation not primarily involving 
lipid and lipoproteins. 

Not only is there a causal 

Abnormalities of Lipoprotein Metabolism - The most common monogenic 
hyperlipidemia. familial hypercholesterolemia (FH), an autosomal dominant 
tiait that affects both hombzygotes and heterozygotes, was discussed in 
the previous review by Prugh, et a1.l 
either the Type IIa or IIb phenotype (Table 1). Because of their lack of 
functional receptors, it is generally believed that FH homozygotes do not 
respond to dietary or drug treatment whereas heterozygotes with about 
half the number of receptors do respond. 

FH subjects can present with 

The majority of non-FH hypercholesterolemic individuals probably 
have a reduced number of hepatic LDL receptors due to such environmental 
factors as a high dietary intake of saturated fat and C.2 
LDL receptor has been implicated in virtually all types of hyper- 
cholesterolemia (mild, moderate and   eve re)^,^ even though its 
discovery was based on the extremely rare FH homozygous condition. 

Thus, the 

Another possible cause of elevated LDL concentrations is familial 
combined hyperlipidemia (FCHL), probably the most frequent lipid 
di~order.~ 
(TG) and thus can present with variable phenotypes (IIa, IIb, IV). 
Several phenotypes are present in the family members. This is in 
contrast to familial hypertriglyceridemia in which hypertriglyceridemia, 
but not hypercholesterolemia is present in family members (&, only 
Type IV). 
protein B (apo B) with or without overproduction of VLDL-TG.5,6 

FCHL subjects may or may not have elevated triglycerides 

It is likely that FCHL is due to an overproductfon of apolipo- 
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Table 1 Fredrickson Lipoprotein Phenotypes 

Elevated Plasma Plasma 
Lipoprotein Cholesterol Triglyceride 

I Chylomicrons Normal or Markedly 
Increased Increased 

IIa Low density Increased Normal 
lipoproteins 
(LDL) 

IIb Very low Increased Increased 
density 
lipoproteins 
( VLDL 1 

111 Abnormal Increased Increased 
B-VLDL 

IV VLDL Normal or Increased 
Increased 

V Chylomicrons Increased Increased 
VLDL 

Rare apolipoprotein disorders have been summarized. 5-15 Type I11 
hyperlipoproteinemia is characterized by hypertriglyceridemia, hyper- 
cholesterolemia, CHD and/or peripheral vascular disease, and is due in 
part to the presence of an abnormal VLDL (B-VLDL) caused by the 
inheritance of a gene coding for an abnormal form of apolipoprotein E 
(apo E-2). This apo E-2 does not bind normally to the LDL receptor or 
the chylomicron remnant receptor, preventing normal processing of both 
intestinal and hepatic lipoproteins, and resulting in the formation and 
accumulation of remnant lipoproteins or 0 -VLDL. However, only 1 in 50 
individuals with apo E-2 develop the clinical symptoms noted above 

For example, it is known that diets rich in fat and cholesterol cause the 
appearance of fl -VLDL-type particlesa7s8 and such diets may be even 
more atherogenic in apo E-2 subjects compared to normal individuals. Apo 
E, lipid transport and Type I11 hyperlipoproteinemia have recently been 
reviewed. 7-13 

so 
other factor(s) must also play a role in the etiology of Type 111. t 

Various systemic diseases such as diabetes and hypothyroidism can 
produce conditions that resemble the primary hyperlipoproteinemias. l5 
Other "secondary hyperlipidemias" are found in patients with liver or 
kidney disease, in obese individuals, or may be due to administration of 
drugs such as antihypertensive agents. Once the secondary hyper- 
lipidemias have been ruled out by appropriate laboratory tests, the 
diagnosis of primary hyperlipoproteinemia can be made and dietary or 
pharmacologic intervention can be recommended. 

A new phenotype, hyperapobetalipoproteinemia, in which LDL con- 
centrations are normal but the amount of apo B in LDL (LDL-apo B) is 
elevated,S is thought t o  be associated with CHD and may be present with 
or without elevated TG. Recently, several forms of altered lipid 
transport termed "lipoprotein overproduction disorders," the underlying 
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defect of which is excessive synthesis of apo B, have been described.16 
By this criterion, hyperapobetalipoproteinemia occurs when over- 
production of VLDL-apo B leads to increased conversion of VLDL to LDL 
(increased apo B/C ratio in LDL).6, l6-I7 Clearly, understanding more 
about the regulation of apo B synthesis could offer a therapeutic 
approach in the future for a variety of lipoprotein disorders.18,19 

Pharmacologic Intervention - Lipid Regulators - In view of the generally 
accepted concept that LDL and HDL represent positive and negative risk 
factors, respectively, in atherogenesis, the term "lipid regulator" has 
to some extent replaced "hypolipidemic agent" for those drugs designed to 
treat lipid disorders. Emphasis on C distribution among lipoproteins is 
also evident with the use of various C ratios as atherogenic indices 
(e.g. HDL/total C, HDL/LDL, HDL/VLDL+LDL).Zo121 
elevate HDL cholesterol are also under development.25 Based on the 
Framingham StudyYz3 the ideal therapy was thought to be one which would 
raise HDL as it lowered LDL. 
suggested that the only question remaining is not whether but how to 
treat.33 
the drug of choice for virtually all primary lipid d i ~ o r d e r s . ~ ~ ~ ~ ~  
discussion below concentrates on newer agents and includes only the most 
recent data for the established lipid regulators such as niacin. 

Dru s which only 

Recent published  report^^^-^^ have 

Niacin, the oldest lipid regulator, is still recommended as 
The 

Bile Acid Sequestrants - Cholestyramine and colestipol are anion exchange 
resins which bind bile acids in the intestinal lumen. The therapeutic 
effects of this interruption of the enterohepatic circulation include 
upregulation of hepatic LDL receptors, lowering of plasma LDL and slight 
increases in HDL levels in Type I1  patient^.^^-^^ 
advantages of resin therapy are well d o c ~ m e n t e d , ~ ~ ~ ~ , ~ ~ - ~ ~  in recent 
prospective, placebo-controlled, double-blind trials, cholestyramine 
significantly lowered the incidence and progression of CHD in hyper- 
cholesterolemic males.24-27 As a result of these studies, efforts to 
lower LDL and raise HDL appear to be worthwhile in terms of CHD risk. 
More dramatic lowering of LDL (50% reductions instead of 20% as for 
cholestyramine) has been advocated32 and may be possible with new 
resins possessing greater affinities for bile acids or with various 
combination treatments. 

Althou h dis- 

Recently cholestyramine treatment has been reported to result in the 
accumulation of LDL with altered composition. Large, cholesteryl ester- 
rich LDL particles are preferentially removed and smaller, more dense, 
cholesteryl ester-poor particles remain.44 
nation with an agent which normalizes LDL composition, such as gemfi- 
brozil, has been suggested.45 

Cholestyramine in combi- 

Inhibitors of Cholesterol Absorption - Agents which act in the intestinal 
lumen to block or slow the entry of C into the mucosal cells include 
neomycin,46 various surfactants- (AOMA or surformer,47 BEP 48 polo- 
xalene 293049), plant sterols,50 steroids ( d i o ~ g e n i n , ~ ~ , ~ ~  
sap on in^^^), sucrose polyester53 and synthetic glycosides. 54 
these, neomycin lowered LDL as effectively as cholestyramine and may 
actually be preferred due to its lower cost and ease of admini- 
~tration.~~ 
upregulation of hepatic LDL receptors resulting in enhanced clearance of 
both LDL and VLDL remnants and decreased LDL prod~ction.~~ 

Of 

Like the resins, its primary mechanism of action is 

Fatty acid amides are another group of compounds which inhibit C 
Compound 57-118 (1) lowered C absorption in rabbits by ab~orption.~~ 
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65%,58 and compound 58-035 (2) decreased C transport in lymph fistula 
rats.59 These acyl dmides, which are thought to inhibit C absorption 
by inhibition of intestinal C esterification by acyl-CoA:cholesterol 
acyltransferase (ACAT), are probably not systemically absorbed ,60 do 
not inhibit TG absorption59 or retinol esterification61 and, like 

62 also inhibit the absorption of neomycinS6 and sucrose 
endogenous (biliary) C. Thus far, no clinical data are available for 
- 1 or 2; clinical data for the earlier linoleamides rno~tamide~~ and 
melit~amide~~ show decreases in serum C generally 5 10% in dyslipidemic 
subjects. Octimibate and CL-277,082 are ACAT inhibitors 
which appear to have direct anti-atherosclerotic effects on arteries of 
C-fed animals. 

!%lyester, 

1 i 

I /“ 
A C(CH ) --Sl-m CH -c 

0 

3 2 9  , 2 2 11 
m3 

2 - 

HMG-CoA Reductase Inhibitors - The mevalonate analogs compactin and 
mevinolin previously reviewed continue to be studied as agents for the 
treatment of h y p e r c h o l e . ~ t e r o l e m i a ; ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  their isolation and 
actions were also, recently r e ~ i e w e d . ~ ~ , ~ ~  
mevinolin does not deplete vital stores of body C,68 does not affect 
adrenal function69 and is eff icacious in even moderately hypercho- 
lesterolemic indi~iduals.7~ In a large, multicenter trial of mevinolin 
in FH heterozygotes, decreases in LDL-C of 42% were achieved.’l 
Compound 5 is another inhibitor of HMG-CoA reductase being developed 
which may possess advantages over other oxysterols since it is a precursor 
of C.39 It was recently shown to lower LDL (-46%) and elevate HDL 
(+57%) in rhesus monkeys.72 The HMG analogs 573 and - 774 have also 
been described. 

Recent findings show that 

Nicotinic Acid (Niacin) 
for virtually all types of dy~lipidemias~~, 35 des ite noncompliance due 

reduced the incidence of nonfatal myocardial infarctions (MI), but the 
incidence of atrial fibrillation and other arrhythmias was increased. 39 
Unlike HMG-CoA reductase inhibitors, C absorption inhibitors or bile acid 
sequestrants, nicotinic acid has no effect on the clearance of LDL by the 
liver. Its major action is to decrease hepatic VLDL synthesis by 

This lipid regulator has been-used since 1955 

to side effect~.~5 In the Coronary Drug Project 79 nicotinic acid 
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inhibition of adi ose tissue lipolysis and thus to limit fatty acid 
mobilization.76~ 7q Analogs of nicotinic acid are also in clinical 
use.39,77,78 Acipimox (8) elevated HDL in both Type IV and Type I1 
subjects but did not lower total or LDL-C in Type I1 patients (IIa and 
IIb1.79 
are glunicate (LG 13979,2)i0 and KCD-232 

Other recently re orted analogs still in preclinical stages 

Probucol - Probucol modestly lowers total C and LDL-C by increasing LDL 
catabolism,82 primarily by nonreceptor mechanisms. 83 
effect on TG and consistently lowers HDL-C by decreasing the synthesis of 
HDL apoproteins A I and A II.84 
metabolism of  lipoprotein^.^^ 
blood levels of probucol were associated with cardiotoxicity. 85 In 
some studies, no change in serum C or LDL-C levels with up to eight weeks 
of treatment was f o u r ~ d , ~ ~ , ~ ~  but other reports showed that probucol 
caused re ression of xanthomas and lowered LDL-C levels in FH homo- 
zygotes .88-90 

It has no 

Probucol is lipophilic and alters the 
In monkeys fed high-fat diets, high 

Chlorophenoxyacetic Acid Derivatives - Clofibrate and the other 
structurally related derivatives bezafibrate fenofibrate (m) and 
ciprofibrate (u) may act by stimulation of LPL;yl TG lowering is the 

All of these drugs have been 
A R n  major pharmacologic effect. 

8 ,  c1 CH CH 
r3 3 reported to elevate HDL. 

A-Q-o--C-co2R~ b,  C l G C O N H ( C H , ) 2  H However, in direct comparative 
studies both Ug2 and 

greater extent than & in Type 

triglyceridemic subjects, 

c ,  C l e m  ( c H ~ ) ~  =g3 elevated HDL to a 

d ,  Cl*C--c /? - H I1 patients. In hyper- 

I 
3 CH 

11 

elevated only HDL3 94 while elevated only HDL without ac- 
companying changes in apo A I or A I1 metabolism.?5 Bezafibrate is the 
only derivative shown to increase receptor-mediated clearance of LDL in 
hypercholesterolemic individuals .g6 
fractional catabolic rate of LDL-apo B in heterozygous FH subjects which 
is also consistent with enhanced receptor activity. 97 Eisenbergg8 
has postulated that hypertriglyceridemia alters the composition and hence 
metabolism of all lipoproteins, thus contributing to atherogenesis. For 
example, LDL from hypertriglyceridemic subjects is less effective than 
normal LDL in interacting with the LDL receptor, and this defect is 
reversed by bezafibrate therapy. 99 

Gemfibrozil - Gemfibrozil (12) is often considered separately from 
clofibrate and its congeners in view of its structural differences. 
In contrast to and , 12 elevated HDL-C and lowered liver C 

concentrations in C-fed rats.loO Gemfibrozil 
also prevented decreases of apo E in C-fed 
rats, O1 a property not shared by lla-d.lo2 
In hypertriglyceridemic subjects, but 
not =g5 increased the synthesis (and plasma 
concentration) of apo A1 and A11 without 

Fenof ibrate increases the 

3 
CH 

CH3 

- 12 
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changing the catabolism of these HDL peptides. Unlike 12 
decreased LDL-apoB production in hypertriglyceridemic patientsFo4 
although both drugs tended to normalize LDL c o m p o s i t i ~ n . ~ ~ ~ ~ ~ ~  
decreased the rate of VLDL-apo B and intermediate density lipoprotein 
(IDLl-apo B synthesis in Type I11 subjects.lU5 
in hypertriglyceridemic individuals, 12 both decreased the production and 
increased the clearance of VLDL-TG whereas 
clearance.lo6 
test whether all of these lipid-regulating effects will prevent CHD in 
(primarily) Type I1 male subjects. 

Pantethine - Pantethine (G), a pantothenic acid derivative presently 
marketed in Japan for dyslipidemia, lowered C and TG concentrations and 

elevated HDL in Type IIb 
subjects.lO8 Stimulation of 
LPL in rats109 and elevation 
of HDL in rabbitall0 have 
been reported, consistent with 
the clinical findings. In a 
recent report, 2 was shown to 
inhibit the in vitro 
peroxidation of LDL. 

12 also 

In a direct comparison 

only affected 
The ongoing 5-year Helsinki Heart Study is designed to 

Y 

Combination 
combination has provided superior efficacy for the treatment of severe 
hypercholesterolemia. In a recent study, efficacy (LDL lowering) with 
the combination of probucol (lg/day) and colesti 01 (10g/day) was as 
great as with the full dose of resin (20g/day), lP2 and without the 
gastrointestinal side effects associated with resin treatment. However, 
the resin did not prevent the decrease in HDL induced by pro- 
bucol. 
LDL-C more than with neomycin alone.55 
mevinolin115 were shown to enhance the LDL-lowering due to resin 
thera 
LDL. lPS: lP6 Such combinations produce reductions of LDL similar to 
those reported with colestipol plus nicotinic acid (50-55%1117 although 
the mechanism for the latter is not as evident.39 

Therapy - The clinical use of two lipid regulators in 

The combination of neomycin and nicotinic acid decreased 
Compactin114 and 

rimarily by increasing the fractional clearance rate of 

Antihypertensive Drugs and Dyslipidemias - Certain classes of 
antihypertensive drugs have been found to affect TG and C metabolism and 
result in an undesirable plasma lipoprotein profile. Since antihyper- 
tensive therapy is long-term and such changes in lipoprotein metabolism 
may promote the atherogenic process, the situation arises whether high 
blood pressure is being controlled at the expense of increasing the 
effect of other major risk factors, hypercholesterolemia and/or hyper- 
triglyceridemia. It is interesting that although antihypertensive drugs 
have been effective at decreasing mortality due to stroke and congestive 
heart failure, they have been relatively ineffective at protecting 
against CHD and MI. 118 
and related drugs have been shown to increase both total plasma TG and 
VLDL-TG values in studies ranging from three weeks to one year in 
duration. 1193 120 
with diuretics, the effect due predominantly to increases in LDL-C 
(4-20%) while HDL-C is relatively unaffected. 121, 122 In contrast, 
peripheral and central sympathetic blocking agents such as reserpine and 
methyldopa depressed HDL-C levels, but did not adversely affect TG 
concentrations. 123 

Loop diuretics, potassium savers, thiazides, 

In addition, serum C levels are increased (5-10%> 
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Of the 6-blockers, propanolol has been the most widely evaluated 
More dramatic increases for effects on lipoprotein metabolism. 122-126 

in VLDL-TG levels were observed with both selective and nonselective 
@-blockers than those possessing intrinsic sympathomimetic activity 
(ISA). However, some studies showed a significant reduction (15%) in 
HDL-C levels without affecting total C and LDL-C values.124,125 
added problem with ropanolol is the propensity for elevated uric acid 
and glucose levels. p25 Thiazide diuretics can cause hyperglycemia and 
inhibition of LPL due to peripheral insulin resistance and CAMP- 
stimulated lipolysis in adipose tissue, which increases both hepatic and 
extrahepatic originated substrate for TG synthesis. 120 
6-blockers inhibit adenyl cyclase activity in adipose tissue leading to 
reduced hormone-sensitive lipase activity and decreased mobilization of 
fatty acids. 123 Recent evidence indicates that the plasma half-life of 
an intravenous TG emulsion is increased with 6 -blockers without ISA.126 
However, long-term studies with labetolol, an a -  and f3 -adrenoceptor 
blocking drug, 
adverse effects. 

An 

In contrast, 

lasma lipoproteins and their metabolism showed no 
O?25 

In contrast to the effects of both thiazide diuretics and the 
B-blockers, the postsynaptic selective al-antagonist prazosin has not 
only been shown to be an effective antihypertensive agent, but also to 
produce a healthier lipoprotein profile. In both man and animals, 
prazosin reduced circulating plasma TG and VLDL-TG levels. 123-1269 128 
In chow-fed rats and rats fed a high glucose diet prazosin lowered plasma 
TG concentrations by 40-50% with the change being secondary to a fall in 
VLDL-TG secretion rate.128 
human plasma and lipoprotein-lipid indices, beneficial alterations in 
HDL-C, LDL-C, and VLDL-C and total TG values were achieved. In addition, 
prazosin in combination with certain diuretics or 6 -blockers reversed 
the undesirable effects of these two classes of antihypertensive agents 
on plasma TG and VLDL-TG levels, and to a lesser extent on HDL-C and 
LDL-C.129-131 Another a -antagonist, urapidil, was neutral in terms 
of lipid responses. 133 

In studies of the effects of prazosin on 

Two other classes of antihypertensive agents, vasodilators and ACE 
inhibitors, have also been evaluated for effects on lipoprotein 
metabolism. The vasodilator carprazidil (RO 12-4713) consistently 
increased HDL-C without affecting other lipid and lipoprotein parameters 
during 4 months of therapy.132 
consistent adverse alteration in plasma C and TG levels in both short- 
and long-term clinical trials. 134 

Importance of Calcium in Atherosclerosis - There is increasing evidence 
that ionic calcium (Ca*) may play an important role in the pathogenesis 
of atherosclerosis. Under normal conditions, the influx of Ca* into 
cardiovascular cells appears to serve as a "second messenger'' and its 
binding to calmodulin int race 1 lular ly mediates numerous Ca*-dependent 
functions, &, contraction-relaxation in contractile cells, chemotaxis, 
stimulus for mitosis, various platelet functions, secretion of connective 
tissue components, endocytosis of LDL and cellular energy production. 
However, the fatty streaks appearing in childhood, which contain calcified 
vesicles from degenerated cells of the intima and media, have provided 
evidence for the early onset of abnormal Ca* metabolism.135 
analysis of these necrotic regions indicated a diffraction pattern 
similar to apatite and Ca* bound to selected proteins. In late-stage 
plaque development, mineralization of connective tissue and cell debris 
have also been reported. In addition, elastinolysis and necrosis have 

The ACE inhibitor captopril produced no 

Further 
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resulted from intracellular Ca* accumulation causing cell death and 
release of lytic en~ymes.l3~, 137 
to mediate macrophage elastase activity, increase binding of lipoproteins 
to connective tissue proteins, and promote calcification of surrounding 
soft tissue. U8-141 
augmented Ca* entry and has had deleterious effects on arterial cell 
function. 142 1 143 
arteries by a high C environment were blocked by calcium antag0ni~ts.l~~ 
Thus, these studies support the regulation of Ca* entry into arterial 
cells as an approach toward beneficially affecting the atherosclerotic 
process. 

Anti-Atherosclerotic Effects of Chelating Agents and Calcium Entry 
Blockers - Subcutaneous injections of the chelating agent magnesium 
ethylenediamine-tetracetic acid (EDTA) to C-fed rabbits exerted an 
anti-atherosclerotic effect by significantly reducing arterial elastin 
and collagen. 144 
tested in both New Zealand white rabbits and in monkeys (Macaca 
fascicularis) fed atherogenic diets.l4l 
studies included ethane-1-hydroxy-1,l-diphosphonic acid (EHDP), 
azacycloheptane-2,2-diphosphonic acid (AHDP), 2-iminopyrrolidone-5,5- 
diphosphonic acid (IPDP), amino-1-hydroxy-propane-l,1 diphosphonic acid 
(APDP), lanthanum (LaC13), an inhibitor of calcium uptake via receptor 
channels and trimazosin, a CAMP phosphodiesterase inhibitor. Although 
not one of these compounds showed significant plasma lipid-regulating 
activity, all suppressed aortic accumulations of calcium, phosphorus, 
collagen and elastin, and reduced aortic accumulation of C and minimized 
foam cell formation and intimal thickening. More recent reports have 
confirmed the anti-atherosclerotic effect of EHDP in swine and extended 
the observations in rabbits to include a reduction in the amount of 
necrosis in early lesions. 145,146 

Extracellular Ca* has been shown 

Alteration in membrane lipid composition has also 

Constrictor effects in isolated canine coronary 

Recently, several other calcium chelating agents were 

The drugs used in these 

Since calcium entry blockers inhibit calcium influx without causing 
bone demineralization, nifedi ine (14) has been studied in rabbits with 
diet-induced ather08clerosis.~47 Although changes in plasma lipids did 
not occur, significant reductions in sudanophilic lesions, aortic C 
content and aortic calcium were found compared to untreated controls. 
Similar results for both nifedipine and nicardipine (both at 40 mg/kg 
bid) were recently r e ~ 0 r t e d . l ~ ~  Low dose nifedipine (2 mglday) was 
also effective in rabbits. 149 In Watanabe heritable hyperlipidemic 
(WHHL) rabbits, which lack the LDL receptor, nifedipine (40 mg/day over 
26 weeks) showed no obvious difference in plaques covering either the 
aortic arch or the thoracic aorta when compared to an untreated 
group.150 
Japanese white rabbits fed a 2% cholesterol diet for 12 weeks compared to 
WHHL rabbits fed chow for 20 weeks. Atherosclerosis was suppressed in 
the Japanese rabbits but not in WHHL rabbits.151 
have also failed to demonstrate an anti-atherosclerotic effect of 
nifedipine in C-fed r a b b i t ~ . l 5 ~ ~  153 
nifedipine over 12 months and fed an atherogenic diet 
effect on any aspect of atherosclerosis was observed.i54 

In another study, nifedipine (20 mg bid) was given to 

Other investigators 

In rhesus monkeys treated with 
no significant 

Verapamil ( 2 1 ,  a slow channel calcium antagonist, showed protective 
effects on atheroslerosis in C-fed rabbits,155 but not in WHHL 
rabbits. In a recent study using verapamil and a lipid-lowering 
diet in rabbits with aortic atherosclerosis, the combination halted 
further 
C-diet. lJ7 Diltiazem, propanolol, reserpine, guanethidine and 

rogression of the disease in those rabbits previously fed a 
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flunarieine are other compounds affecting arterial calcium deposition 
which have been reported to beneficially affect the atherosclerotic 
process. 158, 159 

(14) 

The mechanism of action of the chelating agents and calcium entry 
blockers at the cellular level is not well understood, but may be due to 
effects on smooth muscle cell migration, mitosis,141 inhibition of 
collagen synthesis and secretion, 160 and/or a specific effect on 
cellular lipoprotein receptor activity. 
reported with diphosphonates . 164 
increased lysosomal and cytoplasmic cholesteryl ester hydrolase 
activity165 and inhibition of ACAT activity via suppression of sterol 
carrier protein, both of which would reduce cellular C accumulation. 

Similar mechanisms have been 
Other proposed mechanisms include 

Future Approaches - The complexity of communication between cells of the 
arterial wall and the disrupting effects caused by blood-borne cells 
(macrophages, platelets, neutrophils, etc.) interacting with them make 
the discovery of effective anti-atherosclerotic drugs a difficult task. 
Since cholesteryl ester accumulation in the atherosclerotic lesion is the 
hallmark of the disease, plasma lipid regulators have been given the most 
attention. Although substantiation of the LDL-C and HDL-C hypothesis is 
a step forward, minimal information presently exists about cellular 
events and interactions which are pro- or anti-atherosclerotic. As a 
better understanding of cellular processes and intercellular communi- 
cations in the arterial wall is realized, more specialized therapy will 
become available. Some new approaches include anti- roliferative and 
anti-angiogenic effects of heparin-like molecules, 16q-170 selective and 
nonselective inhibition of thromboxane and/or stimulation of prostacyclin 
for ma ti or^,^^^-^^^ re ulation of specific cyclic nucleotides and 
phosphodiesterases, 195-178 and modulation of the release of cell 
secretory products affecting lipoprotein uptake. 179-182 
areas of investigation hold great promise, it is likely that no single 
form of therapy will prove efficacious for all patients at risk for 
premature CHD. 

Although these 
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Chapter 20. Therapeutic Approaches to  Rheumatoid Arthritis 
and Other Autoimmune Diseases 

Michael C. Venuti 
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Introduction - The management of autoimmune disease, particularly rheumatoid 
arthritis (RA) and other related chronic, systemic and articular inflammatory 
diseases, is based upon current understanding of the pathogenic mechanisms 
involved. 1 The immune-based chronic inflammation, triggered by persistent 
bacterial, viral or autoantigens, or by an aberration in cytokine regulation of 
T-cells,2 forms the underlying pathophysiology of RA and other autoimmune 
diseases, such as systemic lupus erythematosus (SLB), psoriasis and psoriatic 
artMtis, atopic dermatitis, ankylosing spondylitis (AS) and chronic inflammatory 
bowel disease. Current therapy for RA is divided into two main categories 
dependent on the severity of the disease. Symptomatic relief of the effects of 
acute inflammation is readily accomplished using non-steroidal anti-inflammatory 
drugs (NSAIDs), now well-established as the primary line of treatment.3 In order 
to  slow or halt tissue destruction, and more specifically joint damage, agents now 
classified as disease-modifying antirheumatic drugs (DMARDs),~,~ such as gold, 
D-penicillamine (DPA) and the antimalarials, while not necessarily providing a 
cure, do retard the progress of the underlying disease in a less than predictable 
manned-8 by mechanisms as yet  only poorly understood.9~10 Since excellent 
reviews of the established NSAIDs3911 and DMARDs12s13 have recently appeared, 
this report will focus on potential DMARD candidates operating by a variety of 
mechanisms, with brief updates on agents cited here previously.l4,15 Where 
appropriate, application of these and similar drugs to  the treatment of other 
autoimmune disorders will be summarized. 

Recent DMARD Candidates - The difficulties inherent in discovering new 
DMARDs for RA and other autoimmune diseases are two-fold. First, there exists 
no single biological model of RA which can consistently predict DMARD-type 
activity. Secondly, an extended clinical trial of a potential DMARD double-blind 
against placebo is considered unethical since a statistical number of RA patients, 
whose disease is severe enough to  be otherwise treated, will go untreated for 
upwards of a year or more. Hence, most potential DMARDs are screened and 
clinically evaluated against the standard agents cited above. Alternatively, 
clinical agents of approved therapeutic utility in other autoimmune diseases are 
examined in the treatment of RA. A number of such crossover DMARD 
candidates are currently being evaluated. Sulfasalazine, useful in the treatment 
of ulcerative colitis,16,17 has been evaluated against other DMARDs in a number 
of RA studies, which indicate that long-term sulfasalaaine treatment of RA is a 
viable option, especially in patients resistant to  gold or DPA.18-20 A controlled 
double-blind study of etretinate, an oral retinoid used in the treatment of 
psoriasis, provided modest confirmation of previously uncontrolled studies in 
psoriatic artMtis.21 13-&- Retinoic acid and N-4-hydroxyphenylretinamide 
(fenretinide) both significantly reduced ra t  adjuvant arthritis (rat AA).22123 The 
latter also suppressed streptococcal cell wall-induced arthritis.24 Another 
DMARD candidate, thalidomide, previously used as a sedative, hypnotic and 
antiemetic until withdrawal because of its severe teratological side effects, 
showed therapeutic utility in a form of leprosy, discovered while a patient 
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received it as a sedative. Its anti-inflammatory properties in rat A A  have 
prompted investigation into its DMARD potential for other autoimmune 
states.25~26 In a small, open PA clinical study, oral administration of thalidomide 
led to marked clinical improvement, which, in some cases, lasted long after 
discontinution of dosing. Adverse reactions, mainly associated with sedative 
effects, disappeared a t  the completion of dosing.27 Although its extreme profile 
of side effects limits the potential use of thalidomide in BA, chemical 
modifications designed to retain the anti-inflammatory properties while 
eliminating adverse effects are ongoing.28 Finally, the biological and 
pharmacological profile of clobuzarit (Clozic.), a compound originally taken into 
clinical trials for atherosclerosis but later found to possess distinct DMARD 
properties in RA, has been summarized.29 A weak anti-inflammatory agent, 
clobuzarit inhibits the acute phase of rat  AA, and may be acting by 
antiproliferative pathways. Adverse side effects observed in clinical trials have 
forced the withdrawal of clobuzarit from further consideration.30 

Immunomodulatozy Drug Theran - Perturbation of the delicate balance in the 
cellular and humoral immunoregulatory network results in a net expression of 
aberrant hyperreactivity in most autoimmune diseases.31 Thus, although 
immunosuppression might seem warranted for diseases of chronic inflammation 
and immunologic hyperreactivity, immunomodulation (immunoregulation), the 
dampening of hyperactive responses or enhancing defective negative influences, 
particularly through manipulation of the soluble mediators interleukins 1 and 2 
(IL-1 and -2),32 is the required therapeutic strategy.33@ Two 
immunomodulators discussed here previously have gained limited approval for use 
in BA and other autoimmune diseases. Levamisole was shown to be superior to 
placebo35 and comparable to gold and DPA36 in two large RA trials, .ad of 
possible use in Chon's disease, herpetic keratitis37 and AS.38 Although patient 
withdrawals for toxicity reasons were frequent with levamisole, the side effects 
were found to be most rapidly reversible. Variations in the immunomodulatory 
effect of thymopentin CTP-5) and other thymic hormone derivatives approved for 
use in thymic deficiency, have been found to be dependent on the mode of 
administration,39 and there are conflicting reports on its clinical effectiveness in 
RA.40~41 Hypoxanthine derivatives hydroerythranol (NPT-15393, 1) and 
isoprinosine (INPX, 2) were found to enhance T-cell lymphocyte differeitiation 
and natural killer (NK) cell i~ctivity.42-~6 One of these studies,45 carried out in 
patients with prolonged generalized lymphadenopathy, and other similar studies 
have prompted the investigation of INPX as a treatment in the early stages of 
acquired immune deficiency syndrome (AIDS). While INPX has been suggested as 
a treatment for RA47 and for SLB,48 no controlled trials have been carried out. 
In a small trial, however, INPX was found to be highly efficacious in the 
treatment of aphtous stomatitis, a result attributed to increased IL-2 
production.49 Lobensarit (CCA, a), previously reported to inhibit rat AA, was 
examined in vitro a t  non-toxic levels, and was found to block IL-1 and Ig 
production without effect on IL-2, and to induce y-interferon (1-IP).50 The 
therapeutic effect obsenred is postulated to be mediated by short-lived, 
thymus-derived lymphocytes,51 rather than macrophages.52 In a double-blind 
study, CCA was significantly superior to placebo, although a number of side 
effects were noted.53 The isoxazole HWA-486 (s), currently in clinical trials, 
prevents the onset of rat AA, provided therapy is initiated within the first  12 days 
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of induction. After this point, it behaves as a classic NSAID, reducing 
inflammation only as long as administered.54 This response is correlated with 
improved lymphocyte response to both T- and B-cell mitogens and enhanced 
monocyte activity.55 Thiol-containing compounds based on the lead provided by 
DPA continue to be investigated. Tiobutarit (SA-96, 31, currently in advanced 
trials, differed from DPA in various immunopharmacological models, was more 
potent than DPA as an inhibitor of macropha e migration,56 and inhibited rat  AA 
alone or in conjunction with indomethacin.57 A summary of the immunological 
profile58 and the results of a preliminary clinical trial59 have appeared. In in 
vitn, and viyi studies sodium diethyldithiocarbamate (DTC, Immuthiol@) 
enhanced T-cell specific functions in mice, and, in certain instances, IL-2 
production in human T-lymphocytes,60 prompting limited studies in both AIDS61 
and chronically infected patients.62 ADA 202-718 activated lymphocytes both 
in vim and in vivo, potentiating IL-2 and IF release in response to allogenic 
stimulation.63964 While it did not decrease swelling in rat AA, both pain and 
locally induced edema were reduced.64 Ristianol(2) has been registered as an 

Hs&coNH-w ( H o 4 s - s 4  H o / s c n 2 c N  - 

antiinflammatory immunoregulator in Europe, but no further information is 
available.65 In a six-month open trial of the angiotensin-converting enzyme 
(ACE) inhibitor captopril in RA, the results compared favorably with similar DPA 
or gold studies.66 A control study using enalapril, a non-sulfhydryl ACE inhibitor, 
was completely negative, suggesting that the observed antirheumatoid activity of 
captopril is due to the thiol group and not to ACE inhibition.67 

COOH 
5 6 7 

Increased emphasis on immunomodulatory RA therapy has produced a 
number of new agents of widely varying structural types. PCE 20696 exhibits 
antiviral activity mediated by IF induction,68 and is orally active in three models 
of autoimmunity [rat AA, experimental allergic encephalomyelitis (EAE) and 
NZBNF1 micel.69 LF- 1695 Q), which potentiates suppressor T-cell 
mechanisms70 and induces both IL-1 and -2 synthesis,71,72 is being evaluated in 

8 C I W  10 

clinical t r i a l ~ . ~ s r ~ ~  TEI-3096 (u), shown to suppress rat AA without effects on 
acute inflammation by restoration of suppressor T-cell activity,75 is currently in 
advanced clinical trials as an antirheumatic agent. Roquinimex (LS-2616, a) 
augmented mouse NK cell activity but did not increase serum IF levels,76 and 
enhanced responses to  T-cell mitogens and the delayed-type hypersensitivity 
(DTH) reaction.77 Lymphocytes from treated rats also showed enhanced IL-2 
production, and restoration of immunosuppression characteristic of inhibition of 
IL-1 production. Ciamexon (BM 41.332, produces significant reduction of 
symptoms in rat  AA, but differed clearly from standard antirheumatic agents. Its 
effect was attributed to a selective stimulation of the maturation of T-cells, such 
that helper T-cells cannot be developed and the differentiation to suppressor 
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T-cells is increased.78 An increase in DTH response79 and in the survival rate of 
immunocompromised mice80 have also been observed. Diphosphonate SR-41319 
(19) is effective in the suppression of rat AA, likely by alteration of 
hydroxyadipate crystal disposition,81 and inhibits activities characteristic of IL- 1 
stimulation.82 The immunomodulatory activity of retinoids has been reviewed,Bd 
and is likely the mechanism of action of etretinate and other retinoids in the 
treatment of psoriatic arthritis mentioned above. 

Immunosuppressive agents such as methotrexate (MTX), cyclophosphamide 
(CP) and aaathioprine (AT) are limited in their use due to associated toxicities,84 
whereas non-cytotoxic agents offer another possibility in autoimmune therapy. 
Cyclosporin A (CS), an immunosuppressive agent approved for post-trans lant 

has been proposed for use in psoriatic arthritis,88 SLB and insulin-dependent 
diabetes.89 The prospect of further modifications to CS to narrow its 
immunosuppressive profile has been proposed.90 Other synthetic 
immunosuppressive agents have also been shown to  be potential RA treatments. 
Mitoxantmne (14) inhibited helper T-cell function while enhancing suppressor 
activity,91 and suppressed the BAR reaction in rats.92 In rat AA, it displayed 
potency and efficacy comparable to MTX and greater than CP.93 ABAD 
(CL-232,468, l& a derivative of mitoxsntrone, is considerably more potent, 
inhibiting in vitro induction of alloreactivity and impairing both the proliferative 
response of lymphocytes to antigen and the generation of cytolytic T-cells. 
&Q, the suppression persisted for as long as 30 days after a single i.p. dose, 
consistent with the induction of suppressor T-cells as the mechanism of acti0n.~4 
CL-246,738 (16) possesses a broad and & via immunomodulatory 
spectrum, including activation of NK cells and macrophages, and induction of 
IF.95~96 A structurally unrelated compound from the same group, CL-259,763 
(17)) stimulated macrophages and cytolytic T-cells.97 Sch-24,937 (18) suppressed 
the secondary response in rat AA, and was more potent than AT but less potent 
than CP in BAB. In contrast to many other immunosuppressive agents, it did not 
cause a reduction in circulating lymphocytes, indicating that its mode of action is 
not cytotoxic.98 

use,85 was highly efficacious as a potential DMABD in RA in two trlals,86,8 Q and 

14 R=(NH-/C),OH 
15 R=NH./"H, 18 

17 

NSAIDs as Immunomodulatorv DMABDs - Although NSAIDs are thought to 
operate by a common mechanism of action, observed interpatient differences in 
drug efficacy have raised questions about additional modes of anti-inflammatory 
action independent of prostaglandin (PG) synthetase inhibition.99 Since 
arachidonic acid metabolites are known to exert a range of immunoregulatory 
activities,100 the examination of the interrelationship of NSAIDs and other 
mediators of inflammation present in RA revealed a link between these agents 
and both humoral and cellular immune response. NSAID inhibition of the 
production of PGB2, the PG shown to tonically inhibit suppressor T-cell activity, 
allows suppressor T-cells to mature and control B-cell mediated rheumatoid 
factor production.1019102 In in vitro and yii studies, NSAIDs inhibited a 
number of markers of neutrophil activation, such as migration, superoxide 
generation and aggregation.103-105 The patterns of this inhibition vary from 
drug to drug, suggesting that NSAIDs may directly effect neutrophil activation by 
pathways independent of their shared inhibition of PG synthesis, such as their 
capacity to inhibit movements of calcium and enhance intracellular cyclic AMP 
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(CAMP) levels.106 

The combination of NSAID and DMARD profiles has been suggested as the 
ideal drug treatment for RA. A number of NSAIDs either established or under 
investigation have been found to display this profile. Of the acidic drugs, 
fenclofenac,l07 diclofenac sodium108 and the new agents piraaolac (MY-309, 
- 191109 and RS-2131 (a)110 display evidence of modest immunomodulatory 
activity. Wy-18,251 (211, originally identified as an antimetastatic agent with 
immunomodulatory activity,lll is similar to levamisole both in vitro and k 
m . 1 1 2  In acute anti-inflammatory studies, 22. demonstrated activity 
comparable to aspirin, but without antipyretic activity, and also inhibited rat AA. 
In & studies, it was a modest cyclooxygenase (CO) inhibitor lacking 
lipoxygenase (LO) inhibitory activity.113 Wy-41,770 (221, an anti-inflammatory 
agent devoid of GI side effects, was active in rat AA, but was a weak inhibitor of 
PG synthetase activity.114 In type 11 collagen-induced arthritis, 22 was more 
potent than indomethacin, methylprednisolone or DPA in reducing both hind paw 
edema and bone pathology.1159116 

19 22 

a)-- Fcoon CI \ /  
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Imidaaole- and thiaaole-containing compow, constitute another LASS of 
NSAIDs which possess immunomodulatory activity. Tiflamiaole (231,117 
structurally related to the platelet aggregation inhibitors flumiaolel and 
fenf lumiaole ,~~~ is a potent CO inhibitor which inhibits rat  AA,120 and displays 
immunomodulatory activity in models of lymphocyte blast transformation and 
SLB.1218122 Imidarothiazole a hybrid structure derived from flumizole and 
levamisole, is an inhibitor of both phases of rat AA, and is active in a number of 
immunoregulato assays.123 Lotifarole (P-1686, XI124 and fanetirole 
(CP-48810, 
of immunostimulants in other assays. Lotifaaole reduces DTH-induced pleurisy 

3 5 both weak CO inhibitors inactive in rat AA, display properties 

in guinea pigs and oxasolone-induced contact hypersensitivity in mice. Panetizole 
specifically suppressed de novo IgE synthesis in atopic subjects. Both compounds 
show a stimulstory effect on T-lymphocytes. Another member of this chemical 
class, tomoxiprole (MDL-035, 2 1 ,  is active in rat AA and a potent PG synthetase 
inhibitor, but as yet no indication of immunomodulatory activity has been 
reported. 126,127 

Antioxidants and Peroxvnenase Inhibitors - Arachidonic acid peroxidation 
products and reactive oxygen species, both responsible for inflammation and 
tissue damage, can be inhibited by a wide range of stnactural types. In addition to 
the nutritional antioxidants such as vitamins A and B, selenium and 
eicosapentaenoic acid, 12& 129 many anti-inflammatory agents such as 
phenylbutarone, phenidonelb0 and CCAIS1 also act as general antioxidants. 
Interference with polymorphonuclear leukocyte (Pa-dependent  oxygen 
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intermediate generation has been suggested as the mechanism of action of 
thalidomide in RA.132 Four phenols recently prepared as antioxidants also exhibit 
marked anti-inflammatory activity. lS0 MK-447 (281 enhanced PGB2 synthesis, 
but exhibited marked antihypertensive and diuretic effects in man.133,134 
ONO-3144 (39) acts a8 a eneral free radical scavenger and weak inhibitor of 
thromboxane synthetase.13t In clinical trials, 29 has been well tolerated, 
providing improvement in RA and lumbago with only minor GI side effects.136 

R-830 (901, currently in clinical trials for topical treatment of inflammatory 
dermatoses,130 is orally active in rat AA, reversed passive Arthus reaction, and 
oxasolone-induced DTH, and inhibits both CO and L0.137 Reports on KME-4 (911 
show a similar dual inhibitor profile of anti-inflammatory activity.138~139 The 
combination of the anti-inflammatory effect of CO inhibition with the potential 
immunomodulatory effects140 of LO inhibition has been proposed as a new 
treatment for RA.141~142 BW-540C (321 is active against carrageenan-induced 
edema in rats, and has been selected for evaluation in the treatment of 
psoriasis.143 CBS-1108 (831144 and CBS-1114 (941145 both exhibit a wide range 
of anti-inflammatory activities, especially in models in which CO inhibitors are 
not effective. The former exhibited a marked effect on leukocyte chemotaxis.146 

The products of &LO, particularly leukotriene B4 (LTBq), are potent 
chemotactic agents which elicit a variety of acute147 and itnmune-based138 
inflammatory responses. Both REV-5901 (Q51148*149 and RS-43179 (961150-152 
were potent and selective 5-LO inhibitors both vitro and in vivo in the topical 
arachidonic acid-induced mouse ear edema m ~ d e l w - ~ ~ ~  In clinical trials, 
was effective as a topical treatment for psoriasis.156 The lipophilic benaoquinone 
AA-861 (571, also a selective 5-LO inhibitor, exhibited effects on asthmatic and 
inflammatory reactions.157 Although the reported LO inhibition by sulfrsalarine 
has been disputed,l58,159 one primary metabolite, 5-aminosalicylic acid, inhibits 

5-LO16O and is thought to contribute to the first line effect in RA, while the 
other metabolite, sulphapyridine, is the active moiety responsible for second line 
effects.161 Both prodnrg162 and controlled delivery163,164 systems for 
5-aminosalicylic acid release in ulcerative colitis treatment have been described. 
Although benoxaprofen has been demonstrated to be a LO inhibitor of some effect 
in psoriasis,l65 a small trial in ulcerative colitis proved unencouraging.166 
Regulation of glutathione peroxidase, responsible for the decomposition of 
hydrogen peroxide into toxic oxygen species, was proposed as the mechanism of 
action for the novel organoselenium compound ebselen (PZ-51, Q8),167 but a more 
recent report indicates that 5-LO inhibition is the probable mechanism of 
action.168 Ancillary to the direct inhibition of &LO, the potential utility of 
antagonists of LTBa69 and platelet activating factorl70~171 in inflammation has 
been discussed. 
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Phomholipase and Phomhodiesterase Inhibitors - Glucocorticoids are known to 
exert their anti-inflammatory action by inhibition of the release of arachidonic 
acid from phospholipids by phospholipase A2 (PLA2).172 Detection of PLA2 in the 
sera and synovial fluids in RA173 reinforced the search for non-steroidal PLA2 
inhibitors for chronic inflammation, even though the list of known inhibitors is 
short174 and recent detailed inhibition studies have raised questions concerning 
PLA activity.175 Timegadine (991, shown previously to inhibit rat AA, may exert 
its 2-1 CO-LO inhibition by inhibition of PLA2.176 A small clinical trial has 
established its potential effectiveness in the remissive control of RA.177 
Glucocorticoids inhibit PLA2 by stimulation of a 15 ldlodalton cell membrane 
protein variously referred to as macrocortin, lipomodulin or (the now preferred) 
lipocortin (LC), the endogenous inhibitor of PLA2.178 Highly purified LC exhibits 
steroid-like effects and an acute anti-inflammatory activity in rat  carrageenan 
pleurisy edema.179~180 Monoclonal antibodies to LC reversed the biological 
effects of steroids in vim and to a certain extent in vivo.1818182 

Cyclic nucleotides (CAMP or cGMP) are known to affect a multitude of 
biochemical regulatory processes, including the immune system. 183 Inhibition of 
the phosphodiesterases (PDBs) present in inflammatory cells would consequently 
raise intracellular levels of CAMP or cGMP, which in turn influence many cellular 
processes responsible for inflammation, including chemotaxis, aggregation and 
release of lysosomal enzymes and inflammatory mediators. Recently, 
nitraquaaone (TVX-2706, has been found to be a selective non-competitive 
inhibitor of cAMP PDB from a variety of cell sources, includixy PMN,184 possibly 
accounting for its potent anti-inflammatory activity.1 5 The observed 
immunomodulatory activity of J. may be due to selective inhibition of lymphocyte 
cGMP PDE.186 In vivo administration of CS was also found to raise cAMP levels 
in rat  lymphocyte^.^ 

Inhibition of Comdement - The normally beneficial effects of the complement 
cascade, an immunostimulated process, lead to the adverse symptoms of chronic 
inflammation in autoimmune disease. Inhibition of the complement alternative 
pathway (CS transform6tion) or the terminal complement reaction (C5a 
activation) has been proposed as a possible treatment for RA, SLB, atopic 
dermatitis, psoriasis and other immune complex diseases.188,189 The 
sesquiterpene E-76COONa (41) interferes with C5a activation, and inhibits 
leukocyte migration and release of histamine in inflammatory models.190,191 
Nafamstat mesilate (PUT-175, 421, a synthetic protease inhibitor, inhibits the 
alternative complement pathwag92 and has both rophylactic and curative 
effects on the development of.lupus nephritis in mice.lg3 Rosmarinic acid (491, a 
natural product exhibiting weak effects on mediators of acute inflammation, 
inhibits many inflammatory responses associated with complement activation, and 
is under development as a topical treatment for various autoimmune-based skin 
disorders. 194 

Conclusion - Recent research has allowed a better definition of the basis of 
autoimmune disease, even though the precise details of the pathogenesis and 
etiology of most of these disorders remain unknown. Advances in immunology, in 
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particular the complexity of the requirements for self-recognition, have shown 
that this internal regulatory system is subject to a myriad of controlling 
mechanisms and multiple pathways by which these mechanisms may be rendered 
abnormal.1 Pharmacological manipulation of even one of these regulatory 
systems might provide the means to control and eventually reverse the abnormal 
anti-self immune responses characteristic of autoimmune disease. 
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I n t r o d u c t i o n  - T h e  w o r k i n g  c o n c e p t  o f  r e c e p t o r s  h a s  u n d e r g o n e  
a c o n t i n u o u s  e v o l u t i o n  s i n c e  t h e  t u r n  o f  t b i s  c e n t u r y .  
O b s e r v a t i o n s  t h a t  n e u r o t r a n s m i t t e r ,  d r u g  a n d  h o r m o n e  e f f e c t s  
v a r y  w i t h  c o n c e n t r a t i o n  a n d  c h e m i c a l  s t r u c t u r e ,  a r e  
s t e r e o s e l e c t i v e ,  a n d  may b e  p h a r m a c o l o g i c a l l y  a n t a g o n i z e d  o r  
r e v e r s e d ,  h a v e  a l l  p o i n t e d  t o w a r d  t h e  e x i s t e n c e  o f  d i s t i n c t  
c e l l u l a r  c o n s t i t u e n t s  t h a t  a r e  c a p a b l e  o f  r e c o g n i z i n g  s u b t l e  
d i f f e r e n c e s  i n  t h e  c h e m i c a l  c o m p o s i t i o n  o f  l i g a n d s .  S i n c e  
i t s  c o n c e p t u a l i z a t i o n ,  t h e  r e c e p t o r  h a s  f o r m e d  t h e  
c o r n e r s t o n e  o f  p h a r m a ~ o l o g y . ~ * ~  T h u s  f o r  o v e r  s e v e n t y  y e a r s  
m e d i c i n a l  c h e m i s t s  h a v e  b e e n  c o n c e r n e d  w i t h  d e t e r m i n i n g  t h e  
o p t i m a l  s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p s  (SARI  o f  c o m p o u n d s  
a s  t h e y  r e l a t e  t o  s o m e t h i n g  w h i c h  h a s  b e e n  more o f  a c o n c e p t  
t h a n  a t a n g i b l e  e n t i t y .  A s  a d v a n c e s  i n  m o l e c u l a r  b i o l o g y  
h a v e  a l l o w e d  t h e  i s o l a t i o n ,  c l o n i n g  a n d  s e q u e n c i n g 3 , 4  o f  
r e c e p t o r s ,  w h i c h  i n  t h e  c a s e  o f  t h e  n i c o t i n i c  c h o l i n e r g i c  
r e c e p t o r 5  i n c l u d e s  a c o m p l e t e  k n o w l e d g e  o f  i t s  p r i m a r y  
s t r u c t u r e ,  t h e  a s s u m p t i o n  h a s  b e e n  m a d e  t h a t  r e c e p t o r s  a r e  
now r e a d i l y  a m e n a b l e  t o  m o l e c u l a r  c h a r a c t e r i z a t i o n .  H o w e v e r ,  
r e c e p t o r f i  a r e  s t i l l  t y p i c a l l y  c h a r a c t e r i z e d  i n  t e r m s  o f  
f u n c t i o n  r a t h e r  t h a n  t h e i r  s t r u c t u r a l  p r o p e r t i e s .  

F r o w  a b i o c h e m i c a l  s t a n d p o i n t ,  r e c e p t o r s  a r e  t y p i c a l l y  
t r e a t e d  a s  e n z y m e s ,  b o t h  i n  t e r m s  o f  f u n c t i o n  a n d  k i n e t i c s . 6 9 7  
H o w e v e r ,  u n l i k e  e n z y m e s ,  t h e  r e c e p t o r  s u b s t r a t e ,  t h e  a g o n i s t ,  
i s  n o r m a l l y  n o t  a l t e r e d  a s  p a r t  o f  t h e  r e a c t i o n  s e q u e n c e .  
T h u s  t h e  c o n s e q u e n c e  o f  a r e c e p t o r - l i g a n d  ( R L )  i n t e r a c t i o n  i s  
n o t  a b y - p r o d u c t  o f  t h e  l i g a n d  b u t  r a t h e r  a c h a n g e  i n  t h e  
i n t r a c e l l u l a r  m i l i e u  ( c y c l i c  n u c l e o t i d e  f o r m a t i o n ,  a l t e r a t i o n  
i n  i o n  f l u x  o r  p h o s p h o l i p i d  t u r n o v e r ) .  F u r t h e r m o r e ,  t h e  
e v e n t s  r e l a t e d  t o  r e c e p t o r  a c t i v a t i o n  a r e  s u f f i c i e n t l y  
c o m p l e x  t h a t  i t s  r e m o v a l  f r o m  t h e  m e m b r a n e  m i c r o e n v i r o n m e n t  
c a n  r e s u l t  i n  t h e  l o s s  o f  c o m p o n e n t s  t h a t  a r e  e s s e n t i a l  f o r  
f u n c t i o n .  W h e r e a s  l o w  m o l e c u l a r  w e i g h t  c o f a c t o r s  ( i . e .  N A D ,  
Mg++ n e c e s s a r y  f o r  e n z y m e  a c t i v i t y  c a n  b e  a d d e d  t o  a n  
i s o l a t e d  p r e p a r a t i o n ,  t h i s  may n o t  b e  ~ o s s i b l e  f o r  r e c e p t o r s  
i n a s m u c h  a s  t h e i r  f u n c t i o n  may r e q u i r e  a n  a s s o c i a t i o n  w i t h  
m e m b r a n e  c o n s t i t u e n t s  t h a t  a r e  m o l e c u l a r l y  d i s t i n c t  from t h e  
r e c o g n i t  i o n  s i t e .  
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T h e  te rm ' r e c e p t o r '  may r e f e r  t o  s e v e r a l  d i s t i n c t  
m o l e c u l a r  e n t i t i e s .  W h i l e  r e c e p t o r s  were o r i g i n a l l y  
c o n c e i v e d  a s  t h e  r e c o g n i t i o n  s i t e s  f o r  d r u g s  a n d  h o r m o n e s ,  
t h i s  n o m e n c l a t u r e  now o f t e n  i n c l u d e s  t h o s e  a s s o c i a t e d  
c o m p o n e n t s  n e c e s s a r y  f o r  f u n c t i o n  ( e f f e c t o r  m e c h a n i s m ) .  I n  
t h e  p r e s e n t  r e v i e w ,  ' r e c e p t o r '  r e f e r s  o n l y  t o  t h e  membrane 
r e c o g n i t i o n  s i t e .  I t  i s  i m p o r t a n t  t o  n o t e  t h a t  r e c e p t o r s ,  by  
d e f i n i t i o n ,  a r e  f u n c t i o n a l  e n t i t i e s ,  w h e r e a s  d r u g  r e c o g n i t i o n  
o r  b i n d i n g  s i t e s  a r e  n o t  a l w a y s  a s s o c i a t e d  w i t h  a f u n c t i o n a l  
c o m p o n e n t  o f  t h e  c e l l .  The  c h e m i s t  c o n c e r n e d  w i t h  d r u g  
s y n t h e s i s  i s  p r i m a r i l y  i n t e r e s t e d  i n  w h e t h e r  o r  n o t  a 
p a r t i c u l a r  a g e n t  h a s  a c t i v i t y  a t  a g i v e n  r e c e p t o r ,  w h e t h e r  
s u c h  a c t i v i t y  i s  s u f f i c i e n t l y  s e l e c t i v e  t o  b e  o f  t h e r a p e u t i c  
v a l u e  w i t h  l i m i t e d  s i d e  e f f e c t s ,  and  w h e t h e r  t h e  s u b s t a n c e  
w i l l  b e  a c t i v e  i n  t h e  i n t a c t  a n i m a l .  S e l e c t i v i t y  ( a  
r e c o g n i t i o n  s i t e  phenomenon)  a n d  a c t i v i t y  ( a  r e c o g n i t i o n  
s i t e l e f f e c t o r  f u n c t i o n )  a r e  w e l l  d e f i n e d  p h a r m a c o l o g i c a l  
phenomena ,  w h e r e a s  a c t i v i t y  f o l l o w i n g  s y s t e m i c  a d m i n i s t r a t i o n  
i s  d e p e n d e n t  upon  p h a r m a c o k i n e t i c s  a n d  b i o a v a i l a b i l i t y  w h i c h  
h a v e  y e t  t o  r e v e a l  s t r i n g e n t  s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p s .  

The  p r e s e n t  r e v i e w  i s  d e s i g n e d  t o  h i g h l i g h t  d e v e l o p m e n t s  
i n  r e c e p t o r  c l a s s i f i c a t i o n  a n d  c h a r a c t e r i z a t i o n  a s  t h e y  
r e l a t e  t o  d r u g  a c t i o n  a n d  t h e  d e s i g n  o f  new c h e m i c a l  
e n t i t i e s .  W h i l e  e m p h a s i s  i s  p l a c e d  on  n e u r o t r a n s m i t t e r  
r e c e p t o r s ,  t h e  b a s i c  p r i n c i p l e s  a p p l y  t o  any  t y p e  o f  RL 
i n t e r a c t i o n ,  O t h e r  c o n c e p t s ,  s u c h  a s  r e c e p t o r  m o d u l a t o r s ,  
e n d o g e n o u s  l i g a n d s ,  a n d  d r u g  r e c e p t o r s ,  a r e  a l s o  d i s c u s s e d .  

R e c e D t o r  T h e o r y  - Many o f  t h e  t h e o r e t i c a l  a p p r o a c h e s  u s e d  f o r  
d e s c r i b i n g  RL i n t e r a c t i o n s ,  w h i l e  i n t e l l e c t u a l l y  a p p e a l i n g ,  
a p p e a r  a t  t i m e s  t o  b e  o n l y  r e m o t e l y  r e l a t e d  t o  t h e  
c h a r a c t e r i z a t i o n  o f  d r u g s  a s  t h e r a p e u t i c  a g e n t s .  T h e  
s i m p l e s t  m o d e l ,  t h e  o c c u p a n c y  t h e o r y  o f  C l a r k ,  i s  t h e  b e s t  
a p p r e c i a t e d ,  and  i t s  p r a c t i c a l  r a m i f i c a t i o n ,  t h e  s a t u r a t i o n  
i s o t h e r m ,  t h e  m o s t  w i d e l y  u s e d  m e t h o d  f o r  c h a r a c t e r i z i n g  
r e c e p t o r s .  8 

t h e  

1 .  

2 .  

3 .  

4. 

5 .  

6 .  

O c c u p a n c y  t h e o r y ,  l i k e  m o s t  r e c e p t o r  m o d e l s ,  i s  b a s e d  o n  
f o l l o w i n g  a s s u m p t i o n s :  

t h e  r e c e p t o r - l i g a n d  i n t e r a c t i o n  i s  r e v e r s i b l e  , 
a s s o c i a t i o n  i s  a b i m o l e c u l a r ,  a n d  d i s s o c i a t i o n  a 
m o n o m o l e c u l a r  p r o c e s s ,  

a l l  r e c e p t o r s  o f  a g i v e n  c l a s s  a r e  e q u i v a l e n t  and  
i n d e p e n d e n t  o f  o n e  a n o t h e r ,  

r e c e p t o r  o c c u p a n c y  d o e s  n o t  a l t e r  ' f r e e '  r e c e p t o r  
a f f i n i t y  o r  t h e  f r e e  l i g a n d  c o n c e n t r a t i o n ,  and 

t h e  b i o l o g i c a l  r e s p o n s e  e l i c i t e d  by  r e c e p t o r  a c t i v a t i o n  
i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  number  o f  o c c u p $ e d  
r e c e p t o r s ,  

t h e  b i o l o g i c a l  r e s p o n s e  i s  d e p e n d e n t  on  t h e  a t t a i n m e n t  
o f  a n  e q u i l i b r i u m  b e t w e e n  t h e  r e c e p t o r  and  i t s  l i g a n d .  
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7 .  The r e c e p t o r ,  i n  i t s  r o l e  a s  a t r a n s d u c i n g  e l e m e n t ,  d o e s  
n o t  m o d i f y  t h e  l i g a n d  b u t  i s  i t s e l f  s h i f t e d  f r o m  a n  
i n a c t i v e  t o  a n  a c t i v e  s t a t e .  

T h e  s a t u r a t i o n  i s o t h e r m  i s  e q u i v a l e n t  t o  t h e  L a n g m u i r  
a b s o r p t i o n  i s o t h e r m  a n d ,  a t  e q u i l i b r i u m ,  t h e  k i n e t i c s  o f  t h e  
RL i n t e r a c t i o n  may b e  d e s c r i b e d  i n  t e r m s  o f  t h e  H e n d e r s s o n -  
H a s s e l b a c h  e q u a t i o n .  I n  p r a c t i c a l  t e r m s  t h e s e  r e d u c e  t o  t h e  
M i c h a e l i s - M e n t e n  e q u a t i o n  t h a t  may b e  % l o t t e d  i n  a v a r i e t y  
o f  ways  a s  d e s c r i b e d  b y  S c a t c h a r d ,  Ead ie-Hof s t e e  , 
R o s e n t h a l ,  a n d  Woolf 12 t o  d e r i v e  a n  a f f i n i t y  c o n s t a n t  (Kd)  
a n d  a b i n d i n g  s i t e  d e n s i t y  (Bmax).13 When r e c e p t o r s  a r e  
c h a r a c t e r i z e d  by  l i g a n d  b i n d i n g  a s s a y s ,  t h e  s a t u r a t i o n  
i s o t h e r m  i s  g e n e r a t e d  b y  i n c u b a t i n g  a f i x e d  c o n c e n t r a t i o n  o f  
t i s s u e  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  t h e  r a d i o l i g a n d  i n  
t h e  p r e s e n c e  a n d  a b s e n c e  o f  a s a t u r a t i n g  c o n c e n t r a t i o n  o f  
u n l a b e l e d  l i g a n d .  The amoun t  o f  r a d i o l i g a n d  bound  t o  t h e  
t i s s u e  i n  t h e  p r e s e n c e  o f  t h e  u n l a b e l e d  s p e c i e s  ( t h e  
u n s a t u r a b l e  c o m p o n e n t )  i s  s u b t r a c t e d  f r o m  t h a t  bound  i n  i t s  
a b s e n c e  ( t o t a l  b i n d i n g )  t o  c a l c u l a t e  t h e  amoun t  o f  
r a d i o l i g a n d  a t t a c h i n g  t o  t h e  r e c e p t o r  s i t e  ( d i s p l a c e a b l e  o r  
s p e c i f i c  b i n d i n g ) .  Under  e q u i l i b r i u m  c o n d i t i o n s ,  t h e  amoun t  
o f  s p e c i f i c  b i n d i n g  i n c r e a s e s  a s  a f u n c t i o n  o f  t h e  
r a d i o l i g a n d  c o n c e n t r a t i o n  o v e r  a l i m i t e d  r a n g e ,  b e y o n d  w h i c h  
s p e c i f i c  b i n d i n g  r e m a i n s  c o n s t a n t  ( s a t u r a t i o n ) .  The  s l o p e  o f  
t h e  s a t u r a t i o n  c u r v e  r e f l e c t s  t h e  a f f i n i t y  o f  t h e  r e c e p t o r  
f o r  t h e  r a d i o l i g a n d ,  w h e r e a s  t h e  p o i n t  o f  i n f l e c t i o n  
i n d i c a t e s  t h e  d e n s i t y  o f  b i n d i n g  s i t e s .  Assuming  a u n i f o r m  
p o p u l a t i o n  o f  r e c e p t o r s ,  t h e  c o n c e n t r a t i o n  o f  r a d i o l i g a n d  
y i e l d i n g  a h a l f - m a x i m a l  s a t u r a t i o n  i s  e q u i v a l e n t  t o  t h e  Kd. 
I n  t r a n s f o r m i n g  s a t u r a t i o n  i s o t h e r m s  t o  t h e  S c a t c h a r d  p l o t ,  
t h e  amoun t  o f  l i g a n d  bound  ( B )  i s  p l o t t e d  o n  t h e  a b c i s s a  
a g a i n s t  b o u n d f f r e e  (B/F) on  t h e  o r d i n a t e .  The  y i n t e r c e p t  i s  
Bmaxfkd and  t h e  x i n t e r c e p t ,  Bmax. 

An a l t e r n a t i v e  t h e o r y  is t h a t  p r o p o s e d  by  P a t o n  w h e r e  
a c t i v a t i o n  i s  p r o p o r t i o n a l ,  n o t  t o  t h e  number  o f  o c c u p i e d  
s i t e s  b u t  r a t h e r  t o  t h e  f r e q u e n c y  o f  o c c u p a t i o n s  p e r  u n i t  
t i m e .  14 W h i l e  t h i s  a l l o w s  f o r  a k i n e t i c  d i s c r e p a n c y  b e t w e e n  
b i n d i n g  a n d  e f f e c t  u n d e r  some s i t u a t i o n s ,  a t  e q u i l i b r i u m  t h e  
o c c u p a n c y  a n d  r a t e  t h e o r i e s  a r e  m a t h e m a t i c a l l y  e q u i v a l e n t .  

More s o p h i s t i c a t e d  m o d e l s  o f  RL i n t e r a c t i o n s  a r e  
c o n t i n u a l l y  b e i n g  p r o p o s e d ,  u s u a l l y  i n  a n  a t t e m p t  t o  e x p l a i n  
e x p e r i m e n t a l  d a t a  t h a t  d e v i a t e  f r o m  mass a c t i o n  k i n e t i c s .  
Two m o d e l s  t h a t  h a v e  s t o o d  t h e  t e s t  o f  t i m e  a r e  t h e  
c o n c e r t e d  modelf iand t h e  s e a u e n t i a l  o r  i n d u c e d  f i t  model.16 T h e  
s t r e n g t h s  o f  t h e s e  m o d e l s  a r e  t h a t  t h e y  e x p l a i n  c o o p e r a t i v e  
i n t e r a c t i o n s  among c o m p o n e n t  s u b u n i t s ,  o r  p r o t o m e r s ,  o f  a n  
o l i g o m e r i c  r e c e p t o r  c o m p l e x  ( T a b l e  1). 

W h i l e  t h e s e  m o d e l s  h a v e  b e e n  u s e d  e x t e n s i v e l y  i n  
e n z y m o l o g y ,  t h e y  h a v e  l i m i t e d  u t i l i t y  f o r  e x p l a i n i n g  r e c e p t o r  
s i t e s .  B e c a u s e  a l l  c u r r e n t  m e t h o d s  u s e d  f o r  d e s c r i b i n g  R L  
a s s o c i a t i o n s ,  e i t h e r  i n  v i t r o  o r  i n  v i v o ,  a s s u m e  n o  
i n t e r a c t i o n  b e t w e e n  r e c e p t o r s ,  i t  i s  d o u b t f u l  w h e t h e r  e v e n t s  
r e l a t e d  t o  a r e c e p t o r  c o m p l e x  a c t i v a t i o n  c a n  b e  a c c u r a t e l y  
c h a r a c t e r i z e d .  E x c e p t i o n s  t o  t h i s  a r e  t h e  m o d e l s  u s e d  
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t o  d e s c r i b e  a g o n i s t  i n t e r a c t i o n s  w i t h  t h e  n i c o t i n i c  
c h o  1 i n e r g  i c  r e c e p t o r  .18 W h i l e  many i n v e s t i g a t o r s  a r e  
a t t e m p t i n g  t o  d e f i n e  r e c e p t o r s  on t h e  b a s i s  o f  a t e r n a r y  
c o m p l e x  t h a t  wou ld  p e r m i t  a n a l y s i s  by t h e  c o o p e r a t i v e  m o d e l s ,  
i t  i s  d e b a t a b l e  w h e t h e r  c u r r e n t  l a b o r a t o r y  t e c h n i q u e s  a r e  
c a p a b l e  o f  d i s t i n g u i s h i n g  b e t w e e n  a r t i f a c t s  and  b i o l o g i c a l l y  
m e a n i n g f u l  d a t a  i n  t h i s  r e g a r d .  

T a b l e  1 :  C o o p e r a t i v e  Mode l s  o f  R e c e p t o r  A c t i o n  

C o n c e r t e d  Model  
(Monod e t  a l )  

S e q u e n t i a l  Model 
( K o s h l a n d  e t  a l l  

T h e  r e c e p t o r  i s  a m u l t i c o m p o -  The  r e c e p t o r  i s  a m u l t i c o m p o -  
n e n t  o l i g o l u e r  c o m p r i s e d  o f  a n e n t  o l i g o m e r .  P r o t o m e r s ,  e a c h  
f i n i t e  number o f  i d e n t i c a l  w i t h  a s i n g l e  l i g a n d  b i n d i n g  
p r o t o m e r i c  s u b u n i t s  s y m m e t r i -  s i t e ,  a r e  a r r a n g e d  s y m m e t r i -  
c a l l y  a r r a n g e d ,  e a c h  w i t h  a c a l l y .  
s i n g l e  b i n d i n g  s i t e  f o r  t h e  
l i g a n d .  

The  r e c e p t o r  e x i s t s  i n  two P r o t o m e r s  c a n  e x i s t  i n  two 
c o n f o r m a t i o n a l  s t a t e s ,  o n e  o f  c o n f o r m a t i o n a l  s t a t e s ,  t r a n -  
w h i c h  h a s  p r e f e r e n t i a l  a f f i -  s i t i o n  b e t w e e n  w h i c h  i s  i n -  
n i t y  f o r  t h e  l i g a n d ,  d u c e d  b y  b i n d i n g  o f  t h e  li- 

g a n d  . 
T r a n s i t i o n  b e t w e e n  c o n f o r m a -  R e c e p t o r  symmet ry  i s  l o s t  
t i o n a l  s t a t e s  i n v o l v e s  a s i -  when t h e  l i g a n d  b i n d s .  
m u l t a n e o u s  s h i f t  i n  s t a t e  o f  H y b r i d  s t a t e s  o f  t h e  o l i g o m e r  
a l l  p r o t o m e r s .  No h y b r i d s  a r e  s t a b i . l i z e d  by  p r o t o m e r s .  
e x i s t .  I m p l i e s  c o o p e r a t i v i t y .  H y b r i d  s t a b i l i z a t i o n  i s  e q u i -  

v a l e n t  t o  n e g a t i v e  c o o p e r a t i -  
v i t y .  

The  o c c u p a n c y  . t h e o r y 8  h a s  u n d e r g o n e  m o d i f i c a t i o n  i n  
t h e  f i f t y  y e a r s  s i n c e  i t s  p r o p o s a l ,  r e s u l t i n g  i n  t h e  
i n t r i n s i c  a c t i v i t e  c o n c e p t  o f  A r i e n s  ( t h e  C l a r k - A r i e n s  
f o r m u l a t i o n )  a n d  t h e  r e c e p t o r  r e s e r v e  o r  s p a r e  r e c e p t o r  
t h e o r y  o f  S t e p h e n s o n . 2 0  The C l a r k - A r i e n s  f o r m u l a t i o n  
p r o p o s e s  t h a t  t h e  b i o l o g i c a l  e f f e c t i v e n e s s  o f  a n  a g o n i s t  i s  
d e t e r m i n e d ,  n o t  o n l y  by  i t s  a f f i n i t y  f o r  a r e c e p t o r ,  b u t  a l s o  
by  i t e  a b i l i t y  t o  i n i t i a t e  a b i o l o g i c a l  r e s p o n s e .  T h u s ,  f o r  
a g i v e n  s e r i e s  o f  a g o n i s t s ,  t h e  max ima l  r e s p o n s e  i s  
p r o p o r t i o n a l  t o  b o t h  t h e  a g o n i s t  a f f i n i t y  a n d  i n t r i n s i c  
e f f i c a c y .  T h i s  c o n c e p t ,  w h i l e  i n i t i a l l y  s u p p o r t e d  by d a t a  
i n d i c a t i n g  t h a t  t h e  m a x i m a l  r e s p o n s e  t o  a s e r i e s  o f  compounds  
c a n  v a r y ,  i s  a l s o  i l l u s t r a t e d  when c o m p a r i n g  b i n d i n g  
a f f i n i t i e s  w i t h  b i o l o g i c a l  r e s p o n s e s .  A p e r t i n e n t  e x a m p l e  i s  
t h e  s e r o t o n i n - 1  a g o n i s t  MK 212,21922 w h e r e  t h e  d i s c r e p a n c y  
b e t w e e n  b i n d i n g  a c t i v i t y  ( w e a k )  and  b i o l o g i c a l  r e s p o n s e  
( s t r o n g )  h a s  b e e n  c o g e n t l y  r e l a t e d  t o  e f f i c a c y . 2 3  
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T h e  r e c e p t o r  r e s e r v e  c o n c e p t  was p r o p o s e d  when i t  was 
n o t e d  t h a t  some a g o n i s t s  p r o d u c e  a m a x i m a l  e f f e c t  i n  t i s s u e s  
e v e n  a f t e r  a p o r t i o n  o f  t h e i r  r e c e p t o r s  had  b e e n  i r r e v e r s i b l y  
b l o c k e d . 2 0 , 2 4  T h i s  p r o p o s a l  d i f f e r s  f r o m  t h e  c l a s s i c a l  
n o t i o n  o f  r e s p o n s e  b e i n g  p r o p o r t i o n a l  t o  o c c u p a n c y  ( C l a r k -  
A r i e n s )  by s u g g e s t i n g  t h a t  r e c e p t o r  s a t u r a t i o n  i s  n o t  a l w a y s  
n e c e s s a r y  f o r  m a x i m a l  a c t i v i t y ,  and  t h a t  t h e  m a g n i t u d e  o f  t h e  
e f f e c t  i s  r e l a t e d  t o  a n  unknown f u n c t i o n  t h a t  l a c k s  
p r o p o r t i o n a l i t y  t o  r e c e p t o r  o c c u p a n c y ,  a l t h o u g h  some 
r e l a t i o n s h i p  b e t w e e n  r e s p o n s e  and  o c c u p a n c y  d o e s  e x i s t .  I n  
a d d i t i o n  t o  i n t r o d u c i n g  t h e  i d e a  o f  s p a r e  r e c e p t o r s ,  t h e  
r e s e r v e  r e c e p t o r  c o n c e p t  a c c o m o d a t e d  t h e  n o t i o n  o f  f u l l  a n d  
p a r t i a l  a g o n i s t s .  T h u s ,  a f u l l  a g o n i s t  w i t h  h i g h  i n t r i n s i c  
a c t i v i t y  may n e e d  o c c u p y  o n l y  a f r a c t i o n  o f  t h e  a v a i l a b l e  
r e c e p t o r s  t o  p r o d u c e  a m a x i m a l  r e s p o n s e ,  w h i l e  a p a r t i a l  
a g o n i s t  ( l o w  i n t r i n s i c  a c t i v i t y )  may b e  i n c a p a b l e  o f  
e l i c i t i n g  a m a x i m a l  r e s p o n s e  e v e n  w i t h  f u l l  r e c e p t o r  
o c c u p a n c y .  A g o n i s t s  t h a t  r e q u i r e  f u l l  o c c u p a n c y  t o  e l i c i t  a 
maximal.  r e s p o n s e  a r e  n o t  i n c l u d e d  i n  S t e p h e n s o n ' s  t h e o r y . 2 4  
The  r e c e p t o r  r e s e r v e  c o n c e p t  i s  a l s o  c o m p l i c a t e d  by  t h e  
e x i s t e n c e  o f  ' a c c e s s o r  r e c e p t o r s '  t h a t  may b e  u n c o u p l e d  f r o m  
t h e  e f f e c t o r  s y s t e m .  2f F u n c t i o n a l l y .  t h e  r e s e r v e  r e c e p t o r  
c o n c e p t  may b e  e x p l i c a b l e  i n  t e r m s  o f  a c o u p l i n g  b e t w e e n  t h e  
r e c e p t o r  a n d  i t s  a s s o c i a t e d  s e c o n d  m e s s e n g e r  s y s t e m ,  w i t h  
some l i g a n d  b i n d i n g  s i t e s  b e i n g  f u l l y  c o u p l e d  w h i l e  o t h e r s  
a r e  u n a f f i l i a t e d  a t  c e r t a i n  t i m e s .  Membrane f l u i d i t y  may 
a l s o  a l l o w  f o r  t h e  e x i s t e n c e  o f  ' m o b i l e '  r e c e p t o r s ,  w h i c h  
when a c t i v a t e d  c a n  p r o d u c e  a r e s p o n s e  t h a t  i s  n o t  
p r o p o r t i o n a l  t o  t h e i r  o c c u p a n c y . 2 6  

R e c e p t o r  a n t a g o n i s t s  a r e ,  by d e f i n i t i o n ,  s u b s t a n c e s  t h a t  
p r e v e n t  t h e  e x p r e s s i o n  o f  t h e  b i o l o g i c a l  r e s p o n s e  t o  a g o n i s t s  
b u t  a r e ,  b y  t h e m s e l v e s ,  i n a c t i v e .  A n t a g o n i s t s  a r e  c l a s s i f i e d  
a s  c o m p e t i t i v e  and  n o n - c o m p e t i t i v e .  T h e  f o r m e r  i n t e r a c t  
d i r e c t l y  a t  t h e  a g o n i s t  r e c o g n i t i o n  s i t e ,  w h i l e  t h e  l a t t e r  
r e d u c e  a g o n i s t  a c t i v i t y  by a t t a c h i n g  t o  a s e p a r a t e  s i t e  t h a t  
a l l o s t e r i c a l l y  m o d i f i e s  t h e  r e c e p t o r  r e s p o n s e ,  An e x a m p l e  o f  
a n o n - c o m p e t i t i v e  a n t a g o n i s t  i s  a d e n o s i n e  w h i c h ,  by  
a c t i v a t i n g  t h e  c a r d i a c  A-1  r e c e p t o r  a n d  r e d u c i n g  t h e  
a v a i l a b l e  p o o l  o f  c y c l i c  AMP, b l o c k s  t h e  e f f e c t s  o f  B - 
a d r e n o c e p t o r  a c t i v a t i o n .  27 I n  g e n e r a l ,  c o m p e t i t i v e  
a n t a g o n i s t s  r e d u c e  t h e  m a x i m a l  r e s p o n s e .  I n t e r m e d i a t e - t y p e  
a n t a g o n i s t s  e x i s t  w h i c h  m o d i f y  b o t h  a f f i n i t y  a n d  e f f i c a c y ,  a 8  
d o  f u n c t i o n a l  a n t a g o n i s t s  w h i c h  a t t e n u a t e  t h e i r  own 
b i o l o g i c a l  e f f e c t s  v i a  d i s t i n c t  m e c h a n i s m s . 2 8  R a d i o l i g a n d  
b i n d i n g  e x p e r i m e n t s  h a v e  r e c e n t l y  r e v e a l e d  t h e  e x i s t e n c e  o f  
compounds t e r m e d  i n v e r s e  a g o n i s t s .  T h e s e  i n d u c e  a r e c e p t o r  
r e s p o n s e  t h a t  i s  o p p o s i t e  t o  t h a t  o f  a c l a s s i c a l  a g o n i s t .  
T h u s ,  i n v e r s e  a g o n i s t s  may b e  t h o u g h t  o f  a s  a n t a g o n i s t s  w i t h  
r e v e r s e d  e f f i c a c y ,  w h i l e  s i m p l e  a n t a g o n i s t s  a r e  a g e n t s  w i t h  
a f f i n i t y  b u t  n o  e f f i c a c y .  E x a m p l e s  o f  i n v e r s e  a g o n i s t s  h a v e  
b e e n  d e s c r i b e d  f o r  t h e  b e n z o d i a z e p i n e  r e c e p t o r 2 9 ~ 3 0  a n d  
i n c l u d e  CGS 8216.31 O t h e r  s t u d i e s  w i t h  t h i s  r e c e p t o r  c o m p l e x  
h a v e  i d e n t i f i e d  compounds s u c h  a s  e t a z o l a t e  32 t h a t  e n h a n c e  
l i g a n d  b i n d i n g .  A n a l y s i s  o f  s u c h  compounds  h a s  l e d  t o  t h e  
r e a l i z a t i o n  t h a t  t h e s e  a c t i o n s  may b e  r e l a t e d  t o  c o m p e t i t i v e  
e f f e c t s  on e n d o g e n o u s  l i g a n d  b i n d i n g . 3 3  I n  t h e  c o n t e x t  o f  
t h e  i n v e r s e  a g o n i s t  n o m e n c l a t u r e ,  s u c h  compounds  c o u l d  be 
t e r m e d  ' i n v e r s e  a n t a g o n i s t s ' .  
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R e c e p t o r  L o c a l i z a t i o n  - I n  a d d i t i o n  t o  b e i n g  f o u n d  on t h e  c e l l  
b o d i e s  and  d e n d r i t e s  o f  n e u r o n s  r e p r e s e n t i n g  t h e  ' d o w n s t r e a m '  
f o c u s  o f  a chemical p a t h w a y ,  r ecep to r s  are  a l s o  known t o  be 
p r e s e n t  on  t h e  p r e s y n a p t i c  t e r m i n a l  o f  c e l l s  c o n t a i n i n g  t h e i r  
l i g a n d .  These  a u t o r e c e p t o r s  a r e  i n v o l v e d  i n  f e e d b a c k  r e g u -  
l a t i o n s  o f  t r a n s m i t t e r  r e l e a s e . 3 4 1 3 5  I n  o t h e r  cases,  r e c e p t o r s  
may b e  l o c a t e d  p r e s y n a p t i c a l l y  on  t e r m i n a l s  o f  c e l l s  c o n t a i n i n g  
o t h e r  n e u r o t r a n s m i t t e r s  and  i n  t h i s  way f u n c t i o n  t o  h e t e r o -  
s y n a p t i c a l l y  a f f e c t  t h e  m o d u l a t i o n  of t r a n s m i t t e r  a v a i l -  
a b i l i t y .  R e c e p t o r s  f o r  t h e  t r a n s m i t t e r  re leased from a g i v e n  
n e u r o n  may a l s o  be l o c a t e d  on i t s  c e l l  b o d y , 3 5  p l a y i n g  a r o l e  
i n  t h e  o v e r a l l  i n t e g r a t i o n  o f  i n c o m i n g  s i g n a l s .  Other  
r e c e p t o r s ,  s u c h  as t h o s e  m e d i a t i n g  t h e  a c t i o n  of s t e r o i d s ,  
d i r e c t l y  c o n v e y  i n f o r m a t i o n  f r o m  t h e  c e l l  s u r f a c e  t o  t h e  
n u c l e u s . 3 6  

R e c e p t o r s  I n  The Work ing  E n v i r o n m e n t  - I n  r e c e p t o r  t h e o r y  
t h e r e  a re  c e r t a i n  k e y  d e s c r i p t o r s  u s e d  t o  d e f i n e  RL i n t e r -  
a c t i o n s .  

(1) The d i s s o c i a t i o n  c o n s t a n t  ( K D )  i s  d e r i v e d  f r o m  a s a t u r -  
a t i o n  i s o t h e r m  t h a t  i s  o b t a i n e d  by m e a s u r i n g  t h e  b i o l o g i c a l  
r e s p o n s e  as  a f u n c t i o n  o f  t h e  l i g a n d  c o n c e n t r a t i o n .  R a d i o -  
l i g a n d  b i n d i n g  d a t a  c a n  be t r a n s f o r m e d  u s i n g  t h e  S c a t c h a r d 9  
r e a r r a n g e m e n t  t o  d e r i v e  t h e  Kd a n d  a n  e s t i m a t e  o f  t h e  Bmax.13 
E a r l y  w o r k e r s  o b t a i n e d  t hese  v a l u e s  u s i n g  s i m p l e  g r a p h i c a l  
a n a l y s i s ,  a n  a p p r o a c h  f r a u g h t  w i t h  p rob lems  d u e  t o  t h e  s u b -  
j e c t i v i t y  o f  t h e  m e t h o d .  M o r e o v e r ,  d i s t o r t i o n s  o c c u r  a s  a 
r e s u l t  o f  t h e  d a t a  t r a n s f o r m a t i o n  t o  a S c a t c h a r d  p l o t  w h i c h  
i n c l u d e s  a v a r i a b l e  ( a m o u n t  of l i g a n d  b o u n d )  on  b o t h  t h e  
o r d i n a t e  a n d  a b s c i s s a ,  m a k i n g  i t  i n a p p r o p r i a t e  t o  c a l c u l a t e  t h e  
r e s u l t s  by l i n e a r  r e g r e s s i o n .  These d i f f i c u l t i e s  a r e  o v e r c o m e  
by a n a l y z i n g  t h e  r e s u l t s  u s i n g  w e i g h t e d  non i n e a r  i t e r a t i v e  

S u c h  p r o g r a m s  s i m . p l i f y  t h e  d a t a  a n a l y s i s  a n d  a r e  more r i g o r o u s .  
C a u t i o n  m u s t  be exercised w i t h  t h i s  a p p r o a c h ,  s i n c e  o v e r -  
i n t e r p r e t a t i o n  o f  c o m p u t e r i z e d  d a t a  may o b s c u r e  t h e  p h y s i o -  
l o g i c a l  s i g n i f i c a n c e  o f  t h e  f i n d i n g s .  

c u r v e - f i t t i n g  p r o g r a m s  s u c h  a s  L I G A N D l S 7  EBDA3 8 a n d  Lundon-1.39 

( i i )  The Bmax - Q u a n t i f i c a t i o n  o f  r e c e p t o r  d e n s i t y  c a n  y i e l d  
i m p o r t a n t  i n f o r m a t i o n  w i t h  regard t o  r e c e p t o r  f u n c t i o n .  T h u s ,  
c h a n g e s  i n  t h e  Bmax c a n  be u s e d  a s  m e a s u r e  o f  d r u g  e f f i c a c y ,  a s  
has  b e e n  t h e  case  f o r  a n t i d e p r e s ~ a n t s . ~ ~ ~ 4 1  A l s o ,  e s p e c i a l l y  
i n  regard t o  b i n d i n g  a s s a y s ,  t h e  Bmax c a n  b e  u s e d  t o  assess t h e  
p h y s i o l o g i c a l  r e l e v a n c e  o f  a b i n d i n g  s i t e  s i n c e  u n d e r  e q u i -  
l i b r i u m  c o n d i t i o n s  t h e  a p p a r e n t  Bmax f o r  m o s t  r e c e p t o r s  i s  
b e t w e e n  100-1000  f m o l e s / m g  p r o t e i n .  Some may h a v e  d e n s i t i e s  
g rea t e r  t h a n  t h i s  (2-3 pmoles /mg  p r o t e i n ) ,  a l t h o u g h  v a l u e s  of 
10 p m o l e s  o r  g r e a t e r  s u g g e s t  a n o n s e l e c t i v e  s i t e .  
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( i i i )  EC50 a n d  I C 5 0  V a l u e s  - By c o m p a r i n g  t h e  e f f e c t s  o f  a 
g i v e n  s e r i e s  o f  compounds  i t  may b e  p o s s i b l e  t o  e s t a b l i s h  a n  
SAR f o r  a r e c e p t o r  s y s t e m .  A g o n i s t  r e s p o n s e s  a r e  e x p r e s s e d  
i n  t e rms  o f  t h e i r  c o n c e n t r a t i o n  r e q u i r e d  t o  p r o d u c e  a n  e f f e c t  
e q u i v a l e n t  t o  50% o f  t h a t  seen  w i t h  a r e f e r e n c e  a g e n t  ( E C 5 0 ) .  
C a r e  m u s t  b e  t a k e n  i n  i n t e r p r e t i n g  t h i s  v a l u e  s i n c e  t h e  t e s t  
compound may b e  a p a r t i a l  a g o n i s t ,  m a k i n g  i t  i n a p p r o p r i a t e  
t o  c a l c u l a t e  i t s  EC50 w i t h  r e s p e c t  t o  a f u l l  a g o n i s t .  F o r  
a n t a g o n i s t s ,  t h e  e q u i v a l e n t  m e a s u r e  i s  t h e  I C 5 0 .  I n  a n o t h e r  
t y p e  o f  a n a l y s i s  a n  a g o n i s t  i s  a n a l y z e d  a t  v a r i o u s  
c o n c e n t r a t i o n s  o r  d o s e s  i n  t h e  p r e s e n c e  o f  o n e  o f  a number  o f  
a n t a g o n i s t  c o n c e n t r a t i o n s  t o  m i n i m i z e  t h e  i n a c c u r a c i e s  
a s s o c i a t e d  w i t h  t h e  s l o p e  o f  a s t a n d a r d  d o s e - r e s p o n s e  c u r v e .  
S u c h  d a t a  may b e  u s e d  f o r  t h e  c a l c u l a t i o n  o f  t h e  d o s e  r a t i o  
( D R ) ,  a m e a s u r e  o f  t h e  c o n c e n t r a t i o n  o f  a g o n i s t  n e c e s s a r y  t o  
o v e r c o m e  a g i v e n  c o n c e n t r a t i o n  o f  a n t a g o n i s t .  A S c h i l d  
p l o t  i s  g e n e r a t e d  b y  c o m p a r i n g  t h e  l o g  ( D R - 1 )  a g a i n s t  t h e  l o g  
o f  t h e  a n t a g o n i s t  c o n c e n t r a t i o n ,  y i e l d i n g  a PA, v a l u e  w h e r e  A 
i s  t h e  a g o n i s t  c o n c e n t r a t i o n  a n d  x t h e  D R ? 2  T h e  PA,, u s u a l l y  
p r e s e n t e d  a s  t h e  pA2 , i s  a n  e m p i r i c a l  m e a s u r e  o f  a n  
a g o n i s t / a n t a g o n i s t  i n t e r a c t i o n .  The  s l o p e  o f  t h e  S c h i l d  p l o t  
i s  u s e d  t o  d e t e r m i n e  t h e  a p p l i c a b i l i t y  o f  a s i n g l e  r e c e p t o r  
m o d e l  a n d  t o  c h a r a c t e r i z e  t h e  i n t e r a c t i o n  a s  c o m p e t i t i v e  o r  
n o n - c o m p e t i t i v e .  A s l o p e  s i g n i f i c a n t l y  b e l o w  u n i t y  i n d i c a t e s  
t h a t  t h e  i n t e r a c t i o n  i s  n o n - c o m p e t i t i v e .  

F o r  r a d i o l i g a n d  b i n d i n g  a s s a y s ,  b o t h  a g o n i s t s  a n d  
a n t a g o n i s t s  y i e l d  I C 5 0  v a l u e s  s i n c e  t h e  m e a s u r e  o f  a c t i v i t y  
i s  i n h i b i t i o n  o f  r a d i o l i g a n d  b i n d i n g .  I n t e r e s t i n g l y  , 
a g o n i s t s  a s  a g r o u p  a r e  g e n e r a l l y  m o r e  p o t e n t  t h a n  
a n t a g o n i s t s  i n  c o m p e t i n g  f o r  t h e  b i n d i n g  s i t e  i f  a n  a g o n i s t  
r a d i o l i g a n d  i s  u s e d ,  h e r e a s  t h e  r e v e r s e  i s  t r u e  € o r  a n  
a n t a g o n  i s  t r a d i o  1 i g a n d .  '' The  I c 5 0  v a l u e s  v a r y  w i t h  t h e  
r a d i o l i g a n d  c o n c e n t r a t i o n .  F o r  i n s t a n c e ,  i n  e a r l y  s t u d i e s  
w i t h  t h e  m u s c a r i n i c  c h o l i n e r g i c  r e c e p t o r  l i g a n d  q u i n u c l i d i n y l  
b e n z i l a t e  ( Q N B ) ,  i t s  low s p e c i f i c  a c t i v i t y  r e q u i r e d  t h a t  a 
c o n c e n t r a t i o n  b e  u s e d  t h a t  was  many t i m e s  h i g h e r  t h a n  i t s  Kd 
( 6 0  pM1.43 S u b s e q u e n t  s t u d i e s ,  usi .ng a 3H-QNB p r e p a r a t i o n  
h a v i n g  a s p e c i f i c  a c t i v i t y  t h a t  a l J o w e d  f o r  t h e  a n a l y s i e  n f  
v e r y  low l i g a n d  c o n c e n t r a t i o n s ,  r e v e a l e d  t h a t  t h e  IC50 
v a l u e s  c a l c u l a t e d  f o r  a s e r i e s  o f  u n l a b e l e d  l i g a n d s  d i f f e r e d  
f r o m  t h o s e  o b t a i n e d  e a r l i e r  s i n c e  t h e  u n l a b e l e d  s p e c i e s  h a d  
t o  c o m p e t e  w i t h  l e s s  3 H - Q N B  t o  d i s p l a c e  50% o f  t h e  
r a d i o l i g a n d .  I n a s m u c h  a s  e a c h  r a d i o l i g a n d  b i n d i n g  a s s a y  h a s  
i t s  own s e t  o f  e x p e r i m e n t a l  p a r a m e t e r s ,  i t  i s  d i f f i c u l t  t o  
c o m p a r e  d a t a  b e t w e e n  d i f f e r e n t  a s s a y s .  T h i s  p r o b l e m  i s  
o v e r c o m e  b y  c a l c u l a t i n g  a n  i n h i b i t i o n  c o n s t a n t  ( K i )  f o r  t h e  
t e s t  compound s i n c e  t h i s  v a l u e  is i n d e p e n d e n t  o f  t h e  
r a d i o l i g a n d  c o n c e n t r a t i o n .  The  K i  is c a l c u l a t e d  u s i n g  t h e  
C h e n g - P r u s o f  f e q u a t i o n :  44 

K i  = I C 5 0 / ( 1  + C/Kd) 

w h e r e  C i s  t h e  c o n c e n t r a t i o n  o f  r a d i o l i g a n d  u s e d  i n  t h e  a s s a y  
a n d  Kd t h e  d i s s o c i a t i o n  c o n s t a n t  f o r  t h e  r a d i o l i g a n d .  T h u s ,  
K i  v a l u e s  may b e  c o n s i d e r e d  a n  a b s o l u t e  d e t e r m i n a t i o n  o f  t h e  
a f f i n i t y  o f  a s u b s t a n c e  f o r  a g i v e n  r e c e p t o r ,  w h e r e a s  t h e  
IC50  i s  r e l a t i v e  t o  a p a r t i c u l a r  s e t  o f  a s s a y  c o n d i t i o n s ,  
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T h e  a b s o l u t e  n a t u r e  o f  t h e  K i  i s ,  h o w e v e r ,  d e p e n d e n t  upon  t h e  
compound i n t e r a c t i n g  w i t h  o n l y  a s i n g l e  r e c e p t o r  s u b t y p e .  

( i v )  T h e  H i l l  C o e f f i c i e n r  - A m e a s u r e  o f  t h e  p o t e n t i a l  
e x i s t e n c e  o f  c o o p e r a t i v i t y  i n  RL i n t e r a c t i o n s  i s  t h e  H i l l  
c o e f f i c i e n t . 4 5  I f  t h e  s l o p e  o f  t h e  H i l l  c o e f f i c i e n t  i s  
n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  u n i t y ,  t h e n  t h e  d e g r e e  o f  
i n t e r a c t i o n  b e t w e e n  r e c e p t o r  s i t e s  i s  n e g l i g i b l e .  A H i l l  
s l o p e  l e s s  t h a n  u n i t y  i s  s u g g e s t i v e  o f  a n o n - c o m p e t i t i v e  
i n t e r a c t i o n  b e t w e e n  t h e  l i g a n d  and i t s  r e c e p t o r ,  w h i l e  a 
v a l u e  g r e a t e r  t h a n  u n i t y  i n d i c a t e s  p o s i t i v e  c o o p e r a t i v i t y .  
I n  p r a c t i c e ,  d e v i a t i o n s  f r o m  u n i t y  f o r  t h e  H i l l  c o e f f i c i e n t  
a r e  u s u a l l y  i n t e r p r e t e d  i n  t e rms  of  r e c e p t o r  s u b t y p e s .  I t  
mus t  b e  r emembered  t h a t  n o t  a l l  b i n d i n g  s i t e s  a r e  r e c e p t o r s ,  
a n d  t h a t  t h e  r e c e p t o r  d e s i g n a t i o n  c a n  o n l y  b e  u s e d  when 
t h e r e  i s  a c o r r e l a t i o n  b e t w e e n  b i n d i n g  and  a f u n c t i o n a l  
r e s p o n s e .  46947 T h u s ,  many ' l o w e r '  a f f i n i t y  b i n d i n g  s i t e s  t h a t  
abound  i n  t h e  l i t e r a t u r e  may n o t  i n  f a c t  r e p r e s e n t  a 
p h y s i o l o g i c a l  r e c e p t o r .  

R e c e p t o r  S e n s i t i z a t i o n  - R e c e p t o r  r e s p o n s i v e n e s s  c a n  b e  
d e s c r i b e d  i n  t e r m s  o f  t h r e e  c o n c e p t s ;  s u b s e n s i t i v i t y ,  
s u p e r s e n s i t i v i t y  and d e s e n s i t i z a t i o n .  S u p e r s  e n s  i t  i v  i t y  
o c c u r s  when t h e  a g o n i s t  t o n e  h a s  b e e n  r e d u c e d  f o r  a p r o l o n g e d  
p e r i o d  a n d  i s  r e f l e c t e d  by a d e c r e a s e  i n  t h e  c o n c e n t r a t i o n  o f  
a g o n i s t  r e q u i r e d  t o  e l i c i t  a g i v e n  r e s p o n s e .  C o n v e r s e l y ,  
s u b s e n s i t i v i t y  d e v e l o p s  a s  a c o n s e q u e n c e  o f  e x c e s s i v e  a g o n i s t  
a c t i v i t y ,  m a k i n g  i t  n e c e s s a r y  t o  i n c r e a s e  t h e  c o n c e n t r a t i o n  
of a g o n i s t  t o  e l i c i t  a g i v e n  r e s p o n s e .  D e s e n s i t i z a t i o n  h a s  
a g e n e s i s  s i m i l a r  t o  s u b s e n s i t i v i t y  e x c e p t  t h a t  t h e  m a x i m a l  
r e s p o n s e  i s  a t t e n u a t e d  e v e n  a t  s a t u r a t i n g  c o n c e n t r a t i o n s  o f  
a g o n i s t .  D e s e n s i t i z a t i o n  i n  r e s p o n s e  t o  a n  a g o n i s t  a c t i n g  
d i r e c t l y  upon  t h e  r e c e p t o r  r e c o g n i t i o n  s i t e  i s  t e r m e d  
h o m o l o g o u s ,  w h e r e a s  t h a t  r e s u l t i n g  f r o m  a n  a c t i o n  a t  a 
d i f f e r e n t  r e c e p t o r  t h a t  may b e  c o u p l e d  t h r o u g h  a common 
e f f e c t o r  i s  t e r m e d  h e t e r o l o g o u s .  C h a n g e s  i n  r e c e p t o r  number 
may o c c u r  b y  way o f  c l u s t e r i n g ,  i n t e r n a l i z a t i o n ,  by  a n  
a l t e r a t i o n  i n  t h e  s y n t h e s i s  o r  d e g r e d a t i o n  o f  r e c e p t o r s  

48,54, fit b y  c h a n g e s  i n  t h e i r  c o u p l i n g  t o  a n  e f f e c t o r  mechan i sm.  

M o d i f i c a t i o n s  i n  r e c e p t o r  s e n s i t i v i t y  may b e  a n  
i m p o r t  a n t  r e g u l a t o  r y  m e c h a n i s m  f o r  ma i n  t a i n  i n g  homeos t a s  i. s 
and  c o u l d  b e  a n  u n d e r l y i n g  p a t h o l o g y  i n  c e r t a i n  d i s -  
0 r d e r s . ~ 1 , ~ 2  M o r e o v e r ,  t h e  c l i n i c a l  r e s p o n s e  t o  c e r t a i n  
d r u g s ,  s u c h  a s  a n t i p s y c h o t i c s  and a n t i d e p r e s s a n t s ,  may b e  
r e l a t e d  t o  t h e i r  a b i l i t y  t o  a l t e r  t h e  s e n s i t i v i t y  o f  c e r t a i n  
n e u r o t r a n s m i t t e r  r e c e p t o r s  i n  b r a i n .  53 A l t e r a t i o n s  i n  
r e c e p t o r  a f f i n i t y  may a l s o  o c c u r  d u r i n g  d r u g  a d m i n i s t r a t i o n .  
F o r  e x a m p l e ,  i t  h a s  b e e n  r e p o r t e d  t h a t  t r e a t m e n t  w i t h  
d i a z e p a m  i n d u c e s  a s i g n i f i c a n t  i n c r e a s e  i n  b e n z o d i a z e p i n e  
b i n d i n g  s i t e s  w i t h i n  a n  h o u r  o f  a d m i n i s t r a t i o n .  5 4  T h u s ,  a s  
o p p o s e d  t o  d r u g - i n d u c e d  c h a n g e s  i n  r e c e p t o r  n u m b e r ,  w h i c h  
u s u a l l y  r e q u i r e  s e v e r a l  d a y s  o r  w e e k s  o f  c o n t i n u o u s  
t r e a t m e n t ,  m o d i f i c a t i o n s  i n  a f f i n i t y  c a n  o c c u r  r e l a t i v e l y  
r a p i d l y .  B e c a u s e  a f f i n i t y  c h a n g e s  may b e  r e a d i l y  r e v e r s i b l e ,  
t h i s  phenomenon i s  more  d i f f i c u l t  t o  m e a s u r e  e x p e r i m e n t a l l y .  
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R e c e n t  s t u d i e s  h a v e  shown t h a t  p r o t e i n  p h o s p h o r y l a t i o n  
c a t a l y z e d  by  c y c l i c  AMP-dependent p r o t e i n  k i n a s e s  may b e  o n e  
o f  t h e  ways i n  w h i c h  t h i s  s e c o n d  m e s s e n g e r  a l t e r s  r e c e p t o r  
s e n s i t i v i t y  a n d  number.55 E x p e r i m e n t s  w i t h  p r o t e i n  s y n t h e s i s  
i n h i b i t o r s  h a v e  shown t h a t  r e c e p t o r s  h a v e  h a l f - l i v e s  on t h e  
o r d e r  o f  s e v e r a l  h o u r s  t o  a f ew days.%57Such d a t a  s u g g e s t  
t h a t  r e c e p t o r s  a r e  n o t  s t a t i c  e n t i t i e s ,  b u t  r a t h e r  s h o u l d  b e  
v i e w e d  a s  d y n a m i c  c o n s t i t u e n t s  o f  t h e  c e l l .  G i v e n  t h e s e  
f a c t o r s ,  i t  i s  c o n c e i v a b l e  t h a t  d r u g s  b i n d i n g  i r r e v e r s i b l y  t o  
a r e c e p t o r  c o m p l e x  c o u l d  b e  t h e r a p e u t i c a l l y  u s e f u l .  

R e c e p t o r  C l a s s i f i c a t i o n  - T h e  i d e n t i f i c a t i o n  o f  r e c e p t o r s  a n d  
t h e i r  s u b t y p e s  d e p e n d s  e n t i r e l y  upon  t h e  a v a i l a b i l i t y  o f  
s e l e c t i v e  a g o n i s t s  a n d  a n t a g o n i s t s .  A n t a g o n i s t s  a r e  
p a r t i c u l a r l y  i m p o r t a n t  s i n c e  t h e y  p r o v i d e  t h e  m o s t  c o n v i n c i n g  
e v i d e n c e  t h a t  a r e s p o n s e  i s  r e c e p t o r - m e d i a t e d .  B e c a u s e  
e n d o g e n o u s  s u b s t a n c e s  a r e  i n v a r i a b l y  a g o n i s t s ,  t h e  d i s c o v e r y  
o f  a n t a g o n i s t s  o f t e n  o c c u r s  a f t e r  a r e c e p t o r  s u b t y p e  h a s  b e e n  
p r o p o s e d .  

D e t a i l e d  on  T a b l e  2 a r e  a number  o f  r e c e p t o r s  and  t h e i r  
s u b t y p e s  b a s e d  on d i f f e r e n c e s  i n  l i g a n d  s e l e c t i v i t y .  I t  m u s t  
b e  b o r n e  i n  mind t h a t  n o  compound c a n  b e  c o n s i d e r e d  e n t i r e l y  
s p e c i f i c  € o r  a g i v e n  r e c e p t o r ,  w h i c h  e x p l a i n s  why some a g e n t s  
a r e  l i s t e d  u n d e r  more  t h a n  o n e  p u t a t i v e  r e c e p t o r  s i t e .  
N e v e r t h e l e s s ,  t h e  l i s t e d  s u b s t a n c e s  h a v e  b e e n  p r o p o s e d  t o  
h a v e  some s e l e c t i v i t y  f o r  t h e  d e s i g n a t e d  r e c e p t o r ,  m a k i n g  
them u s e f u l  f o r  d e f i n i n g  t h e s e  s i t e s ,  The m a j o r  g a p s  i n  t h i s  
t a b l e  r e l a t e  t o  t h e  a b s e n c e  o f  a n t a g o n i s t s  f o r  many s y s t e m s ,  
i n c l u d i n g  t h e  ~ H T ~ c  , G A B A B  , and  m o s t  o f  t h e  p e p t i d e  
r e c e p t o r s .  Drug d e v e l o p m e n t  i n  t h e s e  a r e a s  wou ld  seem t o  
h o l d  g r e a t  p r o m i s e ,  n o t  o n l y  f r o m  a t h e r a p e u t i c  s t a n d p o i n t ,  
b u t  a l s o  f o r  c h a r a c t e r i z i n g  t h e  b i o l o g i c a l  s i g n i f i c a n c e  o f  
t h e s e  s i t e s .  

R e c e p t o r - E f f e c t o r  S y s t e m s  - E f f e c t o r  s y s t e m s  a r e  c r u c i a l  f o r  
t h e  e l a b o r a t i o n  o f  t h e  RL i n t e r a c t i o n ,  b u t  a r e  a l s o  t h e  c h i e f  
c a u s e  f o r  t h e  d e v i a t i o n  b e t w e e n  c l a s s i c a l  o c c u p a n c y  t h e o r y  
and  e x p e r i m e n t a l l y  d e r i v e d  d a t a .  The  s t o i c h i o m e t r y  o f  t h e  
c o u p l i n g  b e t w e e n  r e c e p t o r s  and  t h e i r  e f f e c t o r s  i s  n o t  w e l l -  
d e f i n e d  b u t ,  a s  d i s c u s s e d  a b o v e ,  may a c c o u n t  f o r  t h e  d a t a  
s u g g e s t i n g  t h e  r e c e p t o r  r e s e r v e  c o n c e p t .  

( i )  C a l c i u m  i s  t h e  o l d e s t  o f  s e c o n d  m e s s e n g e r s ,  h a v i n g  b e e n  
shown i n  t h e  l a t e - 1 9 t h  c e n t u r y  t o  b e  e s s e n t i a l  f o r  t i s s u e  
~ o n t r a c t i l i t y . ~ 8  C a l c i u m  a c t s  a s  a s t i m u l u s  t r a n s d u c e r  b y  
v i r t u e  o f  t h e  e x t r e m e l y  l a r g e  ( 1 0 , 0 0 0 - f o l d )  c o n c e n t r a t i o n  
g r a d i e n t  t h a t  e x i s t s  b e t w e e n  t h e  e x t r a c e l l u l a r  s p a c e  and  t h e  
c y t o s o l .  5 9  T h i s  g r a d i e n t  i s  m a i n t a i n e d  by  t h e  low 
p e r m e a b i l i t y  o f  t h e  p l a s m a  membrane t o  t h e  c a t i o n ,  by  
a c t i v e  c a l c i u m  e x c h a n g e  p r o c e s s e s ,  and  b y  i n t r a c e l l u l a r  
s e q u e s t r a t i o n .  The  c a t i o n  i s  known t o  b e  i n t i m a t e l y  i n v o l v e d  
i n  p r o c e s s e s  r e l a t e d  t o  s t i m u l u s - s e c r e t i o n  c o u p l i n g ,  a k e y  
e v e n t  i n  c o n v e r t L n g  e l e c t r i c a l l y  c o n d u c t e d  n e r v e  s i g n a l s  i n t o  
a c h e m i c a l  e v e n t  a t  t h e  s y n a p s e .  60,61 I n c r e a s e s  i n  
i n t r a c e l l u l a r  c a l c i u m  r e s u l t i n g  f r o m  d e p o l a r i z a t i o n  o r  by t h e  
m o b i l i z a t i o n  o f  i n t r a c e l l u l a r  s t o r e s  c a n  i n i t i a t e  a number o f  
b iochem i c  a 1 and  p h y s i o l o g i c a l  p r o c e s s e s  ( i . e .  
p h o s p h o r y l a t  i o n ,  m u s c l e  c o n t r a c t i o n ) ,  The  i m p o r t a n c e  o f  
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T a b l e  2: R e c e p t o r  C l a s s i f i c a t i o n  a n d  A s s o c i a t e d  L i g a n d s  

B i n d i n g  S i t e  

R e c e p t o r  S u b t y p e  Agon i s t s An t a g  o n  is t 8 

o r  

ADRENERGIC 

SEROTONERGIC 

a1’2 

8 1 1 2 7  

P h e n y l e p h r  i n e  * P r a z o s  i n  *’ 
s t  587 *WB 4 1 0 1  
SKF 8 9 7 4 8  *HEAT l 2  

* P a r  a m i n o c  l o n  i d  i n e  
B H T  9 2 0  * I d o x a z a n  

*UK 1 4 3 0 4  1 2 ’  * Y o h i m b i n e 2  
* C l o n i d i n e  

*Rauwou 1 s c i n e  z s  

E p i n e p h r i n e  

T a z o l o l  
D o h u t a m i n e  
X a m o t e r o l  

* I s o p r o t e r e n o l  

*CGP 1 2 1 7 7  1 2 8  

R B I I ~ O  

R O  3 6 3  2 2 5  

S a l b u t a m o  1 
T e r b u t a l i n e  
2 i n t  e r o  1 
S o t  e r e n o l  

* R B I ’ ~ ~  

S-HT: ” 

A *8-ORDPAT ’ ” 
*PAPP ’’ 
*WB 4 1 O l 2 l 2  
*TVXQ 7 8 2 1  ’ ”  

B R U  2 4 9 6 9  
TFMPP 
CGS 1 2 0 6 6 B 2 2 8  

1 3 8  C * M e s u l e r g i n e  

5-BT2 D OM 
 DO^^^^ 

M I L ’ ”  

DOPAMINERGIC 

D - 1  SRF 98a93 

D-2 *Apomo r p h  i n e  

* A D T N  

1 6 3  

LY 1 7 3 5 5 5  
APAZ3 

RDS 1 2 7  
3-PPP 

A u t o r e c e p t o r  CGS 158S5Ag6 

DA-1 Dop a m i n e  

DA- 2 Apomo r p  h i n e  
ADTN 

* C a r a z o  1 
A t  e n o  l o 1  
P r  a c  t o  lo1 
M e t o p r o l o l  

*;;:q:: l o  1 

* I c Y P ’ 3 q  

*DHA l 2  

B u t o x a m i n e  
ICI 116,551’ 3 2  

A l p r e n o l o l  

LY 1 6 5 1 6 3 2 1 3  

*1CYP1” 

2 2 9  * K e t a n s e r i n  

* R i  t a n s e r  i n  
P i r e n p e r o n q 4 1  

LP 5 3 8 5 7  
X y l a m i d  

* S p i p e r o n e  

* SCM 23390 l 6  ’ 
* F l u p e n t h i x o l  

P i f l u t h i x p i  
* S u l p i r i d e  1 6 5  

* S p i p e r o n e  

1 6 6  *(a)  S u l p i r i d e  
*SCA 2 3 3 9 0  

( S ) S u l p i r i d e  
1 6 6  
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T a b l e  2 :  R e c e p t o r  C l a s s i f i c a t i o n  a n d  A s s o c i a t e d  L i g a n d s  
~~ 

B i n d i n g  S i t e  

R e c e p t o r  S u b t y p e  A g o n i s  t s 
o r  

A n t a g o n i s t  s 

CBOLINERGIC 
1 7 4  1 7 6  

N i c o t i n i c  * A c e t y l c h q \ j n e  *DBE 
* N i c o t i n e  P e m p i d  i n e  

L o b e l  i n e  M e c a m y l a m i n e  
1 7 8  M u s c a r i n i c - 1  McN-343A * P i  r e n z e p  i n  e 

*CMD 7 7  * Q N B  7 9  

O x o t r e m o r  i n e  * N - M e t h y l s c o p o l a m i n e  " 

0x0 t r e m o r  i n e  * Q N B  '" 
2 2 2 , 2 2 6  

M u s c a r i n i c - 2  *CMD '" AFDf I16 

*N-Me t h y  18 c opo 1 am i n  e ' 

HISTAMINE 

H - 1  

8- 2 

H-3 

ADENOSINE 

A- 1 

A- 2 

PEPTIDE 
O D i a t e  

!J 

2-Me t h y l h  i s  t a m i n e  
2 - P y r  i d y l e t h y  l a m i n e  Doxep i n  
2 - T h i a z o l y e t h y l a m i n e  I o d o b o l p y r a m i n e  

* P y r  i l a m i n e  ' " 

T r i p r o l i d i n e  
C 1 emes t i n e  
A H R  1 1 3 2 5  

*C ime t i d  i n e  
S o p r o m i d  i n e  R a n i t i d i n e  
I m p r o m a d i n e  BMY 2 5 2 1 1  
D i m a p r i t  Improm i d  i n  e 
B e t a z o l e  F a m o t i d i n e  

144 2-Met h p l h i s  t a m i n  e 

2 1 4  N a- Me t h y 1 h i s t a m  i n e 
a N a - D i m e t  h y l h i s  t a m i n e  

N %  - C h l o r o m e t h y l -  
h i s t a m i n e  

Imp r om i d  i n  e 

1 5 4  *2-Chlo  r o a d e n o s  i n e ,  5 5  T h e o p h y l l  i n e  
* C y c l o p e n t y l a d e n o s \ y g  PACf+& 
* C y c l o h e x y l a d e n o s i n e  *DPXI,, 
* P h e n y l i s o p r o  y l -  * X A C  ,' 

D J B - K K  IR a d e n o e  i n e  

* N E C A  
cv 1 8 0 8  
MECA 

Th e p p t y  11 i n  e 
*DPX 

*B-FNA 

*N a 1 o x o n e 

14s M e p t a z i n o l  
O x y m o r p h o n a e  i n e ,  46 Na l o x o n  a ?&I e 

* D i h y f@mo r p h i n  e 
*DAGO 

S u f e n t a n y l  
FK 3 3 8 2 4  

1 4 9  
*DADLE 

D-pen -D-pens - 
DSLET 

e n k e p h a l i n  

I C I  1 5 4 , 1 2 9  
I C I  1 7 4 . 8 8 4  
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T a b l e  2 :  R e c e p t o r  C l a s s i f i c a t L o n  a n d  A s s o c i a t e d  L i g a n d s  

B i n d i n g  S i t e  

R e c e p t o r  S u b t y p e  Agon i s  t s 
or  

A n t a g o n i s t s  

K 

U 

E 

V a s o D r e s s i n  

S u b s t a n c e  E 

SP-P 

SP-E 

*U 69,593I5O MR-2 266 
U 5 0 8 4 8 8 6 1 s 0  WIN-44,441-3 
D y n o r p h i n  ( 1 - 1 7 )  

* Tifluadom 
* E t h y l k e t o c y c l a z o c i n e  15' 

*SKF 1 0 , 0 4 7  
*3-PPP 

P h e n c y c l i d i n e  

8 - E n d o r p h i n  

* V a s o p r e s s i n " '  

(D-Pro2 ,D-Phe7 , D - T r y p g ) - S P  1 8 2  * P h y s a l e m i n  

*E 1 e d  o s in '  
K a s s  i d  i n  

C h o l e c v s t o -  *CCK-4 '" 
k i n i n ( C C K )  *CCK-8 

*CCK-3 3 '  " 

~ r o g l u r n i ~ J ~ ~ '  
C R  1 4 0 9  
d bcGMP2 

A a p e r  l i c  Ln 

*Somatoe  t a  t i n  1 8 7  Soma t o  s t a t  i n  Cyc loAhep-Phe-Tyr-Ly 8 - T h r  *' 
( B 2 1 )  

1 8 8  
Bornbee "Bornbesin 

N e u r o t e n s  i n  * N e u r o t e n a i n  217 

D N  1 4 1 7  
1 9 1  

Y e u r o D e D t i d e  2 *NPY - ( NPY) 
2 1 8  

A n n i o t e n e i n  11 * A n g i o t e n s i n  11 

A M I N O  A C I D  

Y - A m i n o b u t v r i c  Acid 
I70 

A *MU 8 c )f 1 
*GABA 1 9 6  
*THIP 

B * B a c l o f e n " '  

C h l o r i d e  C h a n n e l  

1 7 2  
* B i c u c u l  l i n e  

2 0 7  
*D i hy&mo p i c r o t ox i n  i n  
*TBPS 
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T a b l e  2 :  R e c e p t o r  C l a r s i f i c a t i o n  and  A s s o c i a t e d  L i g a n d s  

B i n d i n g  S i t e  

R e c e p t o r  S u b t y p e  Agon i 8 t 8 A n t a g o n i s t  s 
o r  

Glvc  i n e  

G l u t a m i c  Acid 

EA-1  

EA-2  

EA- 3 

L E 11 K OT It I E NE 

1 6 7  
*Glu t ama t  e 

NMDA 
I b o t  i n a t e  
ADCP 

1 6 8  
*Ka i n  a t  e 

Domoa t e 
* G l u t a m a t e  1 6 '  
*AHPA' 

Q u i a q u a l a t e  
*Glu tama t  e "' 

LTR?" 
LTC?' O 

LTDP'O 

1116 * S t r y c h n i n e  

1 6  7 

AapAMP 
*AP-5 

CPP2'0 

G l u - t a u  
GAMS 

Glu- t a u  
GDEE 

D R U G  

B e n z o d i a z e p i n e  

'1' *CL 218872::'3 *Bo 15-17f8 '9 '  
*Diazepam * C G S  8216 
*Zolp idem ':i7 
* C  l onazepam 

CGS 8216 19  3 ' 2 '  *Diazepam 197  
*Clonazepam 

C G S  9896 

P e r i p h e r a l  *Ro 5-4864"' *PK 11195  

Me t a p h i t  Phencvc  l i d  i n e  *PCPZoo 
*TCPZo1 

T i l e t a m i n e  
D e x o x a d r o l  

2 0 2  Ca lc ium E n t r y  * N i t r e n d i p j p p  
B l o c k e r s  *Verapami  lz0, 

* D i l t i a z e m  
2 0 5  + A n t i d e D r e s -  * Imip ramine  2 0 5  

a a n t s  *Dee i p  ram i n  e 
2 0 6  + A n t i t u s s i v e  *Dex t romethorphan  

9 9  

2 5  

Bay K-8644 

L i s t e d  above  i s  a s e l e c t  g r o u p  o f  l i g a n d s  shown t o  b e  a c t i v e  a t  t h e  
d e 8 i g n a t e d  r e c e p t o r  s i t e .  T h i s  c o m p i l a t i o n  i s  n o t  i n t e n d e d  t o  b e  
c o m p r e h e n s i v e ,  b u t  o n l y  r e p r e s e n t a t i v e .  I n c l u s i o n  d o e s  n o t  imply  
s p e c i f i c i t y  or e v e n  a h i g h  d e g r e e  of s e l e c t i v i t y  f o r  t h e  r e c e p t o r .  

* A v a i l a b l e  a s  a r a d i o l i g a n d  

+ The a g o n i s t - a n t a g o n i s t  d e s i g n a t i o n  d o e s  n o t  y e t  a p p l y  f o r  t h e s e  a g e n t s .  
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c a l c i u m  a s  a s e c o n d  m e s s e n g e r  h a d  b e e n  u n d e r e s t i m a t e d  i n  
r e c e n t  y e a r s  b e c a u s e  o f  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  
m e a s u r i n g  t h i s  c a t i o n  a n d  b e c a u s e  o f  t h e  d i s c o v e r y  o f  c y c l i c  
AMP.62 T h e  i m p o r t a n c e  o f  c a l c i u m  a s  a s e c o n d  m e s s e n g e r  w a s ,  
h o w e v e r ,  e l e g a n t l y  r e v i e w  d.63 The  d i s c o v e r y  of t h e  
c a l c i u m  e n t r y  b l o c k e r s 6 ‘  a n d  t h e  p h o s p h a t i d y l i n o s t i o l  
/ d i a c y  l g  l y c  e r o  I/ p r o  t e i n  k i n a s  e C s e c o n d  mes s e n g e r  s y s  
h a v e  r e k i n d l e d  i n t e r e s t  i n  t h i s  i o n .  

( i i )  ~v c l i c  N u c l e o t i d e s  - The  c o n c e p t  o f  s e c o n d  m e s s e n g e r  
s y s t e m s  was p r o p o s e d  i n  1 9 6 5  o n  t h e  b a s i s  o f  f i n d i n g s  
a s s o c i a t e d  w i t h  c y c l i c  A M P , 6 2  a n u c l e o t i d e  p r o d u c e d  f r o m  ATP 
b y  t h e  a c t i o n  o f  a d e n y l a t e  c y c l a s e .  C y c l i c  AMP i s  t h o u g h t  
t o  p r o d u c e  i t s  e f f e c t s  by a c t i v a t i o n  o f  k i n a s e s  t h a t  c a t a l y z e  
t h e  p h o s p h o r y l a t i o n  o f  i n t r a c e l l u l a r  p r o t e i n s .  6 6 ~ 6 7  A n o t h e r  
c y c l i c  n u c l e o t i d e  t h o u g h t  t o  f u n c t i o n  a s  a s e c o n d  m e s s e n g e r  
i s  c y c l i c  G M P , 6 8  w h i c h  i s  f o r m e d  f r o m  GTP b y  g u a n y l a t e  
c y c l a s e .  L e s s  i s  known a b o u t  t h e  m a n n e r  i n  w h i c h  c y c l i c  GMP 
i n f l u e n c e s  c e l l u l a r  a c t i v i t y .  

A c t i v a t i o n  o f  c e r t a i n  n e u r o t r a n s m i t t e r  o r  h o r m o n e  
r e c e p t o r s  p r o m o t e s  t h e  p r o d u c t i o n  o f  c y c l i c  AMP b y  
s t i m u l a t i n g  a d e n y l a t e  c y c l a s e  w h i c h  i s  c o u p l e d  t o  t h e  r e -  
c e p t o r  r e c o g n i t i o n  s i t e  b y  m e a n s  o f  a r e g u l a t o r y  p r o t e i n .  6 9 9 7 0  

Some r e c e p t o r  s y s t e m s  a r e  n e g a t i v e l y  c o u p l e d  t o  c y c l a s e  s u c h  
t h a t  t h e i r  a c t i v a t i o n  r e d u c e s  c y c l i c  AMP f o r m a t i o n .  A l p h a -  
a d r e n e r g i c  a n d  a d e n o s i n e  r e c e p t o r  a g o n i s t s  may d e c r e a s e  o r  
i n c r e a s e  c y c l a ~ e  a c t i v i t y ,  d e p e n d i n g  u p o n  t h e  r e c e p t o r  
s u b t y p e  a c t i v a t e d ,  7 1 - 7 3  w h i l e  o p i a t e s  c o n s i s t e n t l y  d e c r e a s e  
c y c l i c  AMP p r o d u c t i o n . 7 4  The  i n t r a m e m b r a n e  t r a n s d u c i n g  
e l e m e n t  g o v e r n i n g  t h e  i n t e r a c t i o n  b e t w e e n  t h e  r e c e p t o r  a n d  
e f f e c t o r  i s  t h e  n u c l e o t i d e  r e g u l a t o r y  p r o t e i n  (N o r  GI, w i t h  
Ns b e i n g  a s t i m u l a t o r y  p r o t e i n  and  N i  b e i n g  i n h i b i t o r y . 7 0  
The  a c t i o n s  o f  t h e  N p r o t e i n  a r e  GTP-dependen t  a n d  c a n  b e  
p r e v e n t e d  by t o x i n s ;  t h e  N i  by p e r t u s s i s  t o x i n  a n d  Ns by 
c h o l e r a  t o x i n .  T h e  N p r o t e i n s  a r e  c o m p r i s e d  o f  t h r e e  
s u b u n i t s ,  a l p h a ,  b e t a  a n d  gamma. N i  a n d  Ws d i f f e r  o n l y  w i t h  
r e s p e c t  t o  t h e  c o m p o s i t i o n  o f  t h e  a l p h a  s u b u n i t ,  t h e  s i t e  a t  
w h i c h  t h e y  a r e  r i b o s y l a t e d  b y  t h e  t o x i n s . 7 0  

P r o t e i n  k i n a s e s  a r e  c l a s s i f i e d  i n t o  t h r e e  m a j o r  
s u b t y p e s ;  c y c l i c  AMP-dependent ,  c y c l i c  GMP-dependent a n d  
c a l c  ium- c a l m o d u l  i n -d  e p  end  e n t  .66 i R o e n  zyme s 
o f  t h e s e  w h i c h  d e t e r m i n e  t h e i r  a c t i v i t y  a n d  s p e c i f i c i t y .  
A l t e r a t i o n s  i n  t h e  p h o s p h o r y l a t i o n  s t a t e  o f  v a r i o u s  membran 
bound  a n d  s o l u b l e  p r o t e i n s ,  s u c h  a s  t h e  b e t a - a d r e n o c e p t o r ,  
h a v e  p r o f o u n d  e f f e c t s  o n  t h e i r  p h y s i o c h e m i c a l  p r o p e r t i e s ,  
m o d i f y i n g  t h e i r  i n t e r a c t  i o n s  w i t h  o t h e r  c e  1 l u  l a r  
c o n s t i t u e n t s ,  t h e r e b y  a l t e r i n g  f u n c t i o n  ( i . e ,  r e c e p t o r  
d e s e n s  i t  i z a  t i Among t h e  s u b s t r a t e s  f o r  t h e s e  k i n a s e s  a r e  
s y n a p s i n  I ,  “ ’ * t h e  f b c o t i n i c  c h o l i n e r g i c  r e c e p t o r ,  75 a n d  
t y r o s i n e  h y d r o x y l a s e .  

( i i i )  D i a c y l . g l v c e t o . 3  ( D A G )  , 4nd  i n o s i t o l  t r i n h o e o h a t e  ( I P . J )  - 
T h e  d y n a m i c  n a t u r e  o f  membrane-bound p h o s p h o l i p i d s  h a s  b e e n  
known f o r  y e a r s ,  l e a d i n g  t o  s p e c u l a t i o n  t h e y  c o u l d  f u n c t i o n  
a s  r e c e p t o r - c o u p l e d  s e c o n d  m e s s e n g e r  s y s t e m s .  S t u d i e s  a i m e d  
a t  e x p l o r i n g  t h i s  i s s u e  were c o m p l i c a t e d  b y  t h e  r a p i d  c h a n g e s  

T h e r e  a r e  v a r  i o u  s 
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w h i c h  o c c u r  i n  t h e  c o m p o s i t i o n  o f  t h e s e  membrane 
c o n s t i t u e n t s .  The  d i s c o v e r y  t h a t  l i t h i u m  r e t a r d s  t h e  
m e t a b o l i s m  o f  i n o s i t o l  p h o s p h a t e  (IP) h a s  p r o v i d e d  a n  
i m p o r t a n t  t o o l  €or r e s e a r c h  i n  t h i s  a r e a . 7 7  T h e  f o r m a t i o n  o f  
IP3 a n d  DAG f r o m  p h o s p h a t i d y l  i n o s i t o l  i s  p r o m o t e d  by 
t h e  a c t i v a t i o n  o f  a number o f   receptor^,^^ i n c l u d i n g  a l p h a  - 
a d r e n e r g i c ,  d o p a m i n e ,  e x c i t a t o r y  a m i n o  a c i d ,  h i s t a m i n e  €I-\, 
m u s c a r i n i c  M - 1 ,  s e r o t o n i n - 2 ,  v a s o p r e s s i n - 1 ,  b r a d  k i n i n  a n d  
C C K  s i t e s .  W h i l e  t h e  n e u r o m o d u l a t o r  a d e n o s i n e  731 h a s  n o  
e f f e c t  on  p h o s p h o l i p i d  t u r n o v e r  i t s e l f , 7 9  i t  a u g m e n t s  t h e  
r e s p o n s e  t o  h i s t a m i n e . 8 0  b s  w i t h  t h e  c y c l i c  n u c l e o t i d e s ,  t h e  
p h o s p h o l i p i d  s e c o n d  m e s s e n g e r  s y s t e m  i s  c o u p l e d  t o  t h e  
r e c e p t o r  t h r o u g h  a n  N p r o t e i n ,  N p .  78 TP m o b i l i z e s  c a l c i u m ,  
w h i l e  DAG s t i m u l a t e s  p r o t e i n  k i n a s e  C,233 w i t h  b o t h  a c t i o n s  
r e s u l t i n g  i n  a n  a l t e r a t i o n  i n  p r o t e i n  p h o ~ p h o r y l a t i o n . ~ ~  T h e  
t u m o r  p r o m o t i n g  p h o r b o l  e s t e r s  mimick  t h e  e f f e c t s  o f  DAC i n  
a c t i v a t i n g  p r o t e i n  k i n a s e  C,87 a n d  h a v e  b e e n  u s e d  t o  l a b e l  
t h i s  enzyme .82 

I n  a d d i t i o n  t o  c y c l i c  n u c l e o t i d e s ,  p h o s p h o l i p i d s  and  
c a l c i u m ,  a l l  o f  w h i c h  a f f e c t  p r o t e i n  p h o s p h o r y l a t i o n ,  o t h e r  
s e c o n d  m e s s e n g e r  s y s t e m s  h a v e  b e e n  p r o p o s e d ,  T h e s e  i n c l u d e  
t h e  p r o d u c t s  of t h e  e i c o s a n o i d  p a t h w a y s  s u c h  a s  t h e  
p r o s t a g l a n d i n s  a n d  l e u k o t r i e n e s .  T h e  p r o d u c t i o n  o f  t h e s e  
s u b s t a n c e s  may b e  a s s o c i a t e d  w i t h  P-2 p u r i n o c e p t o r  
a c  t i v  a t i o n .  83 

E f f e c t o r  s y s t e m s  r e p r e s e n t  a n o t h e r  t a r g e t  € o r  d r u g  
a c t i o n ,  a n o t i o n  r e i n f o r c e d  by t h e  d i s c o v e r y  t h a t  l i t h i u m ,  
t h e  m o s t  e f f e c t i v e  t h e r a p y  f o r  t h e  t r e a t m e n t  o f  b i p o l a r  
a f f e c t i v e  i l l n e s s ,  may a c t  by  a l t e r i n g  t h e  m e t a b o l i s m  o f  
r e c e p t o r - m e d i a t e d  I P  p r o d u c t i o n . 7 7  W h i l e  d r u g s  a c t i n g  t o  
m o d u l a t e  s e c o n d  m e s s e n g e r  p r o d u c t i o n  may b e  l e s s  s e l e c t i v e  
t h a n  t h o s e  a c t i n g  a t  r e c e p t o r  r e c o g n i t i o n  s i t e s ,  i t  i s  
p o s s i b l e  s u c h  a g e n t s  may b e  
a b n o r m a l i t i e s  a t  d o s e s  h a v  
t i s s u e  f u n c t i o n .  

R e c e v t o r  C o m p l e x e s  - T h e  d 
e x i s t  f o r  some d r u g s  
a r e c e u t o r  f o r  t h e  anx i .0  

o f  u s e  i n  c o r r e c t i n g  b i o c h e m i c a l  
ng l i t t l e  o r  n o  e f f e c t  on  n o r m a l  

s c o v e r y  t h a t  s p e c i f i c  r e c e p t o r s  
l e d  ;o t h e  i d e n t i . f i c a t i o n  o f  
y t  i c  d i a z e p a m . 3 5 9  85 S u b s e q u e n t  

ct . . . - l ;aa'  r ~ ~ r ~ ~ l o d  t h n t  t h a  h i o h  nff4n;tv h e n c n d i a r ~ n i n e  (RZ) 
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r e c o g n i t i o n  s i t e  i s  p a r t  o f  a c o m p l e x  c o m p r i s e d  o f  a c h l o r i d e  
i o n  c h a n n e l  and  a GABA-A r e c e p t o r  r e c o g n i t i o n  s i t e .  R e c e p t o r  
c o m p l e x e s  h a v e  a l s o  b e e n  p r o p o s e d  € o r  t h e  c a l c i u m  e n t r y  
b l o c k e r s 8 6  a n d  f o r  t h e  e x c i t a t o r y  a m i n o  a c i d  N-methyl-D- 
a s p a r t a t e . 8 7 3 8 8  The  i d e n t i f i c a t i o n  o f  t h e  SZ r e c e p t o r  l e d  t o  
t h e  d i s c o v e r y  o f  i n v e r s e  a g o n i s t s  a n d  s u b s t a n c e s  s u c h  a s  
e t a z o l a t e  t h a t  p o t e n t i a t e  r e c e p t o r  b i n d i n g .  L i kew i s e , 
d i l t i a x a m  e n h a n c e s  t h e  b i n d i n g  o f  t h e  d i h y d r o p y r i d i n e  c a l c i u m  
e n t r y  b l o c k e r s , 8 9  w h i l e  t h e  b i n d i n g  o f  p h e n c y c l i d i n e ,  a 
d i s s o c i a t i v e  a n e s t h e t i c ,  i s  m o d u l a t e d  by  g l ~ t a m a t e . ~ '  G i v e n  
s u c h  p r o g r e s s  i t  s e e m s  l i k e l y  t h a t  o t h e r  r e c e p t o r  c o m p l e x e s  
w i l l  b e  i d e n t i f i e d  i n  t h e  f u t u r e .  T h e  p o t e n t i a l  t o  r e g u l a t e  
r e c e p t o r  s e n s i t i v i t y  a n d  f u n c t i o n  i n d i r e c t l y  i s  a n  e x c i t i n g  
p r o s p e c t  when c o n s i d e r i n g  new a p p r o a c h e s  t o  d r u g  d e v e l o p m e n t .  
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u d o e e n o  u s  L W  - T h e  d i s c o v e r y  o f  t h e  e n k e p h a l i n s  a n d  
e n d o r p h i n s  8 h a s  d e m o n s t r a t e d  t h a t  d r u g s  d o  n o t  n e c e s s a r i l y  
p r o d u c e  t h e i r  e f f e c t s  by  d i r e c t l y  m o d i f y i n g  known 
n e u r o t r a n s m i t t e r  o r  e f f e c t o r  s y s t e m s .  M o r e o v e r ,  w h i l e  many 
e n d o g e n o u s  m o d u l a t o r s  a p p e a r  t o  b e  p e p t i d e s ,  i t  h a s  b e e n  
shown t h a t  a g e n t s  c a p a b l e  o f  i n t e r a c t i n g  w i t h  t h e i r  r e c e p t o r s  
n e e d  n o t  b e  p e p t i d e r g i c .  F o r  e x a m p l e ,  d i a z e p a m  and  m o r p h i n e  
i n t e r a c t  w i t h  r e c e p t o r s  f o r  w h i c h  t h e  n a t u r a l  l i g a n d s  a r e  
p e p t i d e s .  3 5 , 8 4 9 8 5  A l s o ,  a n o n - p e p t i d i c  c h o l e c y s t o k i n i n  
r e c e p t o r  a n t a g o n i s t  h a s  r e c e n t l y  b e e n  i s o l a t e d  f r o m  b a c t e r i a l  
f e r m e n t a t i o n  b r o t h s .  91 

G i v e n  t h e  t e c h n i c a l  s i m p l i c i t y  o f  s c r e e n i n g  f o r  
e n d o g e n o u s  s u b s t a n c e s  u s i n g  l i g a n d  b i n d i n g  a s s a y s  , a 
p o t e n t i a l  e x i s t s  f o r  u n c o v e r i n g  f a l s e  l e a d s .  Some u s e f u l  
g u i d e l i n e s  f o r  a s s e s s i n g  t h e  v a l i d i t y  o f  a c l a i m  t h a t  a 
s u b s t a n c e  i s  a n  e n d o g e n o u s  l i g a n d  a r e  p r o v i d e d  ( T a b l e  3 ) .  

T a b l e  3 :  C r i t e r i a  f o r  E v a l u a t i n g  t h e  P h a r m a c o l o g i c a l  
S i g n i f i c a n c e  o f  N o v e l  E n d o g e n o u s  R e c e p t o r  
L i g a n d s  and  M o d u l a t o r s  

1. 

2 .  

3 .  

4. 

The  e x t r a c t  o r  compound m u s t  b e  shown t o  h a v e  
s e l e c t i v i t y  b y  i t s  e v a l u a t i o n  i n  a t  l e a s t  t h r e e  
r a d i o l i g a n d  b i n d i n g  a s s a y s  and m u s t  b e  e x a m i n e d  f o r  
i t s  p r o p o s e d  p r i m a r y  a c t i v i t y  i n  a n  a p p r o p r i a t e  
b i o l o g i c a l  a s s a y  t o  r u l e  o u t  n o n - s p e c i f i c  e f f e c t s .  

The  a c t i v i t y  o f  t h e  e x t r a c t  o r  compound m u s t  b e  d o s e -  o r  
c o n c e n t r a t i o n - d e p e n d e n t .  U n l e s s  t h e r e  a r e  s u b s t a n t i a t e d  
b i o a v a i l a b  i l i t y  d a t a ,  n a r r o w  'w indows  ' o f  b i o l o g i c a l  
a c t i v i t y  s h o u l d  r e n d e r  t h e  m a t e r i a l  s u s p e c t .  

The  i s o l a t i o n  p r o c e d u r e  and b i o l o g i c a l  r e s u l t s  m u s t  b e  
c o n f i r m e d  i n  a s e p a r a t e  l a b o r a t o r y .  

A s y n t h e t i c  f o r m  o f  t h e  i s o l a t e d  e n t i t y  m u s t  
h a v e  a c t i v i t y  c o m p a r a b l e  t o  t h a t  o f  t h e  n a t u r a l  
s u b s t a n c e  a n d  a s e r i e s  shown t o  h a v e  a c t i v i t y  c o n s i s t e n t  
w i t h  a s t r u c t u r e - a c t i v i t y  p r o f i l e .  

N e w  A p p r o a c h e s  .To R e c e D t o r  M o d u l a t o r s  - T h e  i d e n t i f i c a t i o n  
and  c h a r a c t e r i z a t i o n  o f  r e c e p t o r s  a i d s  i n  t h e  s e a r c h  f o r  
t h e r a p e u t i c  e n t i t i e s  w h i c h  may, b e c a u s e  o f  a mode o f  a c t i o n  
d i f f e r e n t  f r o m  t h a t  o f  e x i s t i n g  compounds ,  o f f e r  new a v e n u e s  
for t h e  t r e a t m e n t  o f  d i s e a s e .  Many c u r r e n t  d r u g s  a r e  
p h a r m a c o l o g i c a l l y  a c t i v e  a t  a v a r i e t y  o f  r e c e p t o r s ,  some o f  
w h i c h  may n o t  b e  a s s o c i a t e d  w i t h  t h e  i l l n e s s  b e i n g  t r e a t e d .  
F o r  e x a m p l e ,  i t  is b e l i e v e d  t h a t  t h e  c l i n i c a l  r e s p o n s e  t o  
n e u r o l e p t i c s  i s  d u e  t o  t h e i r  d o p a m i n e  r e c e p t o r  a n t a g o n i s t  
a c t i o n .  92 However ,  t h i s  d r u g  c l a s s  a l s o  p o s s e s s e s  
a n t i c h o l i n e r g i c  a n d  a l p h a - a d r e n o c e p t o r  b l o c k i n g  p r o p e r t i e s  
w h i c h  c o n t r i b u t e  t o  t h e i r  s i d e  e f f e c t  p r o f i l e  ( i . e .  s e d a t i o n ,  
o r t h o s t a t i c  h y p o t e n s i o n ,  e x t r a p y r a m i d a l  s y m p t o m o l o g y ) .  
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N e w e r  a n t i p s y c o t i c s  s u c h  a s  s u l p i r i d e  a n d  c l o z a p i n e  may b e  
s a f e r  a g e n t s  i n  t h a t  t h e y  a r e  l e s s  l i k e l y  t o  p r o v o k e  
e x t r a p y r a m i d a l  symptoms ,  e i t h e r  b e c a u s e  t h e y  a r e  s e l e c t i v e  
f o r  a s u b g r o u p  o f  d o p a m i n e  r e c e p t o r s  w h i c h  a r e  m o s t  c l o s e l y  
a s s o c i a t e d  w i t h  t h e  i l l n e s s ,  o r  b e c a u s e  t h e y  p o s s e s s  a n  
a c t i o n  t h a t  c o u n t e r a c t s  t h e  e x t r a p y r a m i d a l  s i d e  e f f e c t s .  

A n o v e l  a p p r o a c h  t o  t h e  t r e a t m e n t  o f  s c h i z o p h r e n i a  
i n v o l v e s  t h e  s t i m u l a t i o n  o f  d o p a m i n e  r e c e p t o r s  l o c a t e d  
o n  d o p a m i n e r g i c  n e r v e  t e r m i n a l s  ( a u t o r e c e p t o r s ) .  35 When 
a c t i v a t e d ,  t h e s e  r e c e p t o r s  r e d u c e  t h e  r e l e a s e  o f  d o p a m i n e ,  
d i m i n i s h i n g  t h e  d o p a m i n e r g i c  t o n e  w h i c h  i s  t h o u g h t  t o  b e  
o v e r a b u n d a n t  i n  s c h i z o p h r e n i a .  A compound d e v e l o p e d  a s  a n  
a u t o r e c e p t o r  g o n i s t  was 3-PPP (N-N-propyl-3(3-hydroxyphenyl) 
p i p e r i d i n e ) .  I n  t h e o r y ,  t h i s  compound may l a c k  
t h o s e  s i d e  e f f e c t s  a s s o c i a t e d  w i t h  p o s t s y n a p t i c  d o p a m i n e  
r e c e p t o r  b l o c k a d e .  However ,  3-PPP was f o u n d  t o  b e  a m i x e d  
a g o n i s t f a n t a g o n i s t ,  95 a n d  i t s  p r e s y n a p t i c  a g o n i s t  a c t i o n  w a s  
a t t e n u a t e d  w i t h i n  a w e e k . 9 6  W h i l e  3-PPP p r o v e d  n o t  t o  b e  
i d e a l ,  t h i s  a p p r o a c h  i s  s t i l l  b e i n g  t e s t e d  e x p e r i m e n t a l l y .  96 

A s  more  s e l e c t i v e  a g o n i s t s  a n d  a n t a g o n i s t s  a r e  d e v e l o p e d  
i t  w i l l  b e  p o s s i b l e  t o  c r i t i c a l l y  e v a l u a t e  w h e t h e r  g r e a t e r  
r e c e p t o r  s e l e c t i v i t y  i m p r o v e s  t h e r a p e u t i c  e f f i c a c y  and  
r e d u c e s  s i d e  e f f e c t s .  However ,  i t  i s  c o n c e i v a b l e  t h a t  a 
m u l t i p l i c i t y  o f  e f f e c t s  may b e  n e c e s s a r y  f o r  o p t i m i z i n g  
e f f i c a c y .  M o r e o v e r ,  i t  i s  p o s s i b i l e  t h a t  a d r u g  a p p e a r i n g  t o  
b e  t o t a l l y  s e l e c t i v e  i n  s t a n d a r d  l a b o r a t o r y  t e s t s  may 
b e  l e s s  s o  b .  viva, o r  may h a v e  a n  u n u s u a l  a c t i o n  
u n s u s p e c t e d  f r o m  i n  v i t r o  t e s t i n g .  F o r  e x a m p l e ,  t h e  
h i s t a m i n e - r e c e p t o r  a n t a g o n i s t  c i m e t i d i n e  was d e v e l o p e d  a s  a 
s e l e c t i v e  l i g a n d  f o r  H 2  r e c e p t o r s  i n  t h e  f u n d u s  o f  t h e  
s t o m a c h . 9 8  However ,  i t  was r e c e n t l y  shown t h a t  c i m e t i d i n e  
e n h a n c e s  t h e  b i n d i n g  o f  d i a z e p a m  t o  c e n t r a l  b e n z o d i a z e p i n e  
r e c e p t o r s ,  r a i s i n g  t h e  p o s s i b l i t y  t h a t  a c e n t r a l l y - a c t i v e  
a n a l o g  may h a v e  a n x i o l y t i c  p o t e n t i a l . 9 9  

I n  g e n e r a l ,  r e c e p t o r  a g o n i s t s  h a v e  n o t  b e e n  u s e f u l  
t h e r a p e u t i c  a g e n t s .  T h i s  may b e  d u e  i n  p a r t  t o  t h e  
f a c t  t h a t  t h e  r e s p o n s e  t o  a g o n i s t s  t e n d s  t o  d i m i n i s h  o v e r  
t i n e ,  a phenomenon t h a t  i s  n o t  c o m p l e t e l y  u n d e r s t o o d .  
B e c a u s e  o f  t h i s ,  e m p h a s i s  h a s  b e e n  p l a c e d  on  d e v e l o p i n g  
compounds  t h a t  f a c i l i t a t e  t h e  a c t i o n s  o f  e n d o g e n o u s  l i g a n d s .  
Monoamine o x i d a s e  and  u p t a k e  i n h i b i t o r s  a r e  e x a m p l e s  o f  s u c h  
a g e n t s . 1 0 0  By d e c r e a s i n g  t h e  m e t a b o l i s m  o r  t h e  r e m o v a l  o f  
t h e  n e u r o t r a n s m i t t e r  f r o m  t h e  s y n a p t i c  c l e f t ,  s u c h  d r u g s  
p r o l o n g  t h e  r e s p o n s e s  t o  t h e s e  s u b s t a n c e s .  I n  t h i s  c o n t e x t  
c o n s i d e r a b l e  e f f o r t  i s  b e i n g  e x p e n d e d  on  d e v e l o p i n g  s e l e c t i v e  
p e p t i d a s e  i n h i b i t o r s  t o  p o t e n t i a t e  t h e  e f f e c t s  o f  e n d o g e n o u s  
p e p t i d e s .  1 0 1  

N e u r o m o d u l a t i o n  - T h e  d i s t i n c t i o n  b e t w e e n  n e u r o t r a n s m i t t e r s  
and n e u r o m o d u l a t o r s  i s  t h a t  t h e  f o r m e r  h a v e  a s h o r t  d u r a t i o n  
o f  a c t i o n  a n d ,  t h e r e f o r e ,  i n d u c e  o n l y  t r a n s i e n t  c h a n g e s  i n  
c e l l u l a r  c o m m u n i c a t i o n .  E x a m p l e s  a r e  t h e  m o n o a m i n e s ,  some 
amino  a c i d s  and  a c e t y l c h o l i n e .  N e u r o m o d u l a t o r s  h a v e  a more 
p r o l o n g e d  e f f e c t  o n  c e l l u l a r  a c t i v i t y  a n d  may t h e r e f o r e  p l a y  
an  i m p o r t a n t  r o l e  i n  s u c h  e v e n t s  a s  memory c o n s o l i d a t i o n  a n d  
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synaptogenesis. A list of neuromodulator candidates includes 
adenosine and the majority of neuroactive peptides. 

Neurotransmitters and neuromodulators can co-exist in a 
single neuron, possibly invalidating the dogma associated with 
Dale's Law.102 Examples are adenosine with acetylcholine,l03 
cholecystokinin with dopamine,l04 alpha-melanocyte stimu- 
lating hormone with beta-endorphin105 and neuropeptide Y with 
catecholamines.106 Such co-transmission is now believed to be 
the rule rather than the exception. Four types of co- 
transmitter neurons have been postulated:107 

those containing multiple neurotransmitters derived 
from a common gene coding for a prohormone, 

those containing multiple neuropeptides derived 
from different genes, 

those containing peptide and non-peptide neuro- 
effector agents, and 

those containing multiple non-peptide neuro- 
transmitters. 

factors determining which co-transmitters will be 
present in a neuron are not known, although it is possible that 
the expression of one agent can cause the subsequent synthesis 
of a second. An example of co-effector modulation would be 
the heterologous desensitization phenomenon described 
previously. The functional significance of co-transmission 
has been considered ,1°7 with four modes of postsynaptic inter- 
action proposed: 

1 )  both co-effector agents influence the same receptor 
on the postsynaptic neuron, 

2) each co-effector influences a different receptor on 
the postsynaptic neuron, 

3 )  each oo-effector influences a different receptor 
each of which are on a different neuron, and 

4) co-effectors modulate the action of one another at 
the postsynaptic site. 

Molecular Biological Approaches to Receptor Modulation - The 
most obvious contribution of molecular biology to pharma- 
cology, in addition to the cloning and sequencing of receptors 
and immunomodulatory drugs, has been in the utilization of 
monoclonal antibodies to produce large quantities of hormones 
such as insulin. Molecular biology also holds great promise as 
a means for understanding the factors related to immune 
competence108 and its relationship to disease.109 The use of 
antiidlotypic antibodies as selective receptor antagonists, 
while capturing the imagination,lll,ll2 should be balanced 
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against the feasibility of transporting such entities to their 
target areas without degradation or the triggering of an 
immune response. While the elegant work of Herbert and 
others113 has indicated that it may be possible to manipulate 
transcriptional and translational processes with drugs, much 
needs to be learned about the design of therapeutic agents 
that will selectively interact with the system of interest. 

Drug Receptors - Receptor-based drug discovery has been 
concerned mainly with the cholinergic and monaminergic 
transmission processes.' l 4  With the discovery of the 
enkephalins and the identification of the central benzo- 
diazepine receptor, attention has been directed toward the 
possibility that many therapeutic agents may have their own 
recognition site independent of any known neurotransmitter or 
neuromodulator receptor. This theory assumes the existence 
of endogenous entities for which these therapeutic agents 
substitute or inhibit. As an underlying genetic code the 
ability to synthesize an antagonist of the peripheral 
cholcystokinin receptor and, also, why plants would make so 
many agents (i.e. opiates, cardiac gl cosides) of critical use 

tricyclic anti epressants, psychotomimetics such as 
phencyclidine anticonvulsants, barbiturates 117 and 
amphetamines' I8have been reported. Whether or not they 
represent receptors for hitherto unidentified endogenous 
substances remains unknown. 

in the treatment of human i1lness.l 9 5 Recognition sites for 

Summary - Receptors are critical for mediating the actions of 
hormones, neurotransmitters and other agents that modify 
cellular activity. Receptors are also a major focus for drug 
design and development since they are responsible for imparting 
selectivity t o  the actions of these substances. Technical 
advances during the past decade have made it possible to more 
fully characterize receptor sites in terms of their chemical 
composition and kinetic properties, as well as with respect to 
the factors that regulate their number and function. Such 
studies have led to the discovery of new endogenous agents and 
to the realization that drugs need not attach directly to 
receptor recognition sites to influence their responsiveness. 
These findings are providing a new perspective with regard to 
drug mechanisms fostering the development of novel drugs. 
Given the practical implications of these advances in biology, 
it is important that medical chemists have some familiarity 
with this topic as they design the next generation of 
therapeutic agents. 
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Chapter 22. Mitogenic Factors as Onoogene Products 

Harry N. Antoniades and Panayotis Pantazis, The Center f o r  Blood 

I n t r o d u c t i o n -  The p r o l i f e r a t i o n  and m e t a b o l i c  a c t i v i t y  o f  normal 
mammalian c e l l s  i n  c u l t u r e  i s  regulated by polypept ide growth f a c t o r s  
and o t h e r  hormones whose a c t i o n  i s  mediated by s p e c i f i c  c e l l u l a r  
r e c e p t o r s .  The a v a i  1 a b i  1 i t y  o f  p u r i f i e d  g rowth  f a c t o r s  has enabled 
i n v e s t i g a t o r s  t o  study t h e i r  e f f e c t s  on c e l l  growth i n  c u l t u r e ,  and t o  
b e g i n  t o  e l u c i d a t e  t h e  sequence o f  events leading t o  DNA synthesis and 
c e l l  p r o l i f e r a t i o n .  These s tud ies establ ished a new c l a s s  o f  hormonal 
polypeptides, known c o l l e c t i v e l y  as growth factors ,  as t h e  regul  a t o r s  o f  
normal c e l l  growth.1 

W h i l e  t h e  f u n c t i o n  o f  growth f a c t o r s  has been associated w i t h  t h e  
r e g u l a t i o n  of normal c e l l  growth,  u n c o n t r o l l e d  c e l l  p r o l i f e r a t i o n ,  
c h a r a c t e r i s t i c  o f  t he  transformed state,  became t h e  domain o f  oncogenes. 
Acute t r a n s f o r m i  ng r e t r o v i r u s e s  c o n t a i n  d i  s c r e t e  genomic sequences 
a c q u i r e d  b y  r e c o m b i n a t i o n  between t h e  genome o f  t h e  v i r u s  and host  
c e l l u l a r  gene sequences. When incorporated w i t h i n  t h e  r e t r o v i r u s  genome 
such t r a n s d u c e d  c e l l  u l  a r  sequences, termed v i r a l  oncogenes ( v - m ) ,  
acqu i  r e  t h e  a b i  1 i t y  t o  induce neoplast ic  t ransformat ion.  About twenty 
v-one genes have been i d e n t i f i e d  (reviewed i n  r e f s  2 , 3 ) .  Some o f  t h e  
same sequences homologous t o  t h e  t ransforming r e t r o v i r a l  genes have been 
recognized i n  normal untransformed c e l l s .  These c e l l  u l  a r  oncogenes o r  
proto-oncogenes,  a r e  t a r g e t s  o f  s t r u c t u r a l  and regu la to ry  a l t e r a t i o n s  
t h a t  may l e a d  normal c e l l s  t o  become m a l i g n a n t .  P o i n t  m u t a t i o n ,  
chromosomal t r a n s l o c a t i o n  and oncogene a m p l i f i c a t i o n  have been i m p l i -  
cated i n t h e  t ransformi  ng p o t e n t i  a1 o f  c e l l  u l  a r  genes4-10. Despi te  t h i s  
understanding, l i t t l e  i s  known about t h e  f u n c t i o n a l  r o l e  o f  p r o t o -  
oncogenes and o f  t h e i r  a1 t e r e d  c o u n t e r p a r t s  i n  induc ing uncon t ro l l ed  
c e l l  p r o l i f e r a t i o n .  

R e c e n t l y ,  s t u d i e s  on g rowth  f a c t o r s  and t h e i r  c e l l  membrane 
receptors have p r o v i d e d  a d i r e c t  l i n k  between oncogenes and a known 
b i o l o g i c  f u n c t i o n .  A s t r i k i n g  example i s  provided by t h e  r e c o g n i t i o n  
t h a t  t h e  oncogene, v - e ,  o f  t h e  s imian sarcoma v i r u s  ( S S V ) ,  an acute 
t ransforming r e t r o v i r u s  o f  pr imate o r i g i n ,  encodes f o r  a potent mitogen, 
t h e  p l  a t e 1  e t - d e r i v e d  g rowth  f a c t o r  (PDGF) . T h i s  suggests  t h a t  t h e  
t r a n s f o r m i n g  p r o p e r t i e s  o f  SSV der i ve  from t h e  c o n s t i t u t i v e  expression 
o f  t h i s  p o t e n t  mi togen,  PDGF. I n  a n o t h e r  development,  t h e  a v i a n  
e r y t h r o b l a s t o s i s  v i r u s  ( v - e - B )  oncogene has been shown t o  encode a 
t r u n c a t e d  fo rm o f  t h e  ep ide rma l  g rowth  f a c t o r  (EGF) receptor. More 
r e c e n t l y ,  ev idence  has been p r e s e n t e d  f o r  a p o s s i b l e  r e l a t i o n s h i p  
between t h e  c-fms proto-oncogene p r o d u c t  and t h e  r e c e p t o r  f o r  t h e  
mononuclear phagocyte g rowth  f a c t o r ,  CSF-1. These f ind ings,  l i n k i n g  
oncogenes t o  func t i ona l  products which are invo lved i n  c e l l  r e g u l a t i o n ,  
p r o v i d e d  a new u n d e r s t a n d i n g  o f  t h e  p o t e n t i a l  r o l e  o f  oncogenes i n  
neoplast ic  t ransformat ion.  
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Natu re  and F u n c t i o n  o f  PDGF - PDGF i s  the  major growth f a c t o r  o f  human 
serum. It i s  a p o t e n t  m i t o g e n  f o r  t h e  growth o f  mesenchymal der ived 
c e l l s  i n  cu l tu re ,  such as d i p l o i d  f i b r o b l a s t s ,  a r t e r i a l  smooth musc le  
c e l l s ,  and b r a i n  g l i a l  c e l l s .  I t  i s  s t o r e d  i n  t h e  a -g ranu les  o f  
p l a t e l e t s ,  and i t  i s  released from p l a t e l e t s  i n t o  t h e  serum dur ing b lood 
c l o t t i n g .  I n  v ivo,  PDGF i s  apparent ly synthesized by megakaryocytes and 
s t o r e d  and t r a n s p o r t e d  by p l a t e l e t s .  These c e l l s  have an a f f i n i t y  f o r  
i n j u r e d  s i t e s  aggregating t h e r e  and re leas ing  t h e i r  c o n t e n t s .  I n  t h i s  
manner, t h e  p l a t e l e t s  s e l e c t i v e l y  d e l i v e r  PDGF t o  s i t e s  o f  i n j u r y  where 
i t  s t  imul ates wound repai  r ( r e v i  ewed i n r e f s  11-15). 

PDGF has been p u r i f i e d  i n i t i a l l y  from c l o t t e d  human blood serum,16 
and subsequen t l y  f r o m  c l i n i c a l l y  o u t d a t e d  human p l a t e l e t s , l 7 ~ 1 ~  o r  
p l a t e l e t - r i c h  plasma.19~20 The molecular weight o f  b i o l o g i c a l l y  ac t i ve ,  
unreduced PDGF was estimated a t  28-35 kD. Reduc t ion  r e s u l t e d  i n  t h e  
appearance o f  1 ower mol ecul a r  weight, i n a c t i v e  polypept ides rangi  ng from 
12 kD t o  18 kD, suggesting t h a t  a c t i v e  POGF consis ts  o f  two p o l y p e p t i d e  
chains.13-15 The aminotermi  n a l  amino a c i d  sequence analys is  o f  PDGF 
provided evidence t h a t  i t  consis ts  o f  two nonident ica l  but  s t r u c t u r a l  l y  
r e l a t e d  p o l y p e  t i d e  c h a i n s  (PDGF-1 and PDGF-2) l i n k e d  together  by di-  
s u l f i d e  bonds.2?,22. 

The p r i m a r y  f u n c t i o n  o f  PDGF i s  t h e  s t i m u l a t i o n  o f  DNA r e p l i c a t i o n  
and c e l l  d i v i s i o n  o f  d i p l o i d  f i b r o b l a s t s ,  a r t e r i a l  smooth muscle c e l l s ,  
and b r a i n  g l i a l  c e l l s .  I n  addi t ion,  PDGF has been shown t o  be a potent  
chemoattractant f o r  cu l tu red  a r t e r i a l  smooth muscle c e l l s ,  f i b r o b l a s t s ,  
neutrophi ls ,  and monocytes. Other funct ions o f  PDGF i nc lude  t h e  a b i l i t y  
t o  s t imu la te  important metabol ic processes, i n c l u d i n g  p r o t e i n ,  l i p i d ,  
and p r o s t a g l a n d i n  synthesis and s t i m u l a t i o n  o f  t y r o s i n e  kinase a c t i v i t y  
(reviewed i n  re f s .  11-15). 

Regulat ion o f  Ce l l  Growth by PDGF. The i s o l a t i o n  o f  PDGF enabled exten- 
s i v e  s t u d i e s  on i t s  mode o f  a c t i o n  i n  c e l l  c u l t u r e .  These s tud ies  
r e v e a l e d  t h a t  t h e  t r a n s i t i o n  between t h e  Go/G1, phase o f  t h e  c e l l  c y c l e  
and t h e  S-phase requi red t h e  s y n e r g i s t i c  e f f e c t s  o f  b o t h  PDGF and o f  
o t h e r  hormones p r e s e n t  i n  p l  a t e 1  e t - p o o r  p l  asma.23-25 Some o f  these 
hormones i n  plasma were shown t o  belong t o  t h e  f a m i l y  o f  p o l y p e p t i d e s  
w i t h  i n s u l i n - l i k e  a c t i v i t y . 2 5  These s t u d i e s  p r o v i d e d  a new under- 
standing o f  c e l l  growth con t ro l .  The s i g n i f i c a n t  f i n d i n g  was t h a t  t h e  
t r a n s i t i o n  f r o m  t h e  Go/G1 phase t o  t h e  S-phase o f  t h e  c e l l  c y c l e  cou ld  
be subdivided i n t o  two stages. 
PDGF and a1 l ows  c e l l  s t o  en te r  t h e  Go/G1 phase o f  t h e  c e l l  cycle.23~24 
The other  c a l l e d  progression, i s  c o n t r o l l e d  by f a c t o r s  i n  plasma t h a t  
enab le  t h e  p r o g r e s s i o n  o f  t h e  PDGF-induced competent c e l l s  i n t o  t h e  
S-phase.25 The PDGF-induced competency could be achieved by a b r i e f  
exposure o f  t h e  cu l tu red  c e l l s  t o  PDGF. For example, c e l l s  exposed t o  
PDGF remained competent f o r  up t o  13 hours a f t e r  PDGF was removed from 
the  c e l l  cu l tu re .  Add i t i on  o f  plasma t o  t h e  c u l t u r e s  pre-exposed t o  PDGF 
enabled t h e  p r o g r e s s i o n  i n t o  S-phase. These s tud ies imply t h a t  PDGF i s  
t h e  l i m i t i n g  f a c t o r  f o r  t h e  i n  v i v o  g rowth  o f  normal t a r g e t  c e l l s .  
P r o g r e s s i o n  f a c t o r s  a r e  a v a i l a b l e  i n  v i v o  from c i r c u l a t i n g  blood. I n  
c o n t r a s t ,  PDGF i s  t r a n s p o r t e d  by p l a t e l e t s  and i t  i s  ava i l ab le  on l y  
se lec t i ve l y ,  i n  small amounts, a t  t h e  s i t e  o f  i n j u r y  d u r i n g  p l a t e l e t  
d e g r a n u l a t i o n .  Fo r  t h i s  reason,  t a r g e t  c e l l s  t o  PDGF a c t i o n  t h a t  
acquire t h e  a b i l i t y  t o  synthesize t h e i r  own supply o f  PDGF escape t h i s  
r e g u l a t o r y  r e s t r i c t i o n ,  and t h e y  a r e  capable o f  en te r ing  i n t o  a con- 
t inuous and unregulated growth.15 

One, c a l l e d  competency, i s  c o n t r o l l e d  b 
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As d e s c r i b e d  above, a t r a n s i e n t  exposure o f  c u l t u r e d  c e l l s  t o  PDGF 
could render. t h e  c e l l s  competent t o  e n t e r  t h e  c e l l  cycle.  T h i s  i m p l i e s  
t h a t  PDGF i nduces  s t a b l e ,  secondary "modulators" i n  i t s  t a r g e t  c e l l s  
t h a t  render them capable o f  r e s p o n d i n g  t o  p r o g r e s s i o n  f a c t o r s .  Su h 
modul a t o r s  c o u l d  be s p e c i f i c ,  PDGF-induced RNAs and/or 
Recent s t u d i e s  p rov ided  evidence t h a t  PDGF can induce c - s  mRNAz9 and 
c - r n  mRNA i n  cu l tu res  o f  3T3 f i b r o b l a s t s ,  suggesting t h a t  gene products 
o f  b o t h  oncogenes may be i n v o l v e d  i n  t h e  progression o f  c e l l s  through 
t h e  c e l l  ~ y c l e . 3 ~ - 3 4  

The SSV Oncogene, v - s i s ,  Codes f o r  t h e  PDGF-2 P o l y p e p t i d e  Cha in  - 
E l u c i d a t i o n  o f  t h e  amino te rm ina l  amino a c i d  sequence o f  human PDGF21 
revealed a near i d e n t i t y  between t h e  amino a c i d  sequence o f  t h e  PDGF-2 
p o l y p e p t i d e  c h a i n  and t h e  t r a n s f o r m i n g  gene p r o d u c t  o f  t h e  s i m i a n  
sarcoma v i  r ~ s . ~ 5 - ~ 6  This recogn i t i on  provided t h e  important i n fo rma t ion  
t h a t  t h e  SSV oncogene, v - a ,  encodes t h e  PDGF-2 polypept ide chain. This  
f i n d i n g  suggested t h a t  t h e  a b i l i t y  o f  t h e  s imian sarcoma v i r u s  t o  induce 
transformat ion der ives from t h e  i nco rpo ra t i on  o f  t h e  PDGF-2 gene w i t h i n  
t h e  r e t r o v i  r a l  genome. The r e s u l t i n g  t r a n s f o r m i n g  oncogene reg ion  
w i t h i n  t h e  r e t r o v i r u s  genome codes f o r  a PDGF-2 m i togen  and i s  c a p a b l e  
o f  i n d u c i n g  u n r e g u l a t e d  g r o w t h  by t h e  c o n t i n u o u s  product ion o f  t h i s  
potent m i  togen. 

The s i m i a n  sarcoma v i r u s  i s  an acute t ransforming r e t r o v i r u s  which 
was i n i t i a l l y  i s o l a t e d  from a fibrosarcoma o f  a wooly monkey, and i t  i s  
t h e  o n l y  sarcoma v i r u s  o f  p r i m a t e  o r ig in .37  Character izat ion o f  i t s  
genome l o  a l i z e d  i t s  t ransforming gene t o  a c e l l - d e r i v e d  one sequence, 
v-s is.38359 The v - f i  gene has been sequenced40 and i t s  28 kD t rans-  
f o r m i n g  p r o t e i n  p r o d u c t  (p28-) has been i d e n t i f i e d  by immuno- 
p r e c i p i t a t i o n  w i t h  a n t i s e r a  p repared  a g a i n s t  s y n t h e t i c  p o l y  e p t i d e s  

S t r u c t u r a l  and F u n c t i o n a l  I d e n t i t y  Between t h e  s i  s/PDGF-2 Oncogene 
Produc t  and PDGF - The t r a n s f o r m i n g  p r o t e i n  p r o d u c t ,  p28-, of 
t h e  SSV oncogene v-G, c o n s i s t s  o f  a s i n g l e  c h a i n  po lypept ide con- 
t a i n i n g  226 amino ac id  residues. The reg ion corresponding t o  t h e  PDGF-2 
chain s t a r t s  a t  t h e  s e r i n e  r e s i d u e  i n  p o s i t i o n  67, which f o l l o w s  a 
doub le  b a s i c  sequence ( l ys -a rg )  a t  p o s i t i o n  65-66. This i s  apparent ly 
t h e  p r o c e s s i n g  p o i n t  y i e l d i n g  a p o l y p e p t i d e  o f  160 r e s i d u e s  w i t h  a 
m o l e c u l a r  weight o f  18,056, e s s e n t i a l l y  t h e  same s i ze  estimated f o r  t h e  
PDGF-2 chain on t h e  bas is  o f  sodium dodecyl s u l f a t e - p o l y a c r y l  amide g e l  
e l e c t r o p h o r e s i s . 2 1  However, t h e  SSV oncogene codes on ly  f o r  one chain 
(PDGF-2) o f  t h e  PDGF polypept ide.35 Previous s tud ies have shown t h a t  
d i s r u p t i o n  o f  t h e  d i s u l f i d e - l i n k e d  d imer ic  s t r u c t u r e  o f  PDGF r e s u l t e d  i n  
a t o t a l  l o s s  o f  a c t i v i t y ,  suggesting t h a t  t h e  s i n g l e  reduced chains are 
b i o l o g i c a l l y  inactive.17 For t h i s  reason, i t  was important t o  e s t a b l i s h  
whether  t h e  v-- oncogene product  was func t i on ing  as a s i n g l e  PDGF-2 
polypept ide chain o r  as a d i s u l f i d e - l i n k e d  dimer s i m i l a r  t o  b i o l o g i c a l l y  
a c t i v e  PDGF. This important quest ion was rqsolved by t h e  d e m o n s t r a t i o n  
t h a t  i n  SSV-transformed c e l l s ,  p28- undergoes a se r ies  o f  
d i s c r e t e  processing steps, i n c l u d i n g  d i s u l f i d e - l i  nked d imer  f o r m a t i o n  
and p r o t e o l y t i c  c leavage,  t o  y i e l d  PDGF-2 homodimers s t r u c t u r a l l y  and 
imnunological ly resemblin t h e  d i s u l f i d e - l i n k e d  d i m e r i c  fo rm of b i o -  
l o g i c a l l y  a c t i v e  P D G F j 2  The p r e c u r s o r  p o l y p e p t i d e ,  p28-, i s  
synthesized by c e l l  membrane bound polyr ibosomes, f o l l  owed by d i m e r i -  
za t i on  i n  t h e  endoplasmic re t i cu lum and processing a t  t h e  c e l l  per iphery 
t o  y i e l d  s t ruc tu res  analogous t o  b i o l o g i c a l l y  a c t i v e  PDGF. 

corresponding t o  i t s  ami notermi nal  and carboxytermi nal  regions. R 
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The f u n c t i o n s  o f  t h e  PDGF homodimer are s im i la r  t o  those o f  b io-  

l o g i c a l l y  ac t i ve  PDGF. Secretory products o f  PDGF-2 homodimer ob ta ined  
from t h e  conditioned media o f  SSV-transformed NRK c e l l s  were capable o f  
s t i m u l a t i n g  [3H]thymidine i n c o r p o r a t i o n  i n  cultured 3T3 ce l ls ,  c e l l -  
membrane prote in  phosphorylation, a t  ty ros ine residue, i n  human f i b r o -  
b l  as ts  , and b i  nd i  ng t o  speci f i c cel l-membrane PDGF receptors.44 L ike  
PDGF, the  b io log i c  a c t i v i t y  o f  t h e  PDGF-2 h modimer was shown t o  be 

The mechanism o f  a c t i o n  o f  t h e  PDGF-2 homodimer synthes ized by 
SSV-transformed c e l l s  i s  as y e t  unclear. A b io log i ca l l y  act ive 34 kD 
PDGF-2 homodimer i s  secreted by SSV-transformed NRK cel ls.44 PDGF- 
receptors  have been demonstrated on these ce l ls ,44 suggest ing t h a t  
se l f -s t imulat ion o f  the  SSV-transformed NRK c e l l s  may be mediated by an 
autocrine mechanism invo lv ing  the release o f  PDGF-2 homodimer and stimu- 
l a t i o n  o f  growth through binding t o  PDGF cell-membrane receptors. Secre- 
t i o n  o f  t h e  v-sis/PDGF-2 oncogene products by SSV-transformed c e l l s  1s  
c o n s i s t e n t  w i t h t h e  presence o f  a s igna l  sequence i n  t h e  p 2 W  
protein, derived from t h e  envelope gene o f  t h e  pa ren ta l  r e t r o v i r u s .  
D e l e t i o n  o f  t h e  s igna l  sequence o f  the env-sis coding region has been 
c o r r e l a t e d  w i t h  l o s s  o f  b i o l o g i c  a c t i v i t y ,  suggesting tha t  the v-& 
product  must e n t e r  t h e  c e l l  u l  a r  secre tory  pathway f o r  expression o f  
b i o l o g i c  a c t i v i t y . 4 5  However, i n  SSV-transformed marmoset c e l l s  
(HF/SSV) , the v-fiS/PDGF-2 oncogene products were loca l i zed  i n  the c e l l  
membrane f r a c t i o n ,  w i thou t  evidence o f  sec re to ry  products.46 This 
suggested the p o s s i b i l i t y  that, a t  leas t  i n  these c e l l s ,  t h e  mi togen ic  
p r o t e i n s  ac t  through a d i rec t  in te rac t ion  w i th  membrane PDGF receptors 
w i thou t  p r i o r  secre t ion .  A d d i t i o n a l  evidence i s  requ i red  f o r  t h e  
e luc idat ion o f  the mode o f  act ion o f  the v-*/PDGF-2 oncogene products. 

c-G gene, which i s  t h e  normal homolog of t h e  v--, was also 
shown t o  encode t h e  PDGF-2 chain.47 948 The presence o f  s is- re la ted 
messenger RNAs i n  human tumors o f  mesenchymal o r i g i n  has been repor- 
ted.49-51 The human osteosarcoma c e l l  l i n e  (U20S) was shown t o  syn- 
t h e s i z e  two c - s i s  mRNA species o f  4.0 Kb and 3.7 Kb i n  length, w i th  a 
minor  species o f a b o u t  2.6 Kb.50 The concen t ra t i on  o f  each c-G 
t r a n s c r i p t  was est imated a t  about 10-20 cop ies  per  U2-0s ce l l .  The 
human g l  i ob l  astoma (A172) and f i brosarcoma (HT1080) c e l l  11 nes were 
shown t o  synthesize a 4.4 Kb mRNA t h a t  contained sequences from a l l  the  
s i x  i d e n t i f i e d  exons o f  t h e  human c - G  gene.51 I n  some human T-ce l l  
leukemic v ' r u s  (HTLV)-infected c e l l  l ines,  s is- re la ted mRNAs were a lso 

The presence o f  t h e  activate=-* gene i n  these human 
mal ignant  c e l l  l i n e s  was accompanied by the synthesis and secretion o f  
b io log i ca l l y  ac t i ve  PDGF-1 i k e  polypept ides.  The p r o p e r t i e s  o f  these 
c-&/PDGF-2 gene products appear t o  be s im i la r  t o  those o f  b io log i ca l l y  
a c t i v e  PDGF, and t h e  v-s oncogene products  synthes ized by SSV- 
transformed celIs.50~51~53& 

heat-stable and sensi t ive t o  reducing agents. 48 

A c t i v a t i o n  o f  t h e  c - s i s  gene and syn thes is  and s e c r e t i o n  o f  
PDGF-like mitogen by human mal ignant  c e l l s  o f  mesenchymal o r i g i n  
suggests t h e  p o s s i b i l i t y  t h a t  s i s  a c t i v a t i o n  i n  these c e l l s  might be 
i n v o l v e d  i n  t h e  processes lead- normal c e l l s  o f  mesenchymal o r i g i n  
towards ma1 ignancy. The normal counterparts o f  these malgnant c e l l  s a r e  
ta rge t  c e l l s  t o  PDGF action. I n  vivo, the growth o f  these c e l l s  depends 
on t h e  d e l i v e r y  o f  PDGF during p la te le t  degranulation. The a b i l i t y  o f  
t he  malignant c e l l s  t o  produce t h e i r  own, cont inuous supply  o f  PDGF. 
bypasses t h i s  c o n t r o l l i n g  mechanism, and may lead t o  uncontrol led c e l l  
p ro l i fe ra t ion .  
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c - s i s  Gene E x p r e s s i o n  i n  Nontransformed C e l l s  - As descr ibed above, 
- s i s  a c t i v a t i o n  and product ion of PDGF-like mitogen has been associated 
w i t h  t h e  t r a n s f o r m e d  s t a t e .  Recent s tud ies demonstrated t h a t  c e r t a i n  
un-transformed c e l l  l i n e s  e x h i b i t  c - f i  t r a n s c r i p t s  and have t h e  a b i l i t y  
t o  s y n t h e s i z e  and t o  s e c r e t e  a c t i v e  PDGF-like polypeptides. Some o f  
t h e s e  c e l l  l i n e s  a r e  n o t  t a r g e t s  t o  PDGF a c t i o n .  F o r  example, t h e  
presence o f  c-& t r a n s c r i p t s  and product ion o f  PDGF-1 i k e  mitogen have 
been demonstrated i n  c u l t u r e d  human o r  b o v i n e  e n d o t h e l i a l  c e l l s .  
Sequence ana lys i s  o f  a & homologous complementary DNA c lone from human 
e n d o t h e l  i a1 c e l l  s demonstrated t h a t  t h e s e  c e l l  s express  t h e  PDGF-2 
p o l y p e p t i d e  chain o f  human PDGF.s8 Act ivated monocytes and macrophages 
a1 so e x h i b i t  c-G t r a n s c r i p t s  and are capable o f  producing PDGF-like 
m i  t o g e n . 5 9 ~ 6 0  Recent s t u d i e s  have shown t h a t  phorbol  e s t e r - i  nduced 
d i f f e r e n t i a t i o n  o f  myeloid leukemic c e l l s  along t h e  monocyte-macrophage 
l i n e a g e ,  i s  a s s o c i a t e d  w i t h  t h e  i n d u c t i o n  o f  t h e  expression o f  c - s i s  
gene and t h e  s y n t h e s i s  and s e c r e t i o n  o f  PDGF-l ike mitogen.61 the 
a b i l i t y  o f  e n d o t h e l i a l  c e l  I s ,  monocytes, and macrophages t o  s e c r e t e  
PDGF-1 i k e  m i  t o g e n  may se rve  i m p o r t a n t  p a r a c r i  ne f u n c t i o n s  i n  vessel 
neogenesi s,  i n f l  ammat i on and wound heal i ng. 

Expression o f  t h e  c - f i  gene and sec re t i on  o f  PDGF-like mitogen has 
been shown i n  human placenta trophoblasts,62 and i n  f e t a l  and neonatal 
smooth muscle cel ls.63 These c e l l s  grow r a p i d l y  i n  a fash ion resembling 
transformed c e l l s .  I t  i s  p o s s i b l e  t h a t  t h e  p r o d u c t i o n  o f  PDGF-l ike 
p o l y p e p t i d e s  by these c e l l s  cont r ibutes,  respec t i ve l y ,  t o  t h e  growth o f  
t h e  d e v e l o p i n g  p lacenta,62 o r  t o  t h e  development and m a t u r a t i o n  o f  
a o r t a  .63 

I n  summary, t h e  d i s c o v e r y  t h a t  t h e  SiS oncogene encodes f o r  a 
p o t e n t  m i t o g e n  e s t a b l i s h e d  a f u n c t i o n a l  r o l e  f o r  t h i s  oncogene, and 
p r o v i d e d  a b a s i s  f o r  t h e  u n d e r s t a n d i n g  o f  i t s  r o l e  i n  n e o p l a s t i c  
t r a n s f o r m a t i o n .  The presence o f  t h i s  proto-oncogene i n  c e r t a i n  un- 
transformed c e l l s  may serve important phys io log i ca l  processes med ia ted  
by t h e  paracr ine a c t i o n  o f  t h e  c--/PDGF-2 gene products. 

The EGF Recep to r  and t h e  v-erb-B Oncogene o f  A v i a n  E ry th rob las tos i s  
V i r u s  ( A E V )  - Epidermal  g rowth  f a c t o r  (EGF) i s  one o f  t h e  e a r l i e s t  
d i s c o v e r e d  and c h a r a c t e r i z e d  p o l y p e p t i d e  g r o w t h  fac to rs .64  It was . . .  . 

i n i t i a l l y  i s o l a t e d  from ex t rac ts  o f  mouse s u b m a x i l l a r y  l a n d s  and was 
shown t o  a c c e l e r a t e  eye1 i d  open ing  i n  newborn mice.84 Subsequent 
s tud ies demonstrated t h a t  EGF i s  a potent  mitogen f o r  a v a r i e t y  o f  c e l l  
l i n e s . 6 5  The b i o l o g i c  e f f e c t s  o f  EGF a r e  expressed b y  b i n d i n g  t o  
s p e c i f i c  membrane receptors o f  t a r g e t  c e l l s .  The r e c e p t o r  c o n t a i n s  an 
i n t r i n s i c  t r o s i n e  k i n a s e  a c t i v i t y  t h a t  i s  i nduced  f o l l o w i n g  EGF 
b i  n d i  ng.65-tT The EGF r e c e p t o r  complexes are r a p i d l y  i n t e r n a l i z e d  by 
t h e  c e l l 6 8  and t h e  i n t e r n a l i z e d  EGF i s  a p p a r e n t l y  degraded i n  t h e  
1 y sosomes .68 

S t i m u l a t i o n  o f  t y r o s i n e - s p e c i f i c  k inase a c t i v i t y  by EGF has been 
suggested t o  r e p r e s e n t  an i m p o r t a n t  e a r l y  s t e p  i n  t r i g g e r i n g  DNA 
s y n t h e s i s  and c e l l  p r o l i f e r a t i o n .  The r e c o g n i t i o n  t h a t  r e t r o v i r a l  
t r a n s f o r m i  n p r o t e i n s 6 9  and o t h e r  g rowth  f a c t o r s  such as PDGF,13,14 
i n s u l i n , 7 0 , ~ 1  and i n s u l i n - l i k e  g rowth  f a c t o r  ( IGF- I )72  promote c e l l  
growth and share i n  t h e i r  s p e c i f i c i t y  o f  s t i m u l a t i n g  t y r o s i n e - s p e c i f i c  
k i n a s e s  has generated a s t r o n g  i n t e r e s t  f o r  a p o s s i b l e  c o n n e c t i o n  
between c e l l u l a r  p r o t e i n  t y r o s i n e  phosphorylat ion and c e l l u l a r  growth.  
However, t h e r e  i s  no c o n c l u s i v e  ev idence  as y e t ,  l i n k i n g  p r o t e i n  
t y r o s i n e  phosphorylat ion t o  c e l l  p r o l i f e r a t i o n .  
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EGF Rece t o r  - The EGF receptor  i s  a g lycosy lated transmembrane p r o t e i n  
____L)r_ w i t h  a mo ecu la r  weight o f  170-175 kD. Amino ac id  sequence analys is  o f  
pept ide fragments der ived from p u r i f i e d  human EGF r e c e p t o r  r e v e a l e d  a 
s i g n i f i c a n t  homology w i t h  t h e  deduced sequence o f  t h e  v - e - B  t rans -  
f o r m i n g  p r o t e i n  o f  AEV.73 Subsequently, t h e  e n t i r e  cDNA and p red ic ted  
amino ac id  sequence has been reported, demonstrating t h a t  t h e  human EGF 
r e c e p t o r  p r e c u r s o r  c o n s i s t s  o f  1,210 amino acids.74 C 1  eavage o f  a 
s ignal  pept ide cons is t i ng  o f  24 amino acids y i e l d s  a receptor  p r o t e i n  o f  
1,186 amino ac ids .  The r e c e p t o r  has a g l y c o s y l  a t e d  e x t r a c e l l  u l  a r  
EFG-binding domain and a c y t o p l a s m i c  domai n c o n t a i  n i  ng t h e  t y r o s i  ne 
p r o t e i n  k inase  a c t i v i t y  o f  t h e  receptor. The two domains are separated 
by a s i n g l e  transmembrane reg ion  o f  23 amino acids.Y4-76 

The e x t r a c e l l u l a r  EGF-binding domain c o n s i s t s  o f  621 amino a c i d s  
and i t  c o n t a i n s  t h e  amino - te rm ina l  r e g i o n  w h i l e  t h e  ca rboxy temina l  
reg ion o f  542 amino acids i s  t h e  cytop lasmic domain. E x t e n s i v e  amino 
a c i d  sequence homo1 ogy has been shown between t h e  c a r b o x y t e r m i  n a l  
cytoplasmic reg ion o f  t h e  EGF receptor  and t h e  t r a n s f o r m i n g  p r o t e i n  o f  
t h e  v - e - B  oncogene. This  homology includes a reg ion o f  376 amino a c i d  
r e s i d u e s  b e g i n n i n g  a t  t h e  c y t o p l a s m i c  j u n c t i o n  o f  t h e  r e c e p t o r  and 
inc lud ing  t h e  transmembrane domain o f  23 amino ac id  i n  bo th  sequences. A 
244 amino a c i d  r e g i o n  o f  t h e  cytoplasmic domain contains 60 amino a c i d  
residues which a r e  conserved i n  o t h e r  p r o t e i n  k i n a s e s  i n c l u d i n g  t h e  
members o f  t h e  gene f a m i l y  o f  tyrosine-phosphorylating k i n a ~ e s . 7 ~  
They i n c l u d e  t h e  t y r o s i n e  wh ich  i s  t h e  s u b s t r a t e  f o r  t h e  autophos- 
phoryl  a t  i on reac t i on  o f  p p 6 0 z .  

These s t u d i e s  demonstrated t h a t  t h e  t ransforming p r o t e i n  o f  t h e  
v - e - B  oncogene shares extensive amino ac id  sequence homology w i t h  t h e  
c y t o p l a s m i c  r e g i o n  o f  t h e  EGF r e c e p t o r  wh ich  c o n t a i n s  t h e  t y r o s i n e  
p r o t e i n  k inase domain. It seems t h a t  t h e  v - e - B  p r o t e i n  i s  a t runcated 
form o f  t h e  EGF receptor,  l a c k i n g  t h e  e x t r a c e l l u l a r  EGF-binding domain, 
but  r e t a i n i n g  t h e  transmembrane region. The g l y c o s y l a t e d  fo rm o f  t h e  
v-*-B r o  e i n  i s  membrane a s s o c i a t e d  and has a molecular weight o f  

Fu r the r  processing o f  t h e  carbohydrate s ide  chain occurs 
i n  t h e  Golgi  apparatus and p a r t  of t h e  t ransforming p r o t e i n  i s  p r e s e n t  
i n  t h e  c e l l  surface w i t h  a molecular weight o f  75-80 kD. 

The f i  ndi  ngs descr ibed above r a i s e  several important questions. For 
example, t h e  n a t u r e  o f  t h e  s i g n a l  t r a n s d u c t i o n  between the  two func- 
t i o n a l  EGF r e c e p t o r  domains a c r o s s  t h e  membrane i s  unknown. EGF- 
r e c e p t o r  b i n d i n g  o f  t h e  e x t r a c e l l u l a r  domain transduces a s ignal  t h a t  
r e s u l t s  i n  s t i m u l a t i o n  of t y r o s i n e  k i n a s e  a c t i v i  y and autophos-  

receptor  c l u s t e r i n g  of t h e  e x t r a c e l l u l a r  domain. T h i s  may b r i n g  t h e  
c y t o p l a s m i c  domains i n t o  c l o s e  p r o x i m i t y  r e s u l t i n g  i n  i n te r - recep to r  
i n t e r a c t i o n s  which might i nc lude  s t i m u l a t i o n  o f  t y r o s i n e  kinase a c t i v i t y  
and au tophosphory la t i on .  The func t i ona l  r o l e  o f  t h e  v-&-B p r o t e i n  i s  
s t i l l  un reso lved .  I t  i s  p o s s i b l e  t h a t  t h i s  t runcated form o f  t h e  EGF 
receptor  mimics an occupied EGF r e c e p t o r  i n  i n d u c i n g  t r a n s f o r m a t i o n .  
However, t h e r e  i s  no c o n c l u s i v e  evidence t h a t  t h e  v-erJ-B p r o t e i n  has 
p r o t e i n  k inase  a c t i v i t y  i n  v i t r o .  The lack  o f  EGF receptors  i n  ery thro-  
b l a s t s  makes d i f f i c u l t  a d i r e c t  connection between t h e  growth o f  these 
c e l l s  and t h e  concept  o f  t h e  v - e - B  p r o t e i n  as an a c t i v a t e d  EGF 
receptor. 

64-68 kD. 7 8 ,4 

p h o r y l  a t i o n .  The p o s s i  b i  1 i t y  has been suggested 74  t h a t  EGF induces 

Re1 a t i o n s h i  p Between t h e  Receptor f o r  t h e  Mononuclear Phagocyte Growth 
Factor  (CSF-1) and t h e  c-fms Proto-Oncogene Product - The v i r a l  oncogene 
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(v-fms) o f  t h e  Mcnonough s t r a i n  o f  f e l i n e  sarcoma v i r u s  encodes a t rans-  
memrane  g l y c o p r o t e i n  o f  140 kD.80-83 This  g l ycop ro te in  has t h e  pro- 
p e r t i e s  o f  a c e l l  s u r f a c e  r e c e p t o r ,  and i t s  e x p r e s s i o n  on t h e  c e l l  
s u r f a c e  i s  r e q u i r e d  f o r  t ransformat ion.84 L i k e  t h e  EGF receptor,  t h e  
v-fms product  has a g lycosy lated ex t race l  l u l a r  aminoterminal domain and 
a s o p 1  asmic carboxyterminal  domain which i s  associated w i t h  t y r o s i n e  
p r o t e i n  k i  nase a ~ t i v i t y . ~ ~ , 8 5 , 8 6  The c e l l u l a r  (c-fms) proto-oncogene 
p r o d u c t  i s  a 170 kD g l y ~ o p r o t e i n ~ ~  which c r o s s r e a c t s T t h  an t i se ra  t o  a 
recombi n a n t  v-fms-coded polypeptide.88 The c - m  g l ycop ro te i  n product 
i s  expressed a t  h igh l e v e l s  i n  mature macrophages. These d i f f e r e n t i a t e d  
c e l l s  a l so  con ta in  a 165 kD g lycosy lated r e c e p t o r  p r o t e i n  which b i n d s  
t h e  m u r i n e  c o l o n y  s t i m u l a t i n g  f a c t o r  (CSF-1). Binding o f  t h e  CSF-1 t o  
i t s  receptor  s t imulates tyros ine-speciq ic  p r o t e i n  k inase a c t i v i t y .  CSF-1 
s t i m u l a t e s  h e m a t o p o i e t i c  p r e c u r s o r  c e l l s  t o  form colon ies con ta in ing  
p h a g o c y t e ~ . ~ ~  It b inds  t o  mononuclear phagocytes and t h e i r  precursors 
and t o  macrophage and myelomonocytic c e l l  l i n e s  i n  cu l ture.  An t i se ra  t o  
v-fms-coded p o l y p e p t i d e ,  which crossreact w i t h  t h e  c-& gene product, 
a l s o r e a c t e d  w i t h  t h e  rnur ine CSF-1 receptor.88 This suggests a c lose  
r e 1  a t i o n s h i p  between t h e  c-fms proto-oncogene p roduc t  and t h e  CSF-1 
r e c e p t o r .  Sequence i n f o r m a t i o n  o f  t h e  CSF-1 receptor  w i l l  p rov ide a 
conclus ive con f i rma t ion  o f  t h i s  re la t i onsh ip .  

Summary - Recent repo r t s  1 i n k i n g  oncogenes t o  funct ional  products which 
a r e  i n v o l v e d  i n  c e l l  g rowth  regu la t i on ,  provided a r a t i o n a l  bas i s  f o r  
t h e  u n d e r s t a n d i n g  of t h e  r o l e  o f  oncogenes i n  t r a n s f o r m a t i o n .  A 
s t r i k i n g  example i s  p r o v i d e d  by t h e  d i s c o v e r y  t h a t  t h e -  oncogene 
encodes f o r  one o f  t h e  p o l y p e p t i d e  c h a i n s  o f  a potent  mitogen, PDGF. 
I n t r a c e l l u l a r  processing o f  t h e  oncogene polypept ides r e s u l t s  i n  t h e  
p r o d u c t i o n  o f  m i t o g e n i c  PDGF-like homodimers. I n  another development, 
t he  r e c e p t o r  o f  EGF, a p o t e n t  mi togen,  was shown t o  have e x t e n s i v e  
homology w i t h  t h e  v - e - B  oncogene p roduc t  which seems t o  encode t h e  
t y r o s i n e  p r o t e i n  k inase domain o f  t h e  EGF receptor. Th is  t runcated form 
o f  EGF receptor  may act  as an occupied EGF receptor  i n  i n d u c i n g  t r a n s -  
formation. Homology was a l so  no t i ced  between t h e  t y r o s i n e  kinase reg ion  
o f  t h e  EGF r e c e p t o r  and o the r  p r o t e i n  kinases which are members o f  
gene f a m i l y .  A c o n n e c t i o n  between t h e  recep to r  o f  t h e  colony stimu- 
l a t i n g  f a c t o r  and t h e  c-fms p r o t e i n  product has been suggested on t h e  
b a s i s  o f  immunocross reac t i v i t y  between t h e  c-fms product and t h e  CSF-1 
receptor  w i t h  an t i se ra  t o  a v---coded polypeptide. 
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Chapter 23. Nucleotide Metabolism in Parasitic Protozoa 

Donald J. Hupe, Department of Biochemistry 
Merck Institute for Therapeutic Research 

P.O. Box 2000 - Rahway, NJ 07065 

Introduction - A variety of hunan  and animal diseases a r e  caused by parasitic 
protozoa including malaria, Chagas disease (South American trypanosomiasis), 
African trypanosomiasis, giardiasis, leishmaniasis, coccidiosis and toxoplasmosis. 
The nudeo t ide  metabolism of these o r g a v s n s  o f t en  differs strikingly from t h e  
metabolism of the host mammalian cells. For example, i t  is commonly found 
that  parasitic protozoa lack d e  novo biosynthesis of purines and a r e  therefore 
metaholically dependent upon t h e  host for t h e  synthesis of pu-ine bases.' A t  
another level, even when the  host and parasite have the  same enzyme present, 
t h e  specificity for  a given molecule as a substrate o r  inybi tor  can be vastly 
different, giving rise to  opportunities for selective toxicity. This review covers 
some of t h e  major chemotherapeutic studies carried out o n  parasitic protozoa 
recently in the area of purine or pyrimidine nucleotide metabolism. The 
designation R af ter  a compound nunber  stands for  B -D-riboside, R P  for t h e  5' 
monophosphate and RP3, for the 5' triphosphate. 

Pyraaolopyrimidine Analogs - Derivatives of pyraaolopyrimidine, including t h e  
parent compound albpcrinol, 1, have been intensively studied because they a r e  
metabolized in an unusual l a y  by pathogenic parasitic protozoa of t h e  genera 
Leishmania and Trypanosoma , which results in antiparasitic activity. Leishmania 
promastigotes form millimolar concentrations of t h e  ribonucleotide E, which 
is then converted into the  aminated AMP p a l o g  m, followed by conversion 
to 2RP Several factors contribute t o  the 
a b i l a f  1 to be incorporated in this manner, in contrast  to mammalian cells 
which neither convert  IRP to 2RP nor incorporate 1 into RNA. The parasite 
has high levels of hypxanthine guanine phophoribosyl transferase, HCPRTase, 
which phosphoribosylates the purine analog, and also lacks xanthine oxidase to 
catalyze oxidation to  oxypuinol,  2, which occus readily in mammalian cells. 

and then incorporation into RNA. 

1 2 3 

The succino-AMP synthetase and sucuno-AMP lyase, which normally carry ou t  
the conversion of IMP to AMP, have been shown to convert 1-RP to 2-RP if 
the  enzyme from Leishmania donovani o r  Tr  anosoma cruzi is used, whereas 
no conversion occu-s with the  mammalian e n h h e  Km values are higher 
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and Vm values less than I% of t h e  corresponding values for IMP with t h e  
succino-%P synthetase from the parasites. However, the very high levels of 
- 1RP compared to IMP help to  overcome this deficit and a lbw substantial 
conversbn to E. Leishmania also very readily convert 2, t h e  ammo analog 
of 1, into 2RP and then IRP due to t h e  action of AMP deaminase, Therefore, 
theef f icacy  of 2. against these organisms, can still depend upon this selectivity 
of succino-AMP s y n t h e p e  which creates a steady state concentration of 2RP 
h r  RNA incorporation. The effects of 1 on Leishmania can be reversed by 
the addition of adenine, but this reversal Fes not  occur if 1 is allowed to 
metabolize prior to the addition of adenine. 

A n m b e r  of studies have tested t h e  efficacy of either 1 or 2 against 
Leishmania and Trypanosoma. In culture, cruzi aminates !RP to 2RP and is 
sensitive to 1 w p e a s  non-pathogenic T. r a n i d o e s  not aminate IRP and is 
insensitive to  1. T. rangeli is slightly sensitive to  2 with low concentrations 
of adenine in t h e  medium. Many newly isolated strains of T. cruzi w e r e  
insensitive to 1 and 2 but became sensitive after in vitro passage. This change 
was due to a difference in drug uptake rates  rather tha8 measurable differences 
in HGPRT, APRT or  succino-AMP synthetase activities. Treatment of T, cruzi 
infections in mice with 2 at 0.25 mg/kg/day was effective even though tks was 
150-fold lower than t h e  effective dose for 1.7 Using radiolabelled 1, it w a s  
demonstrated that blood stream and intracellular forms of T. cruzi metabolize 
the drug as do the epimastigotgs in vitro and that 1 was effective in controlling 
the  infection in tissue culture. A q h e r  In vitro study showed 2 to be six fold 
more active than 1 against T. E i .  T h s  same study included a successful & 
- vim test of 2 (0,125-0.5 m g k g  daily for 10 days) against a virulent strain of 
-- T. cruzi in two different strains of mice. The drug decreased parasitemia and 
increased survival time. had no apparent affect  o n  the  
course of inf tion by T. cruzi in mice when administered atlp?20t 0.75 mg/kg 
orally o r  i.p.7' although earlier studies did indicate activity. ' When tested 
against promast iqjes  of 10 isolates of Leishmania, 2 was several-fold more 
effective than 1. Only 50% of Leishmania tropica a m a s t i p t e s  in human 
macrophages w e f e  eliminated by achievable serum levels of 1 under conditions 
where4 therapeutically useful anti  leishmania1 agents a r e  capable of clearing 
90%. Previously a study of Leishmania major anf5Leishmania mexicana 
amamnensis demonstrated oral efficacy of 1 in mice. A clinical study on 
antimony resistant y p e r a l  leishmaniasis in hunans using I gave apparent cues 
in 4 of 6 patients. Several other reviews of p amlopyrimidine metabolism 

-.I- 

In another study, 

in leishmania and trypanosomes have appeared. 7, f i  

Inosine Analogs - The r i b s i d e  of dlopurinol, does not get  readily metabolized 
by xanthine o x p  (as does 1) and is more effective than 1 against some species 
of leishmania. I t  is 10-fzld more active than 1 against & braziliensis and 
300-fold more active against & donovani but equivalent when directed against 
- L. mexicana Conversion of JR- to IRP occurs byl+he action of a nucleoside 
phosphotransferase rather than through a kinase. Under conditions tha t  
converted inosine to hypoxanthine no conversion of to 1. occurred. T. cruzi 
Costa Rica strain was l i t t le  affected by & and failed to convert g to x. 
However, this appears to  be highly dependent wn t h e  strain since Peru and Y 
strains are sensitive and do convert A variety of inosine analogs, 
4-8, have&een synthesized and tested a g a n s t  donovani, cruzi and T. 

With t h e  exception of 7, all  showed-rable activity w i t h  
to z. 

littie toxicity for  mouse L <elk. 
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The effective doses w e r e  comparable to  (1-10 uM). Compound 6R was  
extraordinarily active against gambiense whereas 3 is relatively inactive 
against this organism. The 3-bromo analog of IR, & was also more active 
than Be parent compound against L. tropica within human macrophages 
vitro. In a study in which a variety of nucleoside analogs w e r e  tested against 
- L. tropica, in vitro, 3'-deoxyiqg,% e , .-., 11 and several tubercidin derivatives w e r e  
active against promastigo tes. Lashmania phosphorylate and then aminate 
- 1 I to give+oxic 3'-deoxyadenosine nucleotides (cordycepin), 12. The EC50 value 
is 4 x 10- M 

11 12 

against promastigotes but i t  is  much less toxic (EC lom4 M) towards mouse 
mammary tumor FM3A cells. In donovani and in r%use L cells, 4R, z, and 
- 6R (Formycin B) w e r e  all converted to  their respective ATP analogs. TCompound  
- 7R was converted into t h e  GTP analog by L cells but not  by donovani. The 
parasite metabolized and 1R t o  t h e  ATP analogs and also m e t a b l i z e d  
to t h e  CTP analog. Formycin- (%I, IR and 5R w e r e  phosphorylated by two 
separate routes in mouse L cells as z i d e n c e d b y  differential inhibition of 
phosphorylation of these compounds by an adenosine kinase inhibitor. & donovani, 
by contrast, metabolizes 6R in a manner unaffected by this same  inhibitor. The 
ability of t h e  organism to convers8hese compounds to t h e  ATP or C T P  analogs 
correlates well  with cytotoxicity. In a similar study, seven inosine analogs, 
including analogs of and analogs of 4R in which substituents w e r e  placed at 
t h e  7 position and inosine analogs with a modified sugar w e r e  shown .&o have 
selective toxicity toward L. tropica compared to mouse L1210 cells. The 
metabolism of - 4R to adenosine nudeotides w a s  carried o u t  by L. tropica. 

Formyun B - Considerable e f b r t  has been put into studying t h e  mode of action 
of Formycin B, 3, as an antiparasitic agef?t, since t h e  compound is not 
phosphorylated o r  cleaved in mammalian cells. donovani and L. 
mexicana promastigotes a r e  inhibited by 50%, as are mexicana a m a s t i g o t z  
in macrophages. The compound was  also effective against amastigotes in livers 

A t  1 uM, 
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of infected hamsters. Further studies confirmed t h e  antiparasitic activity and 
also demonstrated2ftre conversion by the parasite of 6R to 6RP and then to the 
AMP analog z. The parasite succino-AMP synthetase accepted 6RP as a 
substrate with a Km of 26 uM and a V that was 1% of the value for IMP. 
Mammalian succino-AMP synthetase w%%apable of using 6RP as a substrate 
with a Vm 40% of that for IMP. The 9RP produced by this activation process 
was incorfiated into cellular RNA. Both 6RP and IRP were  inhibitors of GMP 
reductase from leishmania. Treatment of promastigotes of & donovani with 
either or  resulted in a > 95% decrease in incorporation of-thine 
into CTP. Other studies have demonstrated t h e  efficacy of 6R against L- 
mexicana, braziliensis and L. donovani, and confirmed the metabolism to toxic 
adenine nudeotide analogs. 7 9  A similar metabolic f a t e  of $& was also 
demonstrated3yith cutaneous Leishmania a m a s t i g t e s  within cultured human 
macrophages Uninfected macrophages also convec,yd 6R into the same 
metabolites but to a much lower level. In vitro testing of 6R, E, 9R, 9RP 
and 6RP 
value* .02-.04 uM whereas the corresponding value for 1R was 190 ,I#? 
However, antileishmanial activity generally paralleled toxicity toward the 
macrophage h o s t  Over an 8 how period, accunulation of metabolites from 6R 
were studied in T. cruzi 9RP was formed with a progressive incorporation 
of labelled 6R into RNA?’ N? o abel was found in DNA, nor w e r e  nucleotide 
pool levels altered, so that  -- T. cruzi metabolisn of - 6R is analogous to that  found 
for leishmania. 

demonstrated activity against L. tropica in macrophages with ED 

When t ro  ica promastigotes were  subjected to progressive increases in 6R 
concentrat + o n  0.2-100 uM) highly resistant mutants were obtained whichfftained 
the resistance for numerous generations in the absence of the  drug. The 
resistance may be due to alteration of membrane proteins responsible for t h e  
transport of e. Another study of $& resistant3& Qnovani demonstrated 
defective transport of 6R in the resistant mutants. These mutants a r e  also 
cross resistant to grow-inhibition by even though wild type and resistant 
populations incorporate%- -- 9R equally well into 9RP and 9Rp, pools as well 
as into RNA. This suggests that  the antileishmanial activity of $& is not due 
to its metabolism to 9R. An alternative proposal for the mode of action of - 6R is t h a 5  6R metabolites cause t h e  depletion of an essential intracellular 
metabolite. *In contrast, however, in 
metabolites and then into RNA was establish59, and Formycin A metabolites 
were demonstrated to inhibit protein synthesis. Additionally, messenger RNA 
was  translatedonly 40% as efficiently as control mRNA, leading to the conclusion 
that  at least part  of antileishmanial activity of g w a s  due to conversion to 
- 9R metabolites that  inhibited protein synthesis. In another study, i t  was shown 
that  hunan red bbod cells took up 9R and metabolized it to 9RP and tha t  
Leishmania-infected wcrophages  phagocytized 1 6 - c o a t e d  resod cells 
containing t h e  9Rp3. This treatment suppessed t h e  multiplication of t h e  
organisms by 80%. The ED for suppession was .02 uM for t h e  encapulated 
drug compared to 0.84 uM 38r the mencapsulated form, suggesting that this 
fornulation may be efficacious in vivo. 

Thiopuinol Analogs - Thiopwirfpf, 13, and its riboside have also shown some 
promise as antiparasitic agents n k e  - -  1, 13 is metabolized to 13RP but then 
no further, and the anti  leishmania1 activity of 3 is comparable to 1. The 
ribosides, fl and are also comparable to each other and more active than 
the  bases. L. donovani converts 11 to 13RP but no t  to t h e  di o r  triphosphate 
forns N o x n v e r s b n  to IRP or 2RP occurred and the  thiol group and t h e  
ribose remained bound to the  - I 3  base. The - 1 3  base is a substrate for  HCPRTase, 

mexicana conversion of 6R into 
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but t he  product - 13RP was not  a substrate fo r  sucuno  AMP ~ y n t h e t a s e . ~ ~  The 
phosphorylation of 13 o c c v r e d  by a nucleoside phosphotransferase as had been 
demonstrated fo r  g. Even though 13RP w a s  no t  a substrate for  succino-AMP 
synthetase it did act as an  inhibitor for t h e  reaction of t h e  enzyme with IMP. 
The sensitivity towards 2 or 13R by T. cruzi is highly strain dependent with 
some insensitive and others  g e n e r a t i 9  high concentrations of 13Rp which inhibits 
t he  T. cruzi succino-AMP synthetase. Adenine reverses the  activity, as expected 
i f  t h e  putative b b c k  of AMP ssggthesis is subverted by direct synthesis of AMP 
through APRTase using adenine. Compound 13 has no a c t i v i t y B a i n s t  Eimeria 
tenella in vivo in chicks, whereas 13R did show some activity. A series of 
al kyl-thiopyramlopyrimidines 

N% bN ' /N N F y  'N N 

I5 A 16 13 A 14 k 

w e r e  prepared from 13R by alkylation and t h e  ethylthio derivative 3 w a s  
active as an  anticoccidial agent  at 50 p p .  in f eed  against E. tenella. Deletion 
of the ribose, alteration of substituants in the  2-position or making 3-deaza or 
8-aza modifications decreased activity. A series of 4-alkylarnigq derivatives 
w e r e  also prepared with A further 
series of alkyl-thio derivauves w e re  prepared of w h i c h E w a s  the  most  ef fectiqf 
and showed the broadest spectrum of activity against other Eimeria species. 
However, control of acervulina was  not achieved with any of t h e  derivatives. 
Puif icat ion of t h e  adenosine kinase from E. tenella, E. b u n e t t i  and & acervulina 
as well as chick liver was  accomplished and comparative s&dies revealed 

pyrimidine nucleosides fell into two groups with respect t o  inhibitory ability and 
tha t  gouping correlated with anticoccidial activity. However, substrate 
specificity of a and did not correlate with anticoccidial efficacy since 
b t h  w e r e  substrates for  t h e  enzyme from either E. tenella or 5 acervulma. 

Inhibition of Guanine Nucleotide Formation - Guanine nucleotide production in 
parasitic protoma has been examined as a t a rge t  in several parasitic protoma. 
IMP dehydrogenase is responsible for t he  conversion of inosine monophosphate 
(IMP) t o  xanthosine monophosphate (XMP), from which 

being t h e  most active at 200 ppm. 

considerable differences in inhibition and substrate spedicity.  Pyramlo- 
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CMP is made. Inhibition of this enzyme using mycophenolic acid, 17, decreased 
guanine nucleotide synthesis in Leishmania tropica promastigotes. 44 I t  also 
eliminated 50% of the  parasites a t  achievable peak serum levels when tes ted 
against amastigotes within macrophages. An at tempt  was  made to inhibit guanine 
nucleoti& production in Plasmodium falciparum grown in continuous erythrocyte 
culture. Unlike the  host mature  erythrocyte, t he  parasite requires a continuous 
synthesis of guanine nudeotides in order  to proliferate. Bredinin, ISR, inhibited 
the conversion of IMP to CMP in parasitized erythrocytes. Thisblockage w a s  
effective in controlling t h e  parasite, arresting growth at t h e  t rophomite  stage. 
These studies demonstrate t he  importance of guanine nucleotide synthesis as a 
target  in malaria. 

Mycophenolic acid is effect ive at 0.5 ug/ml in completely inhibiting growth of 
-- E. tenella in tissue culture, although no activi& in vivo is found even at very 
high doses, probably due to  drug metabolism. A t  t h e  same  concentrations 
that the  drug is effective in tissue c u l t w e  it also inhibits incorporation of 
labelled hypoxanthine into t h e  guanine, but not  adenine, nudeo t ide  pools of t h e  
intracellular parasite. The  drug e f f ec t  is reversed by the addition of guanine 
to t h e  media which subverts t h e  b b c k  at t h e  conversion of IMP to CMP by 
providing an alternate source of CMP through the very active parasite HGPRTase. 
Kinetic shldies w e r e  carried ou t  on t h e  parasite enzyme and i t  w a s  demougtrated 
to h v e  an  ordered bi-bi mechanism analogous to mammalian enzymes. The 

of enzyme and product XMP, and a chemical basis for this very potent inhibition 
was proposed. 

Thym idylate Synthetase-Dihydrofolate Reductase - Differences exist bem een t h e  
thym idylate synthetase, (TS), and dihydrofolate reductase, (DHFR), activities of 
protoma compared to t h e  enzyme from other  sources. In species of Crithidia, 
Leishmania, Trypanosoma, Eimeria, Tetrahymena and Euglena it yj3s demonstrated 
that  the activities are encompassed in a bifunctional protein. The apparent 
molecular weight of t h e  bifunctional protein is close to  the  sum of t h e  molecular 
weights of the separate enzymes from other sources. The Eimeria tenella 
enzyme was unusually large, even compared to other protozoa. Limited 
proteolysis with 5 different endopeptidases of t h e  complex obtained from 
Leishmania tropica demonstrat%$ rapid, time-dependent loss of TS activity with 
no effect on DHFR activity. A 20000 MW fragment obtained from t h e  
proteolysis w a s  homologous with the  TS sequence of human, bacterial and viral 
enzymes. The TS-DHFR p lypep t ide  consists of a DHFR sequence at t h e  blocked 
N-terminus and TS sequence at the  C-terminal end. 

Leishmania tropica promastigo tes highly resistant to methotrexate, MTX, 
were49btained by passaging t h e  organisms in increasing concentrations of t h e  
drug. The  resistant organisms withstood I mM MTX concentrations and have 
a 40 fold increase in DHFR-TS. Amplified regions of DNA w e r e  visualized on 
stained gels of restriction digests. When propagated in drug f r ee  medium, the 
amplified DNA and DHFR-TS protein decreased to wild-type levels. However, 
rechallenging these revertants resulted in a more rapid development of resistance 
than for wild-type. The Leishmania gene amplification produced extra- 
chromosomal closed circular DNA @a  manner similar to t h a t  found during gene 
amplification in mammalian cells. The amplified DNA w a s  in a 30 kilobase 
region which was cloned into vectors and utilized as a probe of leishmania1 
mRNA. Four mRNA species that  were  present in both wild type and drug 
resistant cells, w e r e  identified % hybridization although they w e r e  40-fold m o r e  
abundant in the resistant cells. 

inhib 1 tion patterns of with t h e  enzyme showed tha t  it was adding to  a complex 

Field isolates of Plasmodium falciparum h 3 y  been shown to have large 
and in yitrcfginduction of 

Synergistic 
differences in sensitivity towards pyrimethamine 
resistance to aminopterin has been demonstrated for this orgarusm. 
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activity against P. falciparum has been demonstrated in vitro for pyrimethamine 
and su1fadoxine.x Kinetic and molecular properties have been studied for the  
DHFR f r p  pyrimethamine sensitive and resistant strains of Plasmodiun 
chabaudi. The amount of enzyme present, the molecular weight, and specific 
activities w e r e  identical. However t h e  Km for dihydrofolate was 4-fold lower 
for the resistant parasite and the Ki was 100 fold higher for pyrirnetharnine. 
A Leishmania tropica mutant highly resistant to lO-propargyC5,8-dideazafolate, 
an inhibitor of TS, has been obtained w h i 3  has high levels of the  bifunctional 
TS-DHFR and amplified DNA sequences. No s t ructwal  alteration in the 
protein appears to accompany drug resistance. The amplified DNA is similar 
to the 30 kilobase segment obtained in MTX resistant organisms. 

Deoxynucleoside Phosphotransferase - Trichomonas vaginalis, a hunan pathogen, 
lacks the ability to  synthesize purine and pyrimidine nucleotides d e  noyo, ay) 
is also incapable of converting ribonucleotides to deox yribonucleotides. 
Therefore, a deoxynudeoside phosphotransferase activity found in t h e  100,000 
xg pellet i s  required h r  DNA synthesis. The enzyme recognizes thymidine, 
deoxyadenosine, deox yguanosine and deoxycytidine as acceptors, whereas TMP, 
dAMP, dCMP, dCMP, dUMP, 5-F-dUMP, and pnitrophenylphosphate can serve 
as donors I t  has a 200000 MW and Km values of 2-3 mM for t h e  
deoxyribonucleosides, and may be a useful target  for antitrichomonal therapy. 

Adenosine Deaminase - Adenosine deaminase inhibition has been studied as a 
therapy for malaria. Adenosine deaminase activity i s  increased in Plasmodium 
falciparum infected erythrocytes V p a r e d  to uninfected controls, and was 
demonstrated to be of parasite origin. A single iv. bolus of the  known inhibitor 
of adenosine deaminase, 2'-deoxycoformycin, 19, produced a dramatic reduction 
in parasitemia in 5 knowlesi-infected rhesus 

59 monkeys, suggesting tha t  t h e  enzyme is a worthwhile therapeutic t a r g e t  
Adenosine deam' ase from p. lophurae and its host cell, the duck erythrocyte, 
were purified:' The crude lysate for infected erythrocytes had 60-fold more 
activity than uninfected cells. The two enzymes showed differing binding abilities 
towards an  adenosine affinity column. Also, t h e  duck erythrocyte enzyme was 
completely inhibited by 1.3 uM of erythro-9-(2-hydroxy-3-nonyl) adenine, (EHNA), 
- 20, whereas no inhibition was found with t h e  parasite enzyme. Interestingly, 
this same compound h a 4  at higher concentrations, an effect on t h e  motility of 
Lekhmagp promastigotes, apparently due to inhibition of axonemal dynein ATPase 
activity. Erythrocytes deficient in adenosine deaminase were infected with 
P. falciparun and the resulting w a s i t e  adenosine deaminase muld be studied 
z t h o u t  host background activity. The enzyme was not cross reactive with 
antibody against human erythrocyte adenosine deaminase. Although it was 
inhibited by - 19, it was also relatively insensitive to inhibition by 10, as was t h e  
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duck malaria enzyme. 

GMP Reductase and Guanine Aminohydrolase - The enzyme CMP reductase from+ 
Leishmania donovani, which catalyzes the  conversion of CMP + NADPH + H 
to IMP6y NADP' + NH , has been identified as a possible chemotherapeutic 
target. The enzyme W ~ S  highly purified from promast igtes  and kinetic studies 
demonstrated inhibition by 1RP and by 13RP. These compounds were 100 and 
20-fold, respectively, more potent as i m t o r s  of t h e  parasite enzyme than 
they were for the corresponding enzyme from human erythrocytes. The enzyme 
guanine minohydrolase from Leishmania spp. promastigotes was inhibited by 
4-amino-5-imidazole carboxarnide, 21, and this compound +p inhibited t h e  growth 
of these organisms, suggesting this enzyme as a target. 

Sunmary - I t  is clear from even this non-exhaustive survey of agents acting o n  
p u i n e  and pyrimidine nudeotide metabolism in parasitic protma, tha t  
opportunities exist to find chemotherapeutic agents based upon an understanding 
of t h e  differential metabolism of parasite and host In many cases, drugs active 
in one organism have simply not been tried in others against which they may 
likely show activity. 
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Chapter 24. DNA Topoisomerases a s  Therapeutic Targe ts  in Cancer 
Chemotherapy 

Grace L. Chen and Leroy F. Liu, Department of Biological  Chemistry, 
Johns Hopkins School of Medicine, Baltimore, MD 21205 

In t roduct ion  - Signi f icant  progress  has  been made in t h e  e l u c i d a t i o n  
of the  m-chanisms of ac t ion  of some ant icancer  drugs,  However, there  
a r e  s t i l l  l a r g e  n m b e r s  of ant icancer  drugs whose mechanisms of a c t i o n  
a r e  unknown. Even f o r  wel l  s tudied an t icancer  drugs, such a s  
an t imetabol i tes ,  a lky la t ing  agents  and t u b u l i n  binders ,  the  exact c e l l  
k i l l i n g  mechanism is s t i l l  unclear.  Recent f ind ings  have shown t h a t  a 
la rge  number or c l i n i c a l l y  important ant icancer  drugs (e.g. 
anthracycl ines ,  anthracenediones, acr id ines ,  actinomycins, 
e l l  i p t i c i n e s  and epipodophyl lotor ins)  a f f e c t  the  breakage-rej oining 
r e a c t i o n  of mammalian DNA topoisomerase I1 by t rapping a covalent 
enzyme-DNA cleavable  complex. 
t o  tne  mechanism of c e l l  k i l l i n g  by ant icancer  drugs. DNA 
topoisomerase I1 may be a key component in the  regula t ion  of chromatin 
conformation ana c e l l  p r o l i f e r a t i o n .  
r o l e s  of topoisomerase I1 in growth regula t ion  may lead t o  more 
e f f e c t i v e  treatment f o r  human neoplasms. 

This phenomenon may provide new c lues  

Further  understanding of the 

DNA T o v o i s o m e r a s ~ ~  - DNA topoisomerases a r e  enzymes which control  the  
topology of DNAA 
t r a n s c r i p t i o n  and recombination. Based on t h e i r  mechanism of act ion,  
DNA topoisomerases have been categorized i n t o  two types. 
type I1 DNA topoisomerases ca ta lyze  the  topological  changes i n  DNA by 
t r a n s i e n t l y  breaking one s t rand  o r  two s t rands  of the  DNA he l ix ,  
respecrxvely. The most c h a r a c t e r i s t i c  r e a c t i o n  of a type I DNA 
topoisomerase i s  the  re laxa t ion  of superhel ical  DNA, The type I1 
topoisomerases can catalyze the passing of two DNA segments which can 
lead  t o  a number of topoisomerization reac t ions  of DNA such as  
supercoiiing/relaxation, knotting/unknotting, and 
ca t e  na t i onlde ca to na t i on. 
topoisomerase I (omega p r o t e i n )  and t h e  supercoi l ing a c t i v i t y  of 
topoisomerase I1 (DNA gyrase) oppose each other  and maintain t h e  
superhel ical  s t a t e  of the b a c t e r i a l  chromosome in a dynamic balance. 
The superhel ical  s t a t e  of the chromosomal DNA has  an  important 
regulatory r o l e  in DNA r e p l i c a t i o n  and gene expression. Although the 
r o l e s  of topoisomerases in b a c t e r i a l  growth regula t ion  a r e  s t i l l  
unclear,  i t  i s  known t h a t  the  superhe l ica l  dens i ty  of a plasmid DNA is 
much Qigher i n  logar i thmica l ly  growing c e l l s  than in s t a t i o n a r y  phase 
c e l l s  . The exquis i te  s e n s i t i v i t y  of ribosomal RNA synthes is  t o  t h e  
superhel ical  s t a t e  of DNA i s  another example of the  importance of DNA 
t e r t i a r y  s t r u c t u r e  on growth control .  Very l i t t l e  i s  known about t h e  
r o l e s  02 mammalian DNA topoisomerases i n  growth regulat ion.  
s tud ies ,  however, suggest t h a t  mammalian DNA o isomerase I1 is 
highly regulated by the  growth s t a t e  of c e l l s ” ?  The anti tomor 
a c t i v i t y  of topoisomerase I1 - ta rge t ing  ant icancer  drugs may well be 
determined a t  l e a s t  in p a r t  by the d i f f e r e n t i a l  regula t ion  of 
topoisomerase I1 in neoplas t ic  c e l l s .  

. They a r e  involved i n  DNA r e p l i c a t i o n ,  RNA 

Wpe I and 

In ba c t e r  i a, the  r e I axa t i  on a c t i v i t y  of 

Recent 
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Protein-linked DNA Breaks Induced brr a Number of Antitumor Druns 
Adriamycin, an anthracycl ine,  has been one of the  most important 

ant icancer  drugs i n  c l i n i c a l  use. Because of i t s  s t rong i n t e r c a l a t i v e  
moae of DNA binding, adriamycin i n t e r  e e s  with many DNA func t ions  
such a s  r e p l i c a t i o n  and t ranscr ipt ion6".  It can a l s o  b reduced t o  a 
semiqninone rad ica l  which damages DNA and c e l l  rnembranesP'. The 
p o s s i b i l i t y  t h a t  the  membrane may be the cytotoxic  t a r g e t  i s  f u r t h e r  
supported by the experiments I P i c h  show t h a t  adriamycin can e x e r t  i t s  
e f f e c t  wirhout en ter ing  c e l l s  . Despite these s tud ies ,  the  ac tua l  
c e l l  k i l l i n g  mechanism remains obscure. Using t h e  a lka l ine  e l u t i o n  
techniqw,  adriamycio and o ther  i n t e r c a l a t i v e  antitumor drugs 
(anthracenediones, acr id ines ,  e l l  i p t i c i n e s  and actinomycins) have been 
shown t o  inuuce DNA straft-pgeaks and protein-DNA cross l inks  i n  
cul tured mammal inn c e l l s  
c r o s s l i n r s  appearfg synchronously and a t  a s tochiometr ic  r a t i o  of 
approximately one . These r e s u l t s  suggested t h a t  adriamycin and 
o ther  i n t e r c a l a t i v e  antitumor drugs may induce protein-linked DNA 
breaks i n  c e l l s .  Another unusual phenomenon of DNA damage induced by 
i n t e r c a l a t i v e  antitumor fpqg i s  t h e  r a t h e r  rap id  ' r e p a i r '  of the 
damage upon drug removal . The l a c k  of c o r r e l a t i o n  between 
protein-linked DNA breaks and drug c y t o t o x i c i t y  among s t r u c t u r a l l y  
d i s s i m i l a r  drugs has  l e d  t o  the not ion t h a t  protein-linked brea 
not be r e l a t e d  t o  the  cytotoxic  a c t i o n  of these antitumor drug)'. It 
was thought t h a t  protein-linked breaks might be the consequence of a 
r e p a i r  process r a t h e r  than the  r e s u l t  of d i r e c t  damage t o  DNA. 
According t o  t h i s  view, the  i n i t i a l  damaging event was t h e  
conformational change of DNA induced by drug i n t e r c a l a t i o n .  A r e p a i r  
nuclease or topoisomerase might thus be a c t i v a t e d  t o  counteract  the  
tors iona l  s t r e s s  on chrolnosomal DNA. 
have ina ica ted  t h a t  t h i s  i n t e r p r e t a t i o n  i s  incor rec t  
Protein- l inred DNA breaks most l i k e l y  r e f l e c t  t h e  d i r e c t  DNA damage by 
i n t e r c a l a t i v e  a s  well a s  some nonin terca la t ive  anti tumor drugs (see 
below). The a b i l i t y  of a drug t o  i n t e r c a l a t e  DNA does not c o r r e l a t e  
n i t n  i r s  a b i l i t y  t o  induce protein-linked DNA breaks. 
bromide which is a s t rong DNA i n t e r c a l a t e r  fges  not induce 
protein-linked DNA breaks i n  cu l tured  c e l l s  . 
Evidence t h a t  DNA Tonoisomerase I1 Is  the Drug Tarnet Resnonsible f o r  
Protein-linked DNA Breaks 

a c t i u n  of i n t e r c a l a t i v e  antitumor drugs has been suggested from 
analyses  of protein-linked DNA breaks i n  cu l tured  mammalian c e l l s .  
The successful synthesis  of an acr id ine  antitumor drug, m - M A ,  which 
prouuces la rge  numbers of protein-linked breaks i n  c u l t u  ammalian 
c e l l s  has  made the  analyses  of the  p r o t e i n  t a r g e t  e a s i e r  

The f i r s t  c l w  came from the analyses  of the ends of the  broken 
DNA using eronucleases.  It ppeared t h a t  the  5 '  ends of t h e  broken 
DNA were blocked by p r o t e i n  . Since mammalian DNA topoisomerase I1 
can be trapped a s  a covalent protein-D# complex with the p r o t e i n  
blocking t h e  5 '  ends of t h e  broken DNA , t h i s  i n i t i a l  experiment has  
l e d  t o  a number of extensive analyses  of the possible  involvement of 
topoisomerase I1 using both a p u r i f i e d  system and cu l tured  mammalian 
c e l l s .  

. The DNA s t rand  breaks and protein-DNA 

may 

However, more fyffbt s t u d i e s  

Bthidium 

The p o s s i b i l i t y  t h a t  a topoisomerase may be involved i n  t h e  

58429 

24 

A. DNA Cleavane Reaction i n  a Pur i f ied  System 

i s  accompani d by the formation of a covalent enzyme-DNA 

breakage of DNA occurs with the enzyme covalent ly  a t tached t o  t h e  

The t r a n s i e n t  breakage of a DNA backbone bond by a topoisomerase 

Upon addi t ion  of a s t rong p r o t e i n  denaturant,  the 



Chap. 24 DNA Topoiosomerases in Cancer Chemotherapy Chen, Liu 259 

broken ends. The covalent l inkage between the  topoisomerase and DNA 
i s  always a ty rosyl  phosphate bond f o r  a l l  DNA topoisomerases s tud ied  
tnus f a r .  The p o l a r i t y  of the  DNA s t rand  which i s  covalent ly  l inked 
t o  t a e  topoisomerase depends on the  type of topoisomerase. A l l  type 
11 DNA topoisomerases a r e  l inked t o  the 5 '  phosphoryl ends of the 
broken DNA strands.  Detai led s t u d i e s  of the  cleavage r e a c t i o n  have 
shvwn t h a t  tne  double-strand breaks induced by type I1 DNA 
topoisomerases a r e  staggered by four bases.  The type I1 DNA 
topoisomerase (or  the  breakage-rejoining subuni t  of a type I1 DNA 
topoisomerase) i s  covalent ly  l inked t o  the  5 '  protruding phosphoryl 
ena, while the 3 '  hydroxyl end i s  recessed by four bases. Most type I 
DNA topoisomerases a r e  covalent ly  l inked t o  the  5 '  phosphoryl end of 
the  broken DNA and t h e  breaks a r e  predominantly s ingle-s t rand breaks. 
Different  from most other  topoisomerases but s imi la r  t o  the  in tegrase  
of phage lambda, eukaryot ic  DNA topoisomerase I i s  covalent ly  l inked 
t o  t n e  3' phosphoryl end of the broken DNA strand. The s igni f icance  
of t h e  p o l a r i t y  of DNA l inkage i s  unclear.  

In  cont ras t  t o  DNA gyrase. p u r i f i e d  mammalian DNA topoisomerase 
I1 can c l e ~ e  DNA r a t h e r  e f f i c i e n t l y  i n  t h e  absence of s p e c i f i c  
i n h i b i t o r s  . Both single- and double-strand breaks a r e  detected.  
Several experiments have s t rongly suggested t h a t  DNA cleavage by 
p u r i f i e d  mlrmmalian DNA topoisomerase I1 i s  due t o  t h e  formation of a 
r e v e r s i b l e  enzyme-DNA complex, termed t h e  cleavable  complex. 
I r r e v e r s i b l e  DNA cleavage i s  observed when the  cleavable  complex i s  
exposed t o  a p r o t e i n  denaturant.  I f  p r i o r  t o  the  a d d i t i o n  of a 
prutein-denaturant,  a s a l t  so lu t ion  (e.g. 0.5 M NaCl) i s  added t o  the  
reac t ion ,  DNA cleavage i s  l a r g e l y  abolished. The p o s s i b i l i t y  t h a t  the  
cleavable complex i s  r e l a t e d  t o  the proposed t r a n s i e n t  intermediate  is 
strengthened by t h e  observat ion t h a t  the  l i n k i n g  number of the  DNA 
a f t e r  h h-sal t  treatment (a reversa l  experiment) was not de tec tab ly  
changed . This r e s u l t  ind ica ted  t h a t  the two 'pu ta t ive '  broken DNA 
enus a t  tne s i t e  of the  cleavable  complex were he ld  t i g h t l y  so t h a t  
t h e  r e l a t i v e  r o t a t i o n  of the  two broken DNA ends could not  occur. 
This type of cleavable  complex had been proposed t o  expla in  the  s t r i c t  
l ink ing  number jumpZjin s teps  of two) during the  r e l a x a t i o n  r e a c t i o n  
of topoisomerase I1 . I n  cont ras t  t o  t h e  c a t a l y t i c  a c t i v i t y  of 
topoisomerase 11, the cleavage a c t i v i t y  of topoisomerase I1 does not 
requi re  ATP. 

14 

The f irst  anti tumor lg;ys t e s t e d  i n  t h e  p u r i f i e d  system was t h e  
synthe t ic  acr id ine  m-AblSA . In the  presence of m - M A ,  the DNA 
cleavage a c t l v i t y  of mammalian topoisomerase I1 was g r e a t l y  
st imulated.  Analyses of the  cleavage r e a c t i o n  have shown t h a t  m - m A  
most l i k e l y  i n t e r f e r e r  with the breakage and r e j o i n i n g  r e a c t i o n  of 
topoisomerase I1 by s t a b i l i z i n g  a c leavable  complex. Treatment of the 
cleavable  complex witn a p r o t e i n  denaturant r e s u l t s  i n  DNA cleavage 
and t h e  covalent l i n k i n g  of a topoisomerase subunit  t o  each 5 '  
phosphoryl end of the broken DNA s t rand.  Both s ingle-  and 
douole-strand DNA breaks were observed. The topoisomerase-mediated 
DNA cleavage induced by m-AMSA can be ' reversed 'e i ther  by high s a l t  o r  
d i l u t i o n  treatment.  It i s  l i k e l y  t h a t  m-AMSA d i s s o c i a t e s  from the 
enzyme-DNA complex following d i l u t i o n ,  and thereby r e e s t f g l i s h e s  the  
normal equi l ibr ium which favors  t h e  non-cleavable complex . 

The successful  demonstration t h a t  m-rUilSA can induce 
topoisomerase-mediated DNA cleavage i n  v i t r o  has l e d  t o  t h e  screening 
of a number of other  i n t e r c a l a t i v e  a s  well  a s  non-intercalat ive 
antitumor compounds. It was shown t h a t  both i n t e r c a l a t i v e  drugs (e.g. 



260 Section V - Topics i n  Biology - Egan, Ed. 

e l l i p t i c i n e ,  adriamycin, mitoxantrone and actinomycin D )  and 
non-intercalative epipodophyllotoxins (e. g. T + 6 3 f n d  VM-26) s imi la r ly  
inuuced topoisomerase 11-mediated DNA cleavage . Different  
cleavage pa t te rns  have been observed fo r  var ious drugs. Drugs of the 
same chemical c l a s s  st imulated cleavage a t  s imilar  s i t e s ,  while drugs 
of a difzqrent  chemical c l a s s  showed s t r ik ing ly  d i f f e ren t  cleavage 
pa t te rns  . The bas i s  f o r  the cleavage s i t e  spec i f i c i ty  i s  not known. 
It i s  known, however, t h a t  type I1 DNA topoisomerases from d i f f e ren t  
sources cleave DNA a t  d i f f e ren t  s i t e s  even when the same antitumor 
drug i s  used. Furthermore, d i f fe ren t  type I1 DNA topoisomerases have 
qui te  d i f fe ren t  s e n s i t i v i t y  t o  these antitumor drugs. For example, 
both T4 phage-induced topoisomerase and ca l f  thymus DNA topoisomerase 
I1 a re  very sens i t ive  to  antitumor drug m-AMSA32 B. 
on the  other hand, i s  very r e s i s t a n t  t o  m - M A  , 

DNA gyrase, 

B. Drug-induced DNA Cleavane on Cel lu la r  Chromatin i n  Cultured 
Mamaaalian Cel l s  

Many l i n e s  of evidence have indicated t h a t  DNA topoisomerase I1 
i s  responsible fo r  drug-induced DNA cleavage on ce l lu l a r  chromatin i n  
cul tured mammalian ce l l s .  One of the most convincing experimen 
from the analyses of the drug e f f ec t  on SV40 c e l l u l a r  chromatin 
Treatment of W40 infected monkey c e l l s  with m - M A  or  VM-26 resu l ted  
i n  both single- and double-strand breaks on SV40 v i r a l  chromatin. 
These breaks were shown t o  be covalently associated with pro te in  based 
on t n e i r  s e n s i t i v i t y  t o  phenol extract ion.  Two pieces of evidence 
suggest t h a t  the covalently l inked p ro te in  i s  DNA topoisomerase 11. 
( a ) .  Cleavage s i t e s  on i n t r a c e l l u l a r  SV40 DNA were s t r ik ing ly  s imilar  
t o  tnose produced on pur i f ied  SV40 DNA by pur i f ied  DNA topoisomerase 
11. (b) .  The protein-linked SV40 DNA was spec i f i ca l ly  
immunoprecipitated by an t i s e ra  against  topoisomerase 11. Further 
support came from a study using m - M A .  
a c t i v i t y  co-purified with the c a t a l y t i c  a c t i v i t y  of ca l f  thymus DNA 
topoisomerasggIl a t  a l l  chromatographic s teps  of the enzyme 
pur i f i ca t ion  . Moreover, chromosomal DNA fragments from mouse c e l l s  
exposed t o  9s-n have 
polypeptide . These r e s u l t s  s t rongly suggest t h a t  DNA topoisomerase 
I1 is  the  pro te in  t a rge t  responsible f o r  DNA cleavage on c e l l u l a r  
chromatin. 

5!, 99"' 

A s ingle  DNA cleavage 

been demonstrated t o  contain a 175 kd terminal 

Mechanism of Cell K i l l i ng  

induce d i s t i n c t  ye t  d i f f e ren t  DNA cleavage pat terns .  The drugs i n  the  
same chemical c lass ,  however, cleave DNA a t  i den t i ca l  s i t e s .  The 
structure-activity-re1 a t ionship  i s  most meaningful i f  antitumor drugs 
wi tn in  the  same chemical c l a s s  a r e  compared. The la rge  nmber  of 
synthet ic  acr id ines  allowed such an analysis.  The leve l  of 
protein-linred DNA breaks induced by the acr idine der iva t ives  (both in 
t a e  pur i f ied  ystem and i n  cultured L1210 c e l l s )  cor re la ted  with drug 
cytotoxici  ty3'. Other s tud ies  have a1 so suggested tilt drug-induced 
cleavable complexes a re  responsible f o r  cy to toxic i ty  . It i s  not 
c lear ,  however, how the drug-induced formation of revers ib le  cleavable 
couplexes lead t o  rapid c e l l  death. 

A s  mentioned e a r l i e r ,  d i f f e ren t  c lasses  of antitumor drugs 

The s t r i k i n g  analogy t o  the bac ter ic ida l  e f f e c t  of na l id ix i c  
ac id  gives c lues  t o  the  possible mechanism of c e l l  k i l l i n g  by 
topoi somera re 11-targe t ing drugs. 
cu l tu re s  of E. 
revers ib le  a r r  e 85 ,  p$ *DNA synthe s i s . 
axber a l a g  time . Inhib i tors  of RNA or pro te in  synthesis  i n h i b i t  

Treatment of exponent i a l l y  growing 

Irr ev e r  s i b l  e ce 11 k i  1 1 occurs 
wi th  na l id ix i c  ac id  causes immediate but 
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i r r e v e r s i b l e  c e l l  k i l l  by n a l i d i x i c  acid3'. 
shown t h a t  n a l i d i x i c  ac id  i s  a s t rong inducer of SOS r e p a i r  f u n c t i  
waich a re  the inuucible  c e l l u l a r  responses t o  the  d i s t r e s s  s i g n a l s  . 
In te res t ing ly .  8.  mutants which a r e  unable t o  induce SOS 
funcLrons a r e  more r e s i s t a n t  t o  t h e  b a c t e r i c i d a l  e f f e c t  of n a l i d i x i c  
acid.  These r e s u l t s  suggest t h a t  a t  l e a s t  some of the SOS r e p a i r  
funcrlons may be c r i t i c a l l y  involved i n  the  b a c t e r i c i d a l  ac t ion  of 
n a l i d i x i c  acid.  This  unusual requirement of SOS func t ions  f 
r a p i d  c e l l  k i l l i n g  i s  a l s o  observed during thymineless death . The 
s igni f icance  of the involvement of SOS func t ions  i n  the  rap id  c e l l  
k i l l i n g  process  i s  not f u l l y  understood. Studies  have a l s o  shown t h a t  
mutations a r f e c t i n g  t h  
mlWA by n a l i d i x i c  a c i d j i 2 T I t  seems poss ib le  t h a t  Rec BC nuclease may 
be involved i n  the  inauct ion of SOS func t ions  by n a l i d i x i c  acid.  

c e l l s  may induce rap id  c e l l  death by a s imi la r  mechanism. However, 
l i t t l e  i s  known about t h e  SOS-like r e p a i r  func t ions  i n  mammalian 
c e l l s .  It seems poss ib le  t h a t  the  high frequency of sister-chromatid 
exchanges, chromosomal aberrat ions,  and rap id  c e l l  death may a l l  be 
due t o  the  c e l l u l a r  response t o  drug-induced cleavable  complexes. 
Under stanciing t h e  c e l l u l a r  responses t o  t h e  drug-induced c leavable  
complexes i n  mammalian c e l l s  i s  l i k e l y  t o  shed l i g h t  on t h e  mechanism 
of c e l l  k i l l i n g .  

SUMMARY - There have been increas ing  evidence t h a t  DNA topoisomerase 
I1 is t h e  tnerapeuzic  t a r g e t  of many i n t e r c a l a t i v e  anti tumor drugs and 
non-intercalat ive epipodophyllotoxins (VP-16 and VM-26). These drugs 
appear t o  a f f e c t  the  breakage-reunion r e a c t i o n  of topoisomerase I1 by 
t rapping an enzyme-DNA cleavable  complex. A1 though the chemical 
nature  of the  cleavable  complex i s  s t i l l  unclear,  exposure of t h e  
cleavable  complex t o  s t rong p r o t e i n  denaturants  such a s  sodium dodecyl 
s u l f a t e  r e s u l t s  i n  DNA s t rand  breakage and covalent attachment of one 
topoisomerase I1 subunit  t o  each 5 '  phosphoryl end of the broken DNA 
s t rand  v i a  a ty rosyl  phosphate bond. Much has  t o  be done about t h e  
chemistry of drug-enzyme-DNA i n t e r a c t i o n s .  
consequences of the  drug-induced cleavable  complexes may involve rap id  
c e l l  death, increased frequency of sister-chromatid exhanges, and 
chromosomal aber ra t ions .  The poss ib le  involvement of inducible  r e p a i r  
functrvns h a s  been suggested from s t u d i e s  of the  b a c t e r i c i d a l  a c t i o n  
of n a l i d i x i c  acid.  Recent s t u d i e s  have a l s o  suggested t h a t  
topoisomerase I is a p o t e n t i a l  t a r g e t  i n  cancer chemotherapy . It 
seems possible  t h a t  a l l  topoisomerases may be p o t e n t i a l  t a r g e t s  i n  
e i r h e r  ant imicrobial  o r  antitumor chemotherapy. 

Genetic s t u d i e s  have 

8ltS 

8f the 

Rec BC p r o t e i n  block t h e  induct ion of Bet A 

The formation of drug-induced cleavable  complexes i n  mammalian 

The b io logica l  
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Chapter 25. COLONY STIMULATING FACTORS 

Dov Zipori, The Weizmann Institute of Science, Rehovot, Israel 
J .  Allan Waitz, DNAX Research Institute of Molecular and Cellular 

Biology, Palo Alto, CA 

l & d U i u m  - The inoculation of mouse bone marrow cells into lethally 
irradiated and genetically compatible recipients results in the 
formation of spleen nodules containing erythroid, myeloid and 
megakaryocytic cells. Cytogenetic studies established the clonality 
of these hemopoietic spleen colonies and proved that the colony forming 
unit-spleen (CFU-S) is also the precursor cell for the lymphoid 
lineage.2 Some of the CFU-S were capable of dividing to give rise to 
daughter CFU-S, a process designated as self renewal.3 They were 
regarded as multipotential stem cells of the hemopoietic system in that 
they both self renew and give rise to differentiated cells of all 
lineages. 

Histological and kinetic studies performed in mice and other 
species provided insight into the nature of events occuring in the bone 
marrow during differentiation of these stem cells into mature 
pr0geny.~.5 Nevertheless, the study of stem cells in an in viye system 
had obvious limitations which created the need to study hemopoiesis 
under controlled n yrtrn conditions. Clonal growth of blood cells in 
vitrQ was achieved by seeding bone marrow cells embedded in agar medium 
supplemented with serum onto a “feeder layer” of mouse embryo 
fibroblasts Following a week of incubation hemopoietic colonies 
developed Feeder cell layers could be replaced by media conditioned 
by embryo fibroblasts or extracts of a variety of other cells and 
tissues .6* The biologically active substance(s1 present in those 
conditioned media termed “colony stimulating factor” (CSF), induced the 
formation of colonies containing granulocytes and macrophages but not 
cells of other hemopoietic lineages. One of the immediate questions 
raised by these observations was whether the cells forming colonies in 
vitrQ (colony forming cell-culture, CFC) were identical to or different 
from the hemopoietic stem cell (CFU-S). A variety of experimental 
approaches to this and related questions lead to the realization that 
the hemopoietic system is composed of a hierarchy of cells (Figure 1). 
The pluripotent stem cell gives rise to a number of independent 
progenitor cells, committed to the various differentiation lineages and 
capable of forming colonies in vitrQ. Moreover, the so-called colony 
stimulating factor was one of a family of glycoprotein molecules having 
different although overlapping target cell specificities. The clonal 
growth and differentiation of the various types of CFC’s strictly 
depended upon the presence of an appropriate CSF. Many of these 
stimulating factors have been purified and molecularly cloned. 

The functions of colon stimulating factors have been reviewed in 
great detail by Metcalf ,8~8.10 The purpose of this review is to 
briefly summarize and compare the properties of these molecules, 
describe newly discovered hemopoietic factors, and evaluate the in Yiyn 
roles and potential medical uses of CSF’s. 
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All rights of reproduction in any form reserved. ANNUAL REPORTS IN MEDICINAL CHEMISTRY-21 



- 26 4 Section V - Topics in Biology Egan, Ed. 

Figure 1 depicts the hierarchy of cell types in the blood system. 
It also indicates the types of colony stimulating factors that have 
been reported to affect hemopoietic growth, differentiation or 
functionality (Factors affecting lymphoid cells such as BSF-1, BCGF, 
BCDF and IL-2 as well as erythropoietin will not be discussed in 
detail). It is evident that much overlap exists in target cell 
specificities. Nevertheless, most of the colony stimulating factors 
have been named on the basis of their first described function, which 
is, in many cases, also their most pronounced bioactivity. 

COLONY STIMULATING 
FACTOR 

MULTI COMMITTED MATURE 
POTENTIAL PROGENITOR PROGENY 
STEM CELL 

Multi-CSF 

Multi-CSF GM-CSF 

Multi-CSF GM-CSF G-CSF M-CSF 

Multi-CSF GM-CSF G-CSF 

Multi-CSF GM-CSF M-CSF 

Multi-CSF GM-CSF G-CSF 

Multi-CSF 

Multi-CSF GM-CSF G-CSF 

Multi-CSF GM-CSF G-CSF 

LEGEND TO FIGURE 1: Target cells for colony stimulating factors in the 
hemopoietic system. The multipotential 
hemopoietic stem cell compartment which is endowed 
with a capacity for self renewal (broken line 
arrows) gives rise to a variety of committed 
progenitor cells. The right part of the figure 
shows mature progeny derived from each progenitor 
cell type. The colony stimulating factors 
indicated on the left part of the figure are 
horizontally aligned with the various target cells 
that they have been shown to act on. 
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tiDotentia1 Colonv St imulat' Factors - A number of murine 
Z z u l t i - C S F , l l  IL-3,12 HCGF.13 MCGF.14 
PSF, 13 SAF,16 BPA17 and cSF-2~18 are all now knom to be the same 
molecular species. It is a glycoprotein with a molecular weight of 23- 
30 kD (the variation in molecular weight of this and other CSF's is due 
to heterogeneity in glycosylation). The nonglycosylated protein is 
about 16 kD and contains four cysteine residues. The factor is 
produced by mitogen stimulated lymphocytes and by a myelomonocytic cell 
line (WEHI-3B). cDNA clones for this factor were obtained from 
myelomonocytic leukemia cells19 and from a concanavalin A activated 
mouse T cell clone.20-22 The cloning strategy in the latter case was 
based upon the availability of cell lines such as the MC/9 mast cell 
line, that strictly requires Multi-CSF f o r  its survival in culture. 
mRNA from the activated T cell clone was first selected by size 
fractionation. It was then used to construct a cDAA library in the pcD 
vector of Okayama and Berg, which allows expression in mammalian 
~ e l l s . 2 ~  The cDNA library was further screened by hybrid selection. 
One subpool that consistently yielded mast cell growth factor activity 
in injected oocytes was further subdivided and reexamined. 
Transfection of COS-7 monkey cells some of the selected pcD clones 
resulted in expression of functional MCCF. This  recombinant factor was 
eventually found to be identical to The gene for this CSF 
was located on chromosome ll.24 It is present as a single copy and has 
five ex0ns.25-2~ L cells transformed by a plasmid carrying this gene 
(p X MGM12-41 constitutively expressed MCGF activity, confirming the 
functional integr i ty of the cloned gene. 26 

Multi-CSF is characterized primarily by its capacity to affect the 
proliferation of CFU-S and induce the differentiation of Multi-CFC (an 
additional subpopulation of stem cells, see Figure 1). It can induce 
colonies containing myeloid, erythroid as well as megakaryocytic 
cells .I9 In addition to these activities Multi-CSF affects both 
committed and mature cells and is required for in vitrQ survival and 
proliferation of mast and myeloid cell lines .28 Cell surface receptors 
for Multi-CSF were identified on cell lines dependent upon this factor 
for their growth.29 Multi-CSF was able to compete with 
125I-labeled Multi-CSF for binding. The molecular weight of the 
receptor was estimated t o  be greater than 72 kD.l8 

A valid human analogue to IL-3 has not been reported thus far. 
However a different factor termed pluripoietin has been purified from 
the human bladder carcinoma 5637 cell line. This factor has a 
molecular weight of 18 kD. It stimulates the growth of mixed, 
granulocyte/macrophage (GM) and erythroid colonies, and induces the 
differentiation of the promyelocytic leukemia cell line HL-60.30 

Colonv stimulatu factors for granulocvtes - GM-CSF is 
a glycoprotein having a molecular weight of 23 kD. In contrast to 
Multi-CSF which is not found u lvlyp at detectable .levels and is 
secreted only by stimulated lymphocytes, GM-CSF is synthesized and can 
be extracted from a variety of cells and tissues (Reviewed in 9t10). 

The first GM-CSF to be purified to homogeneity was obtained from mouse 
lung. The molecular weight of this GM-CSF protein is 14 kD.31 Like 
Multi-CSF the protein contains 4 cysteine residues. Oligonucleotide 
probes prepared on the basis of NH2-terminal amino acid sequence, were 
used to search for relevant clones in a library constructed from mRMA 
of producer lung tissue.32-33 This method yielded cDNA clones that 
could select mRNA which encoded functional GM-CSF after inoculation 

by 

IL-3.20-22 

Only unlabeled 
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onto ooycytes. Since this cDNA was not full length other methods were 
used. Screening of cDNA libraries by expression of transfected COS-7 
monkey cells enabled direct isolation of cDNA clones encoding 
biologically functional GM-CSF. Based upon homolo y of cDNA sequences, 
both the mouse and the human genes were isolated.3i The mouse gene for 
GM-CSF which has 4 exons, is present as a single copy and is localized 
on chromosome 11.32 Recombinant GM-CSF has been e ressed in a fully 

the GM-CSF gene and the structure of a cDNA clone containing a complete 
copy of the mRNA for this factor indicated that there were two possible 
forms of the molecule.31~38 Two initiation codons were detected in the 
mRNA. Whereas the second AUG initiated translation of a secreted 
factor, the first AUG was speculated to initiate the translation of an 
integral membrane protein. 

The target cells for murine GM-CSF are granulocytes and 
macrophages. However, both the natural and recombinant factors also 
induce eosinophil, megakaryocyte and erythroid colony formation, when 
included in the growth medium at high concentration, and have moderate 
effects on the growth of stem cells.11~39.40 High and low affinit 
receptors f o r  murine GM-CSF were detected using 125I-labeled ligand .41 
Similarly, high affinity receptors for native and recombinant human GM- 
CSF (also termed CSF-a) were detected on the responsive KG-1 and HL-60 
human cells but were absent on non responsive cells.i* 

onv s-factorsforcvtea - G-CSF is predominantly an 
inducer of granulocyte differentiation although weak effects on 
erythroid and multipotential cells have been reported.42 As with GM- 
CSF, it is found in a variety of tissues. Yurine C-CSF has been 
purified to homogeneity and found to be a glycoprotein of 25 kD.43 
cDNA for this murine factor has not as yet been reported. In addition 
to its capacity to induce the formation of granulocyte colonies, G-CSF 
is also a potent inducer of terminal differentiation of myelomonocytic 
leukemia cell The latter property is shared by a different 
factor termed MGI-2. Purified G-CSF was iodinated without loss of 
bioactivity . 125I-labeled G-CSF bound to the myelomonocytic leukemia 
cell line WEHI-3B, to the 5774 macrophage tumor cell line and to murine 
bone marrow cells. No binding to other thor cell lines or to murine 
thymocytes was observed.45 A human analog of mouse G-CSF termed CSF-P 
was demonstrated in conditioned media from the human bladder cell line 
5637 by separation from CSF-a using phenylsepharose fractionation .46 
The human G-CSF had all the properties described for the murine factor. 
More importantly, the human and the mouse molecules had almost complete 
receptor binding- cross rea~tivity.4~ Recently cDNA for a human G-CSF 
has been isolated from a human squamous carcinoma cell line (CHU-2). 
The latter produced high titers of colony stimulating activity, 
inducing the formation of colonies containing almost exclusively, 
granulocytes .47 This CSF was purified to homogeneity and partial amino 
acid sequence was obtained. Synthetic oligonucleotide probes were then 
used to screen cDNA libraries. Two cDNA clones obtained in this manner 
were expressed in COS cells and exhibited G-CSF activity.47 These 
cDNA’s encoded two different protein species differing in one position 
where three amino acids were deletedlinserted. The cDNA was used to 
screen a human gene library and clone the gene for G-CSF. The 
expression of the G-CSF gene in COS monkey cells indicated the 
existence of two mRNA’s as shown by Si analysis.48 It is not known 
whether this recombinant human factor has a differentiation inducing 
capacity for mpeloid leukemia cells or how it is related to CSF-P. 

active form in mammalian, yeast and bacterial cells.3 2 -37 The study of 
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olonv s factors fo r mac r OD1 - Alternative designations 
zsed for macrophage stimulating f a c t o i s y e  M-CSFg and CSF-1.49 The 
murine M-CSF is a glycoprotein of 70 kD. A considerable part of this 
molecule consists of polysaccharide, The protein part is composed of 
two identical 14kD subunits. This murine CSF has not been cloned 
despite the fact that it has been purified to homogeneity.50-52 The 
major source for purification of M-CSF was mouse L-cells. It is 
produced by fibroblasts from various sources, stromal cells from the 
bone marrow and is found in many tissue extracts including embryonic 
ti~sue.53-5~ The target cell range for M-CSF is rather limited and its 
most obvious targets are macrophages. It is, however, capable of 
inducing the differentiation of small numbers of granulocytes, when it 
is applied to murine bone marrow cells. M-CSF is required for both the 
survival and proliferation of macrophages.56~~~ As in the case of 
Multi-CSF and GM-CSF, factor dependent cell lines have been derived 
that require M-CSF for their in vitrQ gr0wth.~8 The availability of 
both iodinated M-CSF and antibodies to the factor led to the 
development of a specific radioimmunoassay. Preparations containing M- 
CSF are used to compete for the reaction between purified iodinated M- 
CSF and its antibody.59 125I-labeled M-CSF was also useful in 
detection of specific membrane receptors on cells of the macrophage 
lineage.60.61 The receptor is a protein of 165 kD and is related to 
the c-fms oncogene product.e2 A human analogue for the murine M-CSF 
has been molecularly cloned from the MIA-PaCa pancreatic carcinoma cell 
line. 63 

- nd MCI-2 - Certain myeloid leukemia cell lines that are 
independent with respect to their capacity to proliferate in culture 
have been shown to terminally differentiate and stop growing upon the 
addition of a factor designated YGI-2.64-68 In normal cells, MGI-2 is 
endogenously produced following induction of growth by colony 
stimulating factors. These latter factors are referred to by the 
collective name MGI-1. Colony stimulating factors are, therefore, 
suggested to be primarily proliferation inducers. In contrast MCI-2, 
which has a novel capacity to bind to double stranded DNA, is a 
differentiation inducer. 

v identlfled factors w . .  ith act ivities o v e r l a w s e  of CSF I -  s 
Recently, two factors with a multipotential target cell range have been 
described. Since both types are tentatively designated IL-4, we shall 
refer to them by their target cell A product of an activated T 
cell line was identified, that had both T cell growth factor (TCGF) and 
mast cell growth factor (MCCF) actvities but appeared to be distinct 
from both IL-2 and IL-3 as indicated by biochemical fracti~nation.~~ A 
cDNA clone for this factor was obtained by construction of a cDNA 
librar in the pcD vector and screening by transfection of COS-7 monkey 
cells. 70 The recombinant factor stimulated T cell and mast cell 
growth, induced Ia in B cells and enhanced IgCl and IgE secretion by B 
cells. The latter activities are indistinguishable from those of the B 
cell stimulating factor BSF-1. 70 An apparently identical cDNA clone 
has been obtained by others.71 A second factor designated IL-4 has 
recently been reported. 72 It is a differentiation factor for 
eosinophils but has activities in common with B cell growth factor I1 
(BCGF 11). In this latter case no molecular cloning evidence is 
available to confirm the association between the two bioactivities. 

range. 

Bole of CSF s in the reel ' 

. .  ation o f hemOD01 esis - In the hemopoietic 
represents a relatively mnor population in 

> '  

system, the stem cell pool 
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terms of c e l l  numbers and i s  maintained i n t a c t  throughout t he  e n t i r e  
l i f e  span due t o  t h e  capaci ty  of stem c e l l s  t o  self renew. The 
probabi l i ty  of d iv is ions  of stem c e l l s  t h a t  produce daughter stem c e l l s  
i s ,  a t  a l l  times, equal t o  or This prevents excess 
d i f f e ren t i a t ion  and deplet ion of t h e  stem pool.  The question has been 
raised a s  t o  whether CSF’s a r e  capable of mediating stem c e l l  renewal. 
Are colony s t imulat ing f ac to r s  i n  such an event both inducers and 
a t tenuators  of d i f f e ren t i a t ion?  As indicated above, IL-3 and GM-CSF 
have been shown t o  induce the  p ro l i f e ra t ion  of stem c e l l s  i n  c u l t u r e .  
I t  i s ,  however, evident t h a t  a l l  of those e f f e c t s  a r e  t r ans i to ry  and 
are followed by terminal d i f f e ren t i a t ion .  The only in v i t rQ  system 
t h a t  p a r t i a l l y  mimics self renewal phenomena t h a t  occur an &Q i s  t h e  
long term marrow cu l tu re  i n  which hemopoiesis i s  sustained by stromal 
cells i so l a t ed  from the  hemopoietic microenvironment .73-75 I n  these  
cu l tu re s ,  stem c e l l  maintenance does not co r re l a t e  well with the  t i t e r  
of CSF’s. Multi CSF has not been detected i n  long term bone marrow 
cu l tu re s ,  and other subtypes were barely de tec tab le .  In  con t r a s t ,  
primary stromal c e l l  cu l tures  and a var ie ty  of stromal c e l l  l i n e s  
derived from mouse bone marrow do produce colony s t imulat ing a c t i v i t y  
which does not co r re l a t e  with the  cells a b i l i t y  t o  promote 
hemopoiesis 5 5 ,  76-87 Moreover, stromal c e l l s  were shown t o  antagonize 
the  a c t i v i t y  of CSF’s 76 Both the  maintenance of stem c e l l s  and t h e i r  
d i f f e ren t i a t ion  i n  the  presence of stromal cells  from the  bone marrow 
appear t o  depend upon close proximity of t h e  in t e rac t ing  c e l l s .  The 
f ac to r s  o e ra t ing  the re  may be c e l l  bound or  ac t ing  over a very s h o r t  
dis tance Some are apparently unrelated t o  CSF’s while o thers  may 
be c e l l  bound CSF spec ies .  

The most pronounced a c t i v i t y  of t he  various colony s t imula t ing  
f ac to r s  is  t h e i r  a b i l i t y  t o  induce accumulation of lar e numbers of 
terminal ly  d i f f e ren t i a t ed  and highly potent  progeny ,81-90 I t  is 
ant ic ipa ted  t h a t  the  r o l e  of CSF’s in yiyn w i l l  be mainly t o  expand the  
mature cell pool and populate the  hemopoietic organs and per iphera l  
blood. Bac ter ia l  in fec t ions ,  immune responses and other condi t ions 
which a r e  accompanied by a demand for  a l a rge  number of funct ional  
hemo o i e t i c  cells  are a l s o  character ized by an increase  i n  t i ter  of 

of CSF’s and t h e i r  various in &Q roles .91-93 The most pronounced 
e f f e c t  follows adminis t ra t ion of recombinant IL-3 by use of osmotic 
pumps. A marked enhancement of hemopoiesis occurred i n  both normal and 
i r r ad ia t ed  m i ~ e . ~ 4  The increase i n  stem c e l l s  occurred i n  ex t r a  
medullary sites while the  marrow population was decreased. GM-CSF has 
been reported t o  increase  organ c e l l u l a r i t y  and content  of CSC.9 I n  
con t r a s t ,  M-CSF was not e f f ec t ive  in -g5 and some granulocytic 
responses may be mediated v ia  a mechanism t h a t  is not  d i r e c t l y  r e l a t e d  
t o  CSF.96 There is  a c lear  need t o  use the  recent1 ava i l ab le  
recombinant CSF’s f o r  de ta i led  s tudies  of 

la rger  than 0.5.10 

CSF . P 0 There a r e  conf l ic t ing  f indings regarding the  d i f f e ren t  subtypes 

yirn funct ions.  8 
d onc- - Many authors have proposed a 

re la t ionship  between CSF’s or t h e i r  receptors  and cancer.  This r e s u l t s  
from CSF’s r o l e  i n  the  p ro l i f e ra t ion  of various haematopoietic c e l l  
l ineages as well as i t s  po ten t i a l  r o l e  i n  an autocr ine  model wherein 
c e l l s  would both express CSF receptors  I t  has been 
postulated t h a t  CSF’s or CSF receptors  may represent  the  products of 
oncogenes. lo homology has as  yet been found between oncogenes and any 
of the  CSF’s. However, i t  has been well documented t h a t  t he  
t r ans l a t ion  product of & has a high degree of homology with the  M- 
CSF (CSF-1) receptor .62 v-fms i s  the  v i r a l  oncogene of t he  McDonough 
s t r a i n  of f e l i n e  sarcoma v i rus .  62 Conceivably, as  other CSF 

and produce CSF’s. 
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receptors become characterized, homology may be shown with additional 
oncogene products An additional association between the proto- 
oncogenes, FMS and GY-CSF genes and myeloid disorders was rep0rted.9~ 
Both genes were localized to human chromosome 5 and are frequently 
deleted in neoplastic myeloid disorders. 

A number of biological observations have provided evidence that 
myeloid leukemias are, in some instances, related to CSF’s either in an 
autocrine fashion or by CSF’s supplied extrinsically (reviewed in 
9.10). Primary myeloid leukemias in mice and man are often totally 
dependent on exogenous CSF for both survival and proliferation in vitro 
and this continues throughout the disease Although the requirement 
for extrinsic CSF’s would argue against an autocrine model for myeloid 
leukemias.98 CSF’s are produced in normal tissues and it may not 
be easy to determine whether early leukemia cells are also producing 
CSF’s. 

many 

Leukemia cells have frequently been shown to produce CSF’s but it 
either abnormal amounts of CSF or is not clear if these cells 

abnormal forms of CSF (reviewed in 9) . 
produce 

- The major potential clinical utility of Potential c l u a l  utilitg 
CSF’s is in the stimulation of haematopoietic tissue. This may be of 
particular importance yiyn in bone marrow transplantation or in bone 
marrow reconstitution concomitant with radiation therapy. Thus, CSF’s 
may be useful in treatment of the side effects of radiation and cancer 
chemotherapy or in treating the side effects of radiation toxicity 
following accidental exposure (reviewed in 8#9#10). In certain bone 
marrow transplants, it may be desirable to retain the greatest 
proportion of stem cells until after transplantation or reconstitution. 
In this case, CSF antagonists would have utility until after transplant 
when further development and differentiation of the various cell 
lineages is required. 

The single clinical study reported using CSF purified from human 
urine, showed accelerated recovery of leukocyte levels in leukopenic 
patients. 99 This has obvious potential in the infectious disease area 
through stimulation of normal host defense mechanisms. The threat of 
infection is a major concern in leukopenia, and CSF therapy offers 
potential in non-s ecific stimulation of host resistance to infection 
(reviewed in 8#9#18) . Yore speculative are the potential usefulness of 
CSF’s in general anemia, agranulocytosis or thrombocytopenia. 

The possibilities for use of CSF’s apply not only in & but also 
B m. In the B yisn mode a major opportunity is in the use of 
CSF’s for production of appropriate stem cells and their mature progeny 
in marrow to be used for transplantation and/or reconstitution. Thus, 
marrow would be removed from a patient, maintained with “appropriate” 
CSF’s in while the patient was undergoing radiation therapy or 
cytotoxic chemotherapy and then used for subsequent reconstitution of 
the patient. 

An interesting proposition is that CSF’s may have utility in 
suppressing stem cell leukemias by driving the stem cells to 
differentiation into mature granulocytes and macrophages with 
concomitant suppression of stem cell self regeneration Indeed, C-CSF 
has been shown to suppress mouse myeloid leukemia cells by suppression 
of stem cell regeneration and induction of terminal dif ferentiati0n.4~ 

. .  . .  
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Since human myeloid leukemias depend CSF for proliferation, it can 
be reasoned that suppression of CSF levels might result in suppression 
of the leukemia . 9  However, normal differentiation and development of 
granulocyte and macrophage lineages also require stimulation by CSF 
(see above). 

The availability of recombinant CSF's and CSF receptor genes for 
both mouse and human systems will now permit definition of the role of 
CSF's under normal conditions as well as in various disease situations. 

on 
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Chapter 26. Atrial Natriuretic Factor 

Rodney W. Lappe and Robert L. Wendt. Department of Experimental 
Therapeutics, Wyeth Laboratories, Inc., Philadelphia, PA 19101 

Introduction - The role of the heart in the control of extracellular 
fluid volume through neural mechanisms has been well established for 
many years. However, investigators also postulated that the heart may 
influence renal functions through the release of humoral substances. 
Indeed, dense core granules, resembling secretory granules, were ob- 
served in the atria of mammalian hearts.1 
association with the golgi complex and contained a protein material. 
However, the natriuretic properties of the atrial material were not 
discovered until 15 years later. In 1981, deBold and co-workers 
demonstrated that intravenous injection of atrial, but not ventricular, 
extracts from rat hearts into anesthetized rats caused a marked but 
short-lived natriuresis and diuresis and lowered arterial pressure. 
The unknown material was referred to as atrial natriuretic factor 

The granules were in close 

(ANF) .3 -9 

Since the initial reports, ANF research has progressed at an 
explosive rate. Within the last 5 years, the substance was isolated, 
purified and sequenced; the DNA sequence of the precursor peptide was 
discovered and receptor sites were identified; the pharmacologic 
actions of the natriuretic peptide were examined; assays for 
measurement of ANF were devised, and the clinical effects of ANF were 
reported. With the large amount of data available, it is beyond the 
scope of this review to present a detailed summary of all the biology 
of ANF. Numerous other reviews are available for additional 
information. 3-9 

Peptide sequence and gene isolation - Early attempts to isolate and 
purify active ANF peptides from mammalian atria resulted in the identi- 
fication of several biologically active residues of diverse amino acid 
composition. 10~11 
these residues revealed several low molecular weight (M,) peptides 
containing an identical core sequence (as illustrated by the human 
sequence in figure 1) but varyin 
peptide being 33 amino acids. l2-I8 

Subsequent purification and amino acid analysis of 

in overall length, the longest 

95 100 105 110 
H-Leu-Ala-Gly-Pro-Arg-Ser-Leu-Arg-Arg-Ser-Ser-Cys-Phe-Gly-Gly-Arg-Met 

115 120 125 
Asp-Arg-Ile-Gly-Ala-Gln-Ser-Gly-Leu-Gly-Cys-Asn-Ser-Phe-Arg-Tyr-OH 

1. 
The various names and amino act: sequences of these early peptides 

are as follows: cardionatrin I, Ser 99-Tyr 126; atriopeptin I, Ser 103- 
Ser 123; atriopeptin 11, Ser 103-Arg 125; atriopeptin 111, Ser 103-Tyr 
126; auriculin A, Arg 102-Arg 125; auriculin B, Arg 102-Tyr 126; ANF 
1-33, Leu 94-Tyr 126; ANF 2-33, Ala 95-Tyr 126; ANF 3-33, Gly 96-Tyr 126; 
ANF 8-33, Arg 101-Tyr 126 and finally, a-human &IF, Ser 99-Tyr 126. 
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The natriuretic and vasoactive properties of these isolated 
peptides are similar to those of crude atrial extracts. As 
confirmation of the biological activity many of these peptides have 
been prepared synthetically. 15, l8,19 In addition, the isolation and 
sequencing of six low M peptides from rat atria has.been reported; 
some of these are identxcal to the above sequences.20 Also reported 
were a rat 48 amino acid peptide of 5000 daltons21 and the 126 amino 
acid pro-se ent.22 Additional high M rat sequences are also 
described. 2r24 r 

The successful isolation and cloning of complementary DNA (cDNA) 
sequences encoding ANF has revealed that active ANF is synthetized as a 
152 amino acid precursor in rodents20,25-27 and as a 151 amino acid 
precursor in  human^.^'-^^ These precursors are composed of a 126 amino 
acid pro-segment and a “leader” or “signall‘ Sequence (pre-segment) 
consisting of 24 amino acid residues in the rat20927 and 25 amino acids 
in the human.27-29 
hydrophobic amino acids ending with alanine. 20,25,28 The pro-segment 
ANF peptide is thus derived from the prepropeptlde by enzymatic 
cleavage at this ~ite.~’,~’ All the rat ANF segments reported above 
are contained in the C-terminus of the precursor peptide and they all 
contain a macro-ring structure consisting of 17 amino acids formed by a 
Cys 105-Cys 121 disulfide bridge.20927 

The signal peptide contains a large number of 

In contrast to the numerous peptides identified in the rat atria, 
only three distinct natriuretlc factors have been identified in humans; 
a-hANF (28 amino acids),6j29 
(126 amino acids).29 Hence, 7 - W  is derived directly from the 
151-residue precursor by removal of the 25 amino acid ~ignal.~g In 
contrast, 8-hANF is thought to be an antiparallel dimer of a-hANF (28 
amino residues). B-hANF, although lacking the specific ring structure 
observed in a-hANF, exerts appreciable natriuretic and hypotensive 
activity after intravenous injection in rats.29 A diureticlnatri- 
uretic response is also noted with y-hANF; however, the 8-peptide 
appears to have a slower onset and a somewhat longer duration of action 
compared to both the a- and Y-hANF. The N-terminal sequence of y-hANF 
is closely homologous to the N-terminal of cardiodilatin, a 30-residue 
peptide isolated from porcine atrial tissue. 30 

8-hANF (56 amino acids)21,29 and y-hANF 

Translation of the signal peptide occurs at the ATG codon at 
nucleotide positions 88-90, the first methionine codon in the message 
sequence. 
human by lacking a threonine at nucleotide positions 106-108. 
codon is completely lacking in the rat pre-segment peptide. The 
sequence encoding the corresponding pro-segment (126 amino acids) 
immediately follows the 24 amino acid signal peptide and ends at 
residue 126, a tyrosine that is connected to the extra C-terminal 
Arg-Arg sequence. In the precursor hANF, translational termination 
occurs just after the tyrosine residue whereas in the rat precursor 
peptide, translation continues two amino acids beyond tyrosine 126 and 
ends at the other termination triplet, TAA. However, the absence of 
peptides that terminate in the Arg-Arg sequence in rat atrial extracts 
suggests that the C-terminal Arg-Arg is removed from the 152-residue 
precursor at an earlier stage to produce y-rANF. In contrast to the 
M F  precursor peptide 
glycosylation site.20,55 

The signal sequence in the rat differs from that in the 
This 

the rat precursor contains a possible 

Remarkable homology exists between both the amino acid and 
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- nucleotide sequences of the human and rat pro-segments. 2o Conversely, 
the homology is considerably reduced in rat and human signal peptides. 
The 5'- and 3l-untranslated regions are, however, very similar. 

Identification of the gene sequence of ANF has also peaked 
interest in the production of the atrial peptides by genetic 
engineering. 
by solid phase techniques, which are rather expensive. 
expression of the material may be less expensive and may make the 
therapeutic use of ANF more economically feasible. 

Receptor localization and second messengers - Specific membrane recep- 
tors for ANF have been described in rat35-39, rabbit35939, bovine37 and 
guinea pig39 vascular smooth muscle cells, in bovine endothelial 
cells37, in rat and uinea pig kidney cortex35338-41, in rat and bovine 

intestine, heart, brain and eye. 38239242 
also been reported in human kidney postmortem tissue43 and cultured 
mesenchymal non-myocardial cells from rat heart. 44 Tissue ANF 
receptors from spontaneously hypertensive rats did not differ fs3m 
those in normotensive rats. 39 The widespread distribution of I-ANF 
binding sites suggests multiple activities for this peptide. 

kidney slices45 and in primary cultures of renal tubular45 and mesan- 
gial 
for ANF binding in the glomerulus. 
urine CGMP levels in rats38245 largely as a result of selective 
activation of particulate guanylate cyclase in the glomeruli. 38 The 
presence of specific ANF binding sites on vascular smooth muscle is 
consistent with the finding that ANF produces relaxation of precon- 
tracted vascular strips by a direct effect. 35 Rat and human ANF 
exhibit similar binding characteristics in vascular smooth muscle. ANF 
inhibits adenylate cyclase activity46 and stimulates intracellular cGMP 
formation in vascular smooth muscle cells.36~37~47~48 As in the 
kidney, ANF also appears to activate particulate guanylate cyclase 
activity in these muscle cells.47 The 17 member ring structure is 
essential for binding and cGMP formation, 48 and, ultimately, for 
vasorelaxation. 
also important for receptor interaction and biological activity. 48 
Exposure of vascular receptors to unlabeled ANF reduces Bmax with no 
change in 5, 48 raising concerns regarding tolerance. 

identification of a protein band with an apparent M 
bovine adrenal and 130-140 kDal in rat adrena149 an8 kidney cortex 
membranes. Specific ANF receptors have also been identified and 
solubilized from glomeruli of rat kidney40 
Reports have been issued describing specifi?2'I-ANF binding to 
proteins of 66 kDal and 180 kDal in cultured bovine aorta smooth muscle 
and endothelial cells, respectively. 50 

Renal pharmacology - On a molar basis, AN?? is the most potent diuretic 
agent yet discovered, In conscious rats, intravenous infusion of ANF at 
doses as low as 25-50 pmol/min (75-125 nglmin) increases urine volume 
and the fractional excretion of sodium. 51 Similarly, intrarenal 
infusions of 4.8 pmol/kg/min represent threshold natriuretic doses in 
anesthetized dogs, 52 Administration of ANF by bolus injection or 

Most commercially available ANF is currently synthesized 
Genetic 

adrenal cortex38~39~ f l  and in rat adrenal medulla, liver, lung, 
Specific ANF receptors have 

ANF increases cyclic guanosine monophosphate (cGMP) levels in rat 

The latter cells are4repqSted to be the principal target 
I-ANF also elevates plasma and 

The hydrophobic amino acid residue in position 110 is 

Recent attempts to isolate the ANF receptor have resulted in the 
of 124 kDal in 

ovine adrenal cortex. 
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continuous infusion immediately increases urine volume which is 
accompanied by enhanced urinary excretion of sodium, potassium, 
calcium, magnesium, chloride and ph~sphate.~,a 
ANF elicit similar diruretic responses in dogs and rats. Based on 
maximal diuretic effectiveness, ANF most closely resembles the thiazide 
diuretics, However, loop diuretics (furosemide, s) are much more 
effective in stimulating maximal renal excretion of salt and water than 

Again, rat and human 

ANF.8 

The duration of action of the atrial peptides is greatly dependent 
on the mode of administration. Intravenous bolus administration of ANF 
produces only a short-lived natriuresis (10-40 min), due to rapid 
elimination from the plasma. 436-8 However, continuous infusion of the 
peptide for at least one hour yields sustained natriuretic and diuretic 
responses in conscious and anesthetized dogs for the duration of the 
infusion. 53-55 Oral activity of ANF is negligible. 

ANF appears to act through a novel mechanism. Unlike other 
diuretic agents that inhibit renal tubular reabsorption of ions, ANF 
has no significant direct effect on tubular function. No ANF-specific 
receptor sites can be identified on the renal tubules5 and ANF fails to 
alter sal 
segment 6. $ 9  56 Although inhibition of sodium-phosphate co-transport is 
observed in proximal tubule brush border membrane vesicles prepared 
from rats treated with ANF prior to sacrifice, these effects are not 
observed when ANF is added to the membrane vesicles in vitro, 
suggesting that the inhibition of sodium-phosphate co-transport in vivo 
may not involve a direct tubular effect of the atrial peptides. 57,58 
Hence, the in vivo inhibition may result from selective effects of ANF 
at other sites in the kidney. 

or water reabsorption from isolated perfused renal tubule 

The diuretic actions of ANF appear to be mediated primarily 
through alterations in renal hemodynamics. For example, the diuretic 
effects of ANF are very sensitive to changes in renal perfusion pres- 
sure. 
renal responses to the atrial peptides, while more severe reductions in 
perfusion pressure completely antagonize the diuretic actions of ANF. 66 
Conversely, acute increases in renal perfusion pressure markedly 
enhance the renal effects of the atrial peptides. 

Modest reductions in renal perfusion pressure attenuate the 

Rather than increasing total renal blood flow, ANF may alter 
intrarenal vascular resistance at two specific sites, the glomerulus 
and the papillary vasa recta. ANF binding sites have been identified 
in these tissues.38-40 Of these two sites, the effects of the atrial 
peptides on the glomerulus are best described. In many 18,53 -55,59 -61 
but not all 523 62963 experiments, marked increases in glomerular 
filtration rate (GFR) are observed after ANF administration. The 
peptides enhance GFR through differential effects on afferent and 
efferent arterioles. ANF dilates afferent arterioles while efferent 
vascular resistance is increased 64365 or unchanged.66 This elevates 
glomerular h drostatic pressure and GFR without increasing glomerular 
plasma 
tubules and tends to "flush" salt and water down the nephron. 

The increase in GFR elevates flow rate in the renal 

Changes in GFR alone do not entirely account for the diuretic 
action of ANF. Recent studies67 indicate that ANF also increases 
hydraulic pressure in the medullary descending and ascending vasa 
recta. 
absorption of sodium from medullary collecting ducts and would favor 

The elevated pressure in the vasa recta would retard the 
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tne net addition of salt and water to the collecting duct from the 
papillary inter~titium.~ 
glomerular filtration may mediate the renal effects of ANF. 
Interestingly, the diuretic actions of ANF are antagonized b dopamine 

This process combined with enhanced 

receptor antagonists, particularly D receptor antagonists, 6% 
1 

The atrial peptides elicit diuretic responses in many animal 
models. 
salt and water in normotensive; one-kidney, one-clip; two-kidney, 
one-clip; deoxycorticosterone-salt and spontaneously hypertensive 
rats.51~70 Chronic infusion of ANF for seven days via osmotic mini- 
pumps also produces a diuresis in one-kidney one-clip hypertensive 
rats. 71 However chronic infusion of ANF in normotensive rats as well 
as in two-kidney, one-clip and spontaneously hypertensive rats fails to 
increase urine volume, even though systolic pressure is significantly 
reduced in the hypertensive rats. 7 2 9 7 3  In a model of low-output heart 
failure in anesthetized dogs, intrarenal infusion of ANF produces 
similar increases in GFR, as in normal anesthetized dogs, 61 but the 
diuretic and natriuretic responses to the peptide are attenuated in the 
low-output dogs. Altered renal responses also occur in a chronic model 
of low-output heart failure, the vena caval constricted dog. 53 
Intravenous infusion of ANF elevates urine volume and potassium 
excretion, but sodium excretion is unaltered. 

Acute administration of ANF increases the urinary excretion of 

Hemodynamic effects - Although the natriuretic actions of ANF may 
contribute to chronic hypotensive properties, unlike most other 
diuretics, acute reductions in arterial pressure are regularly observed 
after administration of the atrial peptides. The hypotensive responses 
to ANF are also observed in bilaterally nephrectomized rats, 
indicating that the fall in arterial pressure is independent of the 
diuretic actions of the peptide. 74 Instead, these depressor responses 
are due to direct effects on the cardiovascular system. 

The depressor action of ANF is observed in rats, dogs and man. 
Modest reductions in arterial pressure are generally noted in conscious 
animals, while the hypotensive responses to ANF are markedly potenti- 
ated in anesthetized animals. 75 In addition, the hypotensive effects 
of ANF are enhanced in several models of hypertension. 
chronic administration of ANF in normotensive rats causes little or no 
change in arterial pressure. 71-73 However, marked reductions in 
arterial pressure are observed after ANF administration in one-kidney, 
one-clip; deoxycorticosterone-salt; two-kidney, one-clip and spontan- 
eously hypertensive rats. 51970-73 Of the hypertension models tested, 
deoxycorticosterone-salt rats are the most responsive to the depressor 
actions of ANF. Finally, as with the diuretic actions of the peptide, 
bolus injection of ANF elicits transient hypotensive responses, while 
continuous infusion of the atrial peptides produces sustained reduc- 
tions in arterial pressure. 

Acute or 

Synthetic ANF is a potent relaxant of precontracted isolated 
The peptide produces vascular smooth muscle from rabbit and rat. 

concentration-dependent relaxation in both agonist (norepinephrine, 
angiotensin 11, histamine, serotonin)- and KC1-contracted aortic smooth 
muscle. 9 ~ 1 8 ~  76-78 However, ANF is a more potent vascular relaxant 
against agonist-induced contractions (IC50 values ca. 1 nM) than 
KC1-induced contractions (IC values ca. 25-80 124). 9 9 7 8  The in vitro 
relaxant effects of ANF are %pendent on the source of vascular tissue. 
For example, rat 76 and rabbit 77978 aorta are very responsive to ANF 
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compared to smooth muscle from other large arteries and veins. 
vascular specificity of ANF is also observed in vitro in smaller 
resistance vessels. ANF relaxes precontracted arcuate arteries from 
the kidney, but has no effect on arteries of similar lumen size 
obtained from the mesenteric, coronary, cerebral or femoral vascular 
beds.79 
vasodilators. Indeed, it would appear that ANF affects only certain 
vascular beds, such as the kidney. 

The 

These studies suggest that the atrial peptides are not general 

The regional vasodilator actions of ANF are also observed in vivo. 
Though there are exceptions, 8o bolus in ection of ANF generally increa- 

flow in the coronary, mesenteric, femoral, cerebral and other vascular 
beds. The renal vasodilator responses are dose-dependent, occur 
immediately after injection of the atrial peptides and persist for a 
short time. 83 
fails to elicit sustained renal vasodilator responses. In conscious 
and anesthetized dogs52-55961 and rats83-85 intrarenal or intravenous 
infusion of ANF may cause a transient increase in renal blood flow. 
However, during infusion steady-state conditions, renal blood flow 
returns to or below control levels in most, but not studies. In 
isolated perfused kidneys devoid of exogenous vasoconstrictor tone, 
addition of ANF to the renal perfusate increases renal vascular resis- 
tance. 18 

ses renal blood flow in dogs81 and rats I/ ,82983 without altering blood 

Interestingly, continuous infusion of ANF frequently 

Interestingly, the hypotensive actions of ANF are often associated 
with a fall in cardiac output and increased or unaltered total peri- 
pheral re~istance.8~,88-9~ These effects are observed in rats and dogs 
during continuous infusion of the peptide and are particularly obvious 
in conscious animals. 
cardiac filling pressure rather than negative inotropic effects 
accounts for the reduction of cardiac output.84 Thus, in several 
animal models, alterations in cardiac output, not vasodilation, are 
responsible for the acute depressor effects of ANF, 

It appears that dose-dependent reductions in 

ANF effectively antagonizes the vasoconstrictor effects of 
norepinephrine, angiotensin I1 and serotonin in vitro. 9 
pressor responses to norepinephrine, and angiotensin I1 are attenuated 
in pithed rats92 and conscious rats.93 The depressor actions of ANF 
are also enhanced in angiotensin 11-dependent (high renin) hypertensive 
rats. 51994 

In addition, 

Endocrine effects - In addition to direct effects on the kidney and 
vascular smooth muscle, ANF also exerts profound effects on several 
endocrine systems. 
adrenocorticotropic hormone (ACTH) and an iotensin I1 (AI1)-induced 
aldosterone secretip in isolated ratg7-lto and bovine adrenal cells. lo1 
ANF also inhibits K -stimulated aldosterone production in rat adrenal 
cells% 99 and in prostaglandin and forskolin treated bovine adrenal 
glomerulosa cells.101 A reduction in aldosterone production is noted 
after synthetic ANT in conscious normotensive rats infused with AII1O0 
and in high renin hypertensive rats. 102 ANF is reported to reduce 
glucocorticoid secretion in bovine 100 but not in rat fasclculata  cell^?^,'^ 
Investigations into the site of ANF inhibition of AII-induced 
steriodogenesis in rat adrenal cells indicate an effect on both the 
early 1°3and late 98pathways. An increase in testosterone 
production from mouse interstitial cells is also observed with 
synthetic ANF.lo4 

Crude atrial extracts96 and synthetic ANF reduce 
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Compensatory increases in the release of renin from the kidney are 
observed with conventional diuretic therapy. 
unique in that in several experiments, infusion of ANF decreased the 
renin secretory rate. 54955 The effects of ANF on renin release are 
commonly observed when renin secretion is elevated, as in the case of 
pentobarbital anesthetized dogs, hut may be undetectable in animals 
with low or normal renin levels.52 Inhibition of renin release by ANF 
is observed in vitro in kidney slices, suggesting that the effects are 
due to direct effects of the peptide at the macula densa.g5 

The atrial peptides are 

Synthetic ANF induces the release of arginine vasopressin (AVP) 
from the isolated posterior lobe of rat hypophysis in vitro, presumably 
via specific ANF receptors. 105 Conversely, intravenous infusion of ANF 
inhibits dehydration and hemorrhagic-induced release of AVP in rats. 106 
Dehydration experiments in rats also reveal a decrease in ANF-like 
immunoreactivity within select brain regions associated with the 
hypothalamo-neurohypophyseal tract. 107 

Summary - Atrial natriuretic factor represents a new and novel 
mechanism for controlling arterial pressure and extracellular fluid 
volumes. 
determined, the pharmacology of the peptide indicates that it 
eventually may lead to the discovery of effective agents for the 
treatment of edema in patients with congestive heart failure, 
hypertension, renal insufficiency or hepatic cirrhosis. Unlike current 
diuretic therapy, ANF may prevent compensatory increases in renin 
release and may be a potassium-sparing diuretic, through direct 
antagonism of aldosterone release. 
over many vasodilator agents, in that reflex tachycardia and urinary 
salt retention are not generally associated with the depressor actions 
of the atrial peptides. Indeed, initial clinical trials with ANF 
indicate that the atrial peptides are quite effective in humans. lo8-lo9 
However, additional clinical trials are needed before the therapeutic 
potential of ANF can be fully assessed. 

Even though the physiological role of ANF remains to be 

ANF may also possess advantages 
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Introduction - This chapter reviews progress in the use of bioisosterism in drug design since 
fhe review by Thornber in 1979.7 Early comprehensive reviews are those by Hansch,* Friedmans 
and Burger.4 The broadest definition of bioisosteres as “groups or molecules which have chemical 
and physical similarities producing broadly similar biological properties” is used.1 A major trend 
in this area is the increasing prevalence of “nonclassical isosteres” moieties which do not have 
the same number of atoms, but which produce a similarity in a key parameter. As pointed out 
by Thornber and illustrated in this review, similar effects in two functional groups does not imply 
atom upon atom overlap.1 

Bioisosterism is part of the spectrum of QSAR as discussed by Hansch5 and Martin.6 The 
concept may be most useful to the medicinal chemist at the early lead seeking stage when suffi- 
cient data are lacking to permit a quantitative analysis, or towards the conclusion of synthesis 
in a series when a transition to a “new” series is desired.6 In the latter case, other alternative 
strategies toward development of a new series include QSAR analysis of outliers6 and distance 
geometry QSAR.7 In theory, bioisosterism lends itself to computer substructure searching 
especially as a means of developing new leads or new series.1 In practice, examples of new 
lead generation using bioisosteric principles are few.8 Papers clearly delineating biosteric rela- 
tionships in sufficient quantity could make computerized retrieval of bioisosteres a reality. Quan- 
titation of the physical organic relationship between “non-classical isosteres” is enhanced by 
the growing x-ray literature on binding of functional groups to macromolecular moieties (Chapter 
28). In the following sections, examples of bioisosteric relationships are grouped by functional 
group class. 

> - lsosteric replacements for the peptide bond have been 
summarized.g~1o Pepstatin-related dipeptide analogues have been reviewed.11 Peptide isosteres 
have been discussed in reviews on the rational design of peptide hormones and neuro- 
transmitters12 and conformational restrictions of biologically active peptides.13 Linear modified 
retro-peptides have been reviewed.14 Ketovinyl and hydroxyethylidene dipeptide isosteres (1, 
2)15116 as well as heterocyclic (3)17 and unnatural amino acid (4)18 surrogates for a peptide B- 
turn have been reported. 
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Amide Carbonyl Group Blolsosteres - The N-acetylcysteamine side chain of thienamycin 
(5) was replaced by 2- and 4-substituted quaternary pyridines (6, 7). Similarly, the classical 
acylamino side chain in cephems was replaced by a Csubstituted quaternary pyridine to give 
8 having broad spectrum antibacterial properties.19 This substitution can be viewed as an exten- 
sion of the arenology principle in which heteroaromatic nuclei (arenes) are viewed as analogous 
(arenologous) to classic functional groups.20 The bioisosterism between benzamide and 
benzenesulfonamide groups led to the synthesis of hypoglycemic sulfonyl isosteres (9) of 
glybenclamide.21. 

H N y y c  H 

9 N ) y - y -  H H  H 
H & " R  S-(CH&-N yCH~ /N, 0 O N q R  R/$ 0 

R 
CHa 0 

6 7 8 Cole 0 0 
5 coae 

~ ~ ~ - ~ c H * ) ~ ~ s o * ~ ~ ~ - c , H , ,  - 
0 

// 1 
0 0  9 

CI 

Ketone Carbonyl Bioisosteres - Replacement of the carbonyl-like imide oxygen of 3-deaza- 
uridine (10) with cyano in analogs 11, 12 did not lead to antibacterial activity.22 However, anti- 
bacterial activity was detected in mesoionic pyridazine (13).23 The isosteric similarity between 
ketone and phosphonate groups led to the preparation of the active phosphonate analog (15) 
of the antiherpetic arildone (14).= The bioisosteric relationship between benzoyl and the 
1,2-benzisoxazoIe moiety has been employed in the synthesis of diuretics (16) related to 
(4-acy1phenoxy)acetic acids.25 A similar relationship can be discerned in neuroleptic (17)26 and 
in benzisoxazole analogs of haloperidol and benperidol.27.2* 

HOU+ 10 0 (j I 0 

11 

CN / 

12 X=CH 
i a  X = N  

15 
l4 

18 

Ester Carbonyl Blolsosteres - The hypothesis that a sulfon- 
amide acts as a rauwolscine ester surrogate formed the 
rationale for design of the enantioselective a2 adrenoreceptor 
antagonist 18.29 

H o V + g / N ~ C H 3  
II 
0 

Ester Ether Oxygen Biolsosteres - The premise that the 

chemically for one of the non-bonded electron pairs on the ether G n = l , T  
fluorine atom in an N-fluoroamide might substitute stereo- 

oxygen of an ester led to N-fluoroazocycloalkanones (1 9) hav- 

(CHdn 

ing lactone-like physical and organoleptic properties.30 b 19 
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Phosphate Bioisosteres - The general approach to isosteric phosphonates in which the C-0 
phosphate monoester bond is replaced by the stable C-C bond,31 as well as approaches to 
nucleotide32 and platelet activating factor (PAF)S3 analogues have been reviewed. Replacing 
the phosphate moiety in PAF with a sulfonyl bismethylene group (20) led to loss of platelet 
aggregating and substantially reduced hypotensive activity.34 Intact nucleotides cannot enter 
cells and are readily cleaved extracellularly to the nucleoside. Attempts to find phosphate group 
replacements have been largely unsuccessful.3~ lsosteric ATP analogues (21) were prepared 
and exhibited an increasing correspondence in physical properties to those of ATP in the 
sequence X = CH2<CHF-CC12<CF2-34H<0.36 Size factors are more important in determining 
RNA polymerase substrate activity, while isopolarity is more important for hexokinase inhibitory 
activity. Additional isoelectronic but not isosteric ATP analogues (22) exhibit 31P NMR spectra 
and ionization behavior suggesting that they are good isopolar analogues of ATP.36 Peroxy 
analogues such as 23 may be useful in studies of nucleotide requiring enzyme systems.37 
Replacement of the diphosphate bridge in UDP-Glucose with an isosteric OCONHS020-residue 
led to 24 which exhibited antiviral activity in an HSV-1 plaque assay and inhibited glycosylation 
of proteins in HSV-1 infected Hela cells.3* 

20 

I! H 
HO HO 

H 
24 RzO OR2 

Catechol Bloisosteres - The phenolic ring in dopamine agonists, apomorphine (APO) and 
(*) CV 205-503 (25)39 has been replaced by heterocyclic moieties. By comparing absolute con- 
figurations, the rigid pyrrole ethylamine portion in pergolide 26 was shown to correspond to 
the rigid dopamine in APO.40 Similarly the absolute configuration of the active (-) enantiomer 
27 (CQ 206-962) corresponds to that of ergoline CQ 32-084 (28).41 Potent stereoselective 
dopamine D-2 agonist activity in the related heterocycles 29, 30 and 31 supports the bioiso- 
sterism of the aminopyrimidine, aminothiazole and pyrazole rings with the phenol of 25.42343 
The hypothesis that the pergolide indole moiety might be a bioisostere for the "meta" OH of 
dopamine, led to preparation of dopamine agonist 32." Similarly, replacing the meta phenol 
moiety in dopamine agonist 3-PPP led to the 4-substituted indole dopamine agonist, RU 2751 
(33),45 Replacing the dopamine meta hydroxyl by an indolone system as in 34 led to potent 
D2 receptor agonist activity.de However, among related carbostyril derivatives (35), D-2 receptor 
potency was not enhanced as with corresponding indolones, and D-1 receptor agonist activity 
was reduced or lost.47 

R 
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Urea, Thlourea Bioisosteres - Among antihypertensive thioureas (36), replacement by cyano- 
guanidine (37) resulted in loss of activityl@ however, in another series (38,39) hypotensive activity 
was increased 250-fold by this replacement.49 Thiourea, cyanoguanidine equivalence led to a 
successful replacement of a sulfide -S- by -N(CN)- in androgenic 2-heteroandrostanols (40, 
41).% Among antisecretory pyridazinones (42, 43) structural requirements for gastric antisecretory 
activity were very simiiar.51 The 3,4-diamino thiadiazole dioxide moiety (44) was identified as 
a weakly acidic urea equivalent.52 Cyanoguanidine or the similar 1 ,l-diamino-2-nitroethylene 
groups were replaced by cyano amidine and carbamoyl amidines.53 SAR additivity differences 
were noted when related bioisosteres were applied in several H2-antagonist series,53 and SAR 
patterns were rationalized in terms of dipole moment orientation of related bioisosteric g r 0 ~ p . s . ~ ~  
Dipole moments55 and dielectric properties58 of polar compounds having charge separated zwit- 
terionic species due to resonance (45) or tautomerism (46) were reported. 

~ ~ A ~ ~ ~ ~ N H ~  ~~~~~ N x@oAc 

CI 3 6 X = S  38 X = S  40 X = S  
37 X=NCN 39 X=NCN 41 X=NCN 

45 46 
42 X = S  44 
43 X=NCN 

Carboxyllc Acid Blolsosteres - The medicinal chemistry of tetrazoles has been 
Abstraction of hydrogen (Y to a carboxyl group without activation as an AMP ester or coenzyme 
A thioester is chemically unfavorable. The inability of the tetrazolyl group to undergo a similar 
activation led to preparation of pentapeptide inhibitors of vitamin K-dependent carboxylation 
containing the glutamic acid tetrazole analog 47.58 The design of GABA agonists, antagonists 
and uptake inhibitors which contain acid surrogates has been reviewed.59 Heterocyclic phenols 
related to the GABA agonist muscimol (48) and encompassing an acidity range from 3.0 (ISO- 
THlP 49) to 7.1 (50) were tested for inhibition of GABA receptor binding.60 The GABA tetrazole . 
analog (51) inhibited GABA-transaminase, but not succinic semialdehyde dehydrogenase (SSA- 
DH). A difference in the local charge density between the two enzymes in the area of interaction 
with the tetrazole was proposed.61 The tetrazole (52) and 3,5-dioxo-1,2,4-oxadiazoiidine (53) 
analogs of valproic acid were inhibitors of SSA-DH, suggesting that the latter group was also 
a carboxylic acid bioisostere.62 
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The hypothesis that weakly acidic imide heterocyclic rings found in antiepileptic drugs could 
function as carboxyl equivalents, combined with the pentobarbital-like effects of the GABA-like 
cyclic imide quisqualamine on spinal neurons, led to convulsant GABA succinimide and hydan- 
toin analogs (54 and 55).63 Thiazolidinedione (56), prepared as an analog of epsilon aminocaproic 
acid, exhibited antifibrinolytic activity and slightly inhibited activation of plasminogen.64 A com- 
parison of the aromatic ring glycolic acid oxidase inhibitory SAR between 3-hydroxy pyrrole- 
2,5-dione 58 and acid 57 suggested a similar interaction with an enzyme site, even though the 
two adjacent acid functions were not superimposable.65 

HO. A 

6,. ..A 

57 

A number of NSAl hydroxamic acid analogs, including ibuproxam-ibuprofen (59, 60), 
oxamethacin-indomethacin (61, 62) exhibit anti-inflammatory activity in man. While 59 is 
metabolized to 60 in man68 61 is metabolically stable in man, and is a true bioisostere rather 
than prodrug.67,68 Among carboxylic acid replacement analogs of the ACE inhibitor (63), best 
activity was found in hydroxamic acid (64). Corresponding tetrazole (65) and phosphonic acid 
(66) analogs were less potent.69 Weak GABA, affinity and anticonvulsant effects were found 
in GABA phosphorous analogs 67 and 68.70 

0 

T:Q-fYX / Q x,p:RI I I  OR1 

o% o=y 67 X=CHz 

H3c/Nn!-cHz4) I 

CI (CHdn ‘ “ c ,  68 X=NH 
59 X=NHOH 
60 X=OH 

NHz I 

O T e  63 X=C02H 
61 X=NHOH 
62 X=OH 

CIHS 64 X=CONHOH 
65 X=tetrazole 
66 X=POjHn 

The S02NHC0 moiety was proposed as a carboxyl isostere based on similar hypoglycemic 
activities of gliburide and carboxylic acid (69).71 Among analogues of the antiatherosclerotic 
carboxylic acid cetaben, sterol and triglyceride lowering activity was found in acyl sulfonamides 
of the general structure (70).72 Replacement of the carboxylic acid in furosemide with a sulfonic 
acid led, after SAR optimization, to derivative (71) which retained oral diuretic activity in dogs.73 

COHB 

(CHzln yH / -Q-CO*H HsNSOt SO3H 

69 R s O , N - i o o N - - R  H 71 

70 CI 

The “essential” aspartic acid residue in the C-terminal tetrapeptide of gastrin was replaced 
by the electronically equivalent serine 0-sulfate ester (72).74 Among cholecystokinin heptapep- 
tide analogues, unexpected activity increases were observed with analogues containing 72 as 
well as threonine 0-sulfate (73) and hydroxyproline 0-sulfate.75 Serine 0-phosphate (74) as a 
glutamic acid replacement in the peptide Boc-0-phospho-Ser-0-phospho-Ser-Leu-Ome led to 
an inhibitor of the vitamin K-dependent carboxylation of Phe-Leu-Glu-Glu-Leu.76 Replacement 
of the carboxyl group with a stable phosphinic or phosphonic acid group is exemplified by 
analogues (75,76) of ornithine which weakly inhibited ral liver omithine decarboxylase.77 Boronic 
amino acid analogs or their difluoroborane precursors were prepared as chymotrypsin and 
elastase inhibitors based on the isoelectronicity of the boronic acid moiety with a protonated 
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carboxyl group. Phenyl alanine, phenyl glycine, alanine, valine and isoleucine derivatives were 
active.78 

Among examples of non-acidic acid isosteres are a neutral terminal hydroxymethylketo group 
which replaced a carboxylate group in a series of gastric acid antisecretory PGE2 analogs79 
Replacement of the carboxyl group in ketoprofen (77) with bulky amines as in (78) was reported 
to lead to anti-inflammatory activity.80 A striking similarity between cimetidine which contains 
only basic and neutral moieties and GABA on binding parameters at the GABA receptor complex 
has been reported.8' 

1 -  77 R = COzH 
CH 74 I S  R=CH, 

/ \  76 R=OH 78 R=cH,-Nno 
I 

HzN COiH 

Rln Equivalents - Preferred phenyl ring T electron orientations in x-ray structures have 
been b escribed.82 e hypothesis that appropriately positioned heteroatom T electrons could 
function as aromatic equivalents was combined with x-ray results suggesting that the aryloxy- 
methylene portion of a @-blocker side chain could mimic a portion of an aromatic ring. This led 
to the proposal that the C = NOCHp group among stable oxime &blockers could simulate an 
aryl group or aryloxymethylene group in either of two possible planar conformations (79,80).83 
Reduction of the imino bond results in a decrease but not loss of activity and ether derivatives 
retain activity.84. 

The six-membered H-bonded ring between the imide N-H and ortho methoxy oxygen in 
the benzamide neuroleptic (81) was proposed to bind to a dopamine receptor site normally oc- 
cupied by a phenyl moiety.85 The likely hydrogen bond between the carbonyl oxygen and 
guanidine hydrogen in the diuretic amiloride (82) coupled with the known conformational integrity 
of acylguanidines led to the preparation of (83) which retained very similar diuretic properties.86 
The hypothesis that electrostatic repulsion between an aromatic fluorine and a side chain hydroxyl 
group could induce a conformational preference in norepinephrine analogs (84, 85) led to 
synthesis of carbocyclic derivatives (86, 87).87 
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Basic Groups - Bioisosteric substitution of the ammonium group by a sulfonium group finds 
application in studies on dopamine agonists such as 8888 and the isolevorphanol opiate analog 
89.89 The bioisosteric relationship between aminoalkyl, 2-imidazolidine and 4-imidazole moieties 
in histamine H1 receptor antagonists (90) and the similarity between amidines and 2-amino 
pyridines led to bioisosteric design of the histamine H2-receptor antagonist (91).8 A similar parallel 
between such moieties can be discerned in hypotensive agents related to piperoxan and the 
clonidine analog ST 95 (92). Thus, imidazole 93 was identified as a selective a2-adrenergic an- 
tagonist,m and MPV-207 (94) was a potent hypotensive agent in rats.91 

0 CHI 
HO 

90 k 88 X = S(CH& ’ 
X = N(CH& n = 2 

93 

Incorporating a GABA amine group into an aminopyridazine gave GABA, antagonist, SR 
95103 (95).92 The recognition that a basic sulfoximine moiety could replace the amidine moiety 
in prazosin led to synthesis of 96 having equipotent hypotensive activity in animals.93 Based 
on the biological profile, structural considerations, and x-ray data, the hydrogen bonded 97 was 
proposed to mimic biguanides, and the hydrogen bonded imino N-H was suggested as being 
similar to the obligatory sulfonamide NH in a sulfonyl urea.94 

97 
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Chapter 28. X-Ray Crystallography of Drug Molecule-Macromolecule 
Interactions as an Aid to Drug Design 

John J. Stezowski and Krishnamoorthy Chandrasekhar, Institut fur 
Organische Chemie Biochemie und Isotopenforschung der 

Universitat Stuttgart, Stuttgart, Federal Republic of Germany 

Introduction - Contributions from X-ray crystallography toward under- 
standing drug-macromolecule interactions come from the full spectrum of 
crystallographic studies; i.e. from high resolution crystal structures of 
small molecules, as well as from determinations of crystal structures for 
macromolecular systems. 
about structural properties and about intermolecular interactions,although 
its relevancy to drug-target interactions may be difficult to assess. 
Crystal structure determinations for macromolecular systems provide re- 
sults that are more readily interpretable in terms of drug-target inter- 
actions, but often the structures can be determined only to low resolu- 
tion, limiting the analysis to inference about the nature of intermolec- 
ular interactions. 

The former provide highly detailed information 

To illustrate the role of X-ray crystallography in helping to under- 
stand drug-macromolecule interactions and the use of that understanding 
for drug design, we have selected a number of examples of studies of small 
molecules, of drug-DNA interactions, of protein-DNA interactions, and of 
protein-substratelinhibitor interactions. 

Small Molecule Studies - Automated X-ray diffractometers for data col- 
lection, direct methods for structure determination, and ever more 
efficient computers and sophisticated software have modified the role of 
small molecule crystallography in the study of biologically important 
molecules. The focus has changed from trying to interpret the biological 
relevance of one crystal structure to that of carrying out more systematic 
studies, especially for families of compounds for which the macromolecular 
component has not been well characterized. The Cambridge Crystallographic 
Data Center files greatly facilitate comparison of structural properties 
of related molecules for which structures have been determined in different 
laboratories. In addition, the data base can be used to probe inter- 
molecular interactions to reveal trends that would not be recognized easily 
or substantiated by analysis of a small number of structures. Murray-Rust 
and Glusker, for example, have studied the directionality of hydrogen 
bonding to sp2- and sp3-hybridized ox gen atoms and discussed its relevance 
to ligand-macromolecule interactions. Y 

The steroids are the class of compounds most extensively studied by 
single crystal techniques. 
lographic contributions to understanding steroid hormone action, 
protein interactions3 (Figure 1 
peutic action of antiestrogens." Kuroda et al. have reported studies of 
tamoxifen (an antiestrogen) derivatives with good illustration of the use 
of X-ray crystallography, relatively simple theoretical calculations and 
empirical binding studies to probe drug receptor interactions. 

Duax and colleagues have reviewed the crystal- 
steroid- 

and the structural basis for chemothera- 
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The analysis of the structural properties of a series of chemically 

diverse compounds displaying antiepileptic properties has been used to 
probe the stereochemical basis of their activity.6 
leptics had two hydrophobic regions of structure. 
tions were compared with these regions maximally superposed, each compound 
had two electron-donor groups situated in similar orientations and posi- 
tions with respect to each other and to the hydrophobic groups. Recent 
crystal structure determinations of p-carboline analogs by Codding and co- 
workers have led to the hypothesis that the interaction of p-carbolines 
with the benzodiazepine receptor probably involves a hydrogen bond acceptor 
of the receptor and 71-71 interactions for the unsaturated B-carboline 
derivatives. 
calculations, a series of Histamine H1 receptor antagonists has been 
studied.' The antihistamines appear to interact with this receptor in a 
conformation characterized by a vector from the center of gravity of an 
unsaturated ring A to the protonated nitrogen atom; if present, a second 
ring also interacts stereospecifically. 

All of the antiepi- 
When their conforma- 

Using crystallographic results and simple force field 

Eckle and Stezowskil' determined crystal structures for a series of 
thyrotropin releasing hormone analogs, analyzed the distribution of hydro- 
gen bond interactions by superposition techniques and postulated a pos- 
sible CNS receptor model (Figure 2). Considerable conformational similar- 
ity was observed among the TRH analogs and also between the TRH analogs 
and the last three residues of Leu5-enkephalin found in two crystal struc- 
tures.'lPl* The conformational similarities were subsequently found to 
extend to the conformations of Tyr-D-Nle-Gly-Phe-NleS. l 3  

In an effort to obtain a long acting preparation, computer graphics 
techniques employing the X-ray conformation of 2-zinc insulin have been 
used to design hexamer stabilizing agents, small molecules that contribute 
to the binding energy and fit in the space at the center of the hexamer 
between the two zinc atoms. l4 A crystalline 4-zinc insulin preparation 
is used clinically as a slow acting insulin; based on a crystal structure 
analysis, Smith et al. have attributed the stability of 4-zinc insulin 
to the observation that it contains a zinc ion and a chloride ion at the 
bottom of an 8A tunnel formed by three parallel a-helicies.15 
considerable conformational change on going from 2-zinc to 4-zinc insulin. 

There is a 

Fig. 1. Steroid-Protein-DNA 
interaction model.3 Reprinted 
with permission of Walter de 
Gruyter & Co. 

Fig. 2. TRH-CNS receptor mode1.l' 
Reprinted with permission of the 
American Chemical Society. 
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Arora has studied the structural properties of rifamycin analogs (DNA- 
dependent RNA polymerase inhibitors) and has suggested a four-stage model 
involving metal ion binding, interaction of the chromophore of the rifa- 
mycin and aromatic amino acids of the enzyme, interaction between the mid- 
dle part of the ansa chain and @-sheet of the enzyme, and strong hydro- 
gen bonding interactions between hydroxyl groups of rifamycin and electro- 
negative groups of the enzyme.16 

In a continuing study of siderophores, van der Helm and coworkers 
have discussed iron uptake of ferrioxamines in the light of their confor- 
mational and topological features. l7 

A highly structured pentagonal water network in crystals of the com- 
plex between proflavin and d(CpG) has been described. 
Teeter reported similar observations in a high resolution structure deter 
mination for the hydrophobic protein crambin.lg 
molecules in pentagonal arrays was found in a hydrophobic intermolecular 
cleft in the protein crystal structure. 
account in part for the entropy contribution to the hydrophobic effect. 

Drug-Nucleic Acid Interactions - Berman and Young have reviewed the early 
literature concerning the interaction of intercalating drugs with nucleic 
acids. 

More recently 

A cluster of 16 water 

Releasing water of this type may 

A number of structure determinations for drug complexes with the 
oligonucleotide d(CpGpTpApCpG) have been reported, one for daunomycin," a 
minor groove intercalater, and two for quinoxaline antibiotics, 2 2  " which 
are m-intercalaters in the major groove. The effects of drug binding on 
the structure of DNA differ for the two types of complexes. In the dauno- 
mycin complex the oligonucleotide maintains Watson-Crick base pairing for 
all the bases, whereas in the two quinoxaline complexes the AT base pair- 
ing is of the Hoogsteen type. 
nine) drug-DNA interaction in both quinoxaline complexes. The complex 
between Triostin A and the octomer d(GCGTACGC) displays the same interca- 
lation site as the hexamer complex, but contains four Watson-Crick and 
four Hoogsteen base pairs, the latter capping the quinoxaline rings at the 
ends of the drug m~lecule.~" 

There is sequence specific (alanine to gua- 

Crystal structures for complexes of d(CGCGAATTBrCGCG) with netrop- 
sin,25~26 an antitumor drug, and with Hoechst 33258,27 a potent carcino- 
gen, reveal that both small molecules bind in the minor groove requiring 
only modest DNA conformational change compared to the uncomplexed oligo- 
mer. Dickerson et al. have discussed the use of the structural proper- 
ties of the complexes for rational design of DNA minor groove-binding 
anti-tumor drugs. 27 Rubin and Sundaralingam have demonstrated by crystal 
structure analyses that netropsin and distamycin bind the major groove of 
the tRNAPhe T-stemZ8 and that dirhodiumtetraacetate cross links tRNAPhe. * 

A crystal structure determination for cis[Pt(NH3)2{d(pGpG)] revealed 
an adduct in which a square planar Pt atom is coordinated to two ammonia 
N-atoms and two N(7)-atoms of guanosines from the same chain. The results 
are compared with solution and molecular mechanics studies and the mechan- 
ism of action of cis-diaminodichloroplatinum( 11) is discussed. 3 0  

Structural aspects of DNA-actinomycin interactions are still being 
The structure determination for an probed by crystallographic methods. 

actinomycin D-d(CpG) complex displayed infinite chains of d(CpG) units 
connected by Watson-Crick base pairs; actinomycin D molecules lie between 
the chains. 3 1  A structure determination for actinomycin cocrystallized 
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with d(ATGCAT) is in progress, the results of which promise to provide 
further insight into the structural properties of this system. 3 2  
has proposed that actinomycin binds to @-DNA.33f34 

Allen, Ed. - 
Sobell 

Single crystal structure determinations have provided new insight 
into the structural flexibility of DNA as shown by the observations of 
Hoogsteen base pairing, by characterization of Z-DNA35 and by the fact 
that mismatched base pairing, even in relativly short oligonucleotides, 
can be accommodated without large conformational changes in A-DNA. 36 

Model building of drug-DNA interactions is a topic of great current 
activity. Tautomerism and steric effects of l-nitro-9-(alkylamino)acri- 
dines have been correlated with their antitumor activity and their inter- 
calation geometry in DNA modeled.37 Models for the structure of anthra- 
cycline-DNA complexes, 38--41 and for the interactions of substituted anthra- 
quinone~'~ have been proposed based, in part, on crystallographic results. 
A crystal structure determination for the DNA binding portion of bleomycin 
A2 has been used to model its interaction with DNA". 
covalent drug-DNA binding for 1,4-benzodiazepine antibiotics." Neidle g 
- al. have discussed the structural aspects of sequence specificity of drug- 
nucleic acid interactions. '' 

Arora has modeled 

Protein-DNA Interactions - Considerable effort is being expended to eluci- 
date the interactions between DNA and proteins by single crystal X-ray 
techniques. 
ing the structure of a repressor protein for which no crystal structure is 
available by considering homology with a known structure, '' and crystal 
structure determinations of protein-oligonucleotide complexes. Ethyl- 
ation interference and X-ray crystallographic results have identifled simi- 
lar interactions between 434 repressor and operator. 

This includes the study of DNA binding  protein^,^^-'^ model- 

A crystal structure determination for a complex of pancreatic RNAse A 
with d(pA)4 has been reported." 
each RNAse molecule in a manner consistent with binding a long single 
strand of nucleic acid to the enzyme. 

At least four oligomers interact with 

Protein-Substrate/Inhibitor Interactions - Thyroid hormones are the only 
known naturally occurring biologically active iodine containing com- 
pounds. The role of the halogens in the thyroid hormones has been exam- 
ined.5''s5 A model has been proposed based on I*--X(N,O,S) intermolec- 
ular contacts to explain the unique role of iodine in thyroid hormone-pro- 
tein interactions.s6 X-ray studies and computer modeling indicate that 
the pattern of iodine substitution on the thyronine nucleus, the inter- 
change of iodine with similarly sized moieties and the ionization state of 
the 4'-0H group are all co-operative determinants of protein-hormone 
binding, and facilitate development of models of hormone conformations 
at the active site of plasma and nuclear proteins.58'59 
bumin as a model for the active site of iodothyronine deiodinase, Cody and 
coworkers60' 6 1  have shown that the hormone binding site could accommo- 
date many of the potent non-thyroid like inhibitors, the aurone flav- 
onoids (Figure 3). 
revealed a pocket in the hormone binding site ideally suited to accept a 
6'-substit~ent.~~ 
attractive route for design of tightly bound hormone antagonists. 

Using preal- 

Computer modeling of the thyroxine-prealbumin complex 

The exploitation of these observations provides an 

In examining the question of the apparent transition-state analog for 
pepstatin-derived inhibitors of aspartic proteinases, contributions from 
X-ray crystallography have led to better understanding enzyme-inhibitor 
complexes. 63 A model for human renin and the renin-angiotensinogen com- 
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Fig. 3 .  Stereodiagram of aurone superimposed on T4 in the binding pocket 
of prealbumin.61 Reprinted with permission from Alan R. Liss. 

plex has been developed6' based on sequence homology, structures of aspar- 
tic proteinases and that of endothiapepsin inhibitor-H-142 complex.65 The 
model indicates that renin may have structural similarities with other as- 
partic proteinases; certain residues on the periphery of the active site 
cleft may play a part in the recognition and binding of angiotensinogen. 

Dihydrofolate reductase (DHFR) is the primary molecular target of a 
number of therapeutically important antifolate drugs, methotrexate, tri- 
methoprim (TMP)and pyrimethamine, important in the treatment of cancers, 
bacterial infections, malaria and other diseases. Crystal structures of 
lipophilic antifolates have led to an understanding of the stereochemical 
features required for their antifolate potency and selectivity. '-" Nat- 
ural substrates of DHFR contain a 2-amino-4-oxopteridine moiety,while the 
most effective inhibitors are 2,4-diamino derivatives of pyrimidine, tri- 
azine, pteridine or quinazoline. 
interactions of these compounds in crystals with those in enzyme-inibitor 
complexes reveals why quinazolines and single ring antifolates could be 
equally good inhibitors of DHFR.69 
use of X-ray methods as the basis for the design of DHFR inhibitors.'IO 
Structural results (Figure 4) suggest that analogs containing suitably 
placed carboxylate groups or a sulfonamide linked to the 3'-position of 
TMP might interact with Arg-57 in the active site of E. coli DHFR and 
thereby enhance binding. 'I 9 Kuyper et al. designed several such 
analogs.'13*'' While all were not as effective as TMP as broad spectrum 
antibacterials, their study demonstrates the enormous potential of this 
approach to inhibitor design. 
proach for designing selective inhibitors has been suggested. 7 s  
X-ray results and molecular graphics directly in model building, Ghose and 
Crippen describe the success of distance geometry methods in developing 
receptor models for various DHFR inhibitors. 76 
experiments on DHFR, in conjunction with accurate crystal structures, help 
delineate enzyme structure-function relationships and could be of value in 
inducing useful functional changes in enzyme molecules. 
and papain, Hansch, Langridge and coworkers used QSAR and computer graph- 

A comparison of the hydrogen bonding 

Kraut and Matthews have reviewed the 

An iterative receptor based structural ap- 
Using 

Directed mutagenesis 

Studying DHFR 
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Fig. 4 .  Stereodiagram of TMP in the binding site of E. coli DHFR.74 
Reprinted with permission of the American Chemical Society. 

ics with crystallographically determined receptor structures to provide a 
detailed molecular model of drug-receptor interaction and generate experi- 
mentally verifiable predictions of the activity of new analogs. '-' 

Purine nucleoside phosphorylase (PNP) is also a target for chemother- 
apeutic intervention. 
site by crystallographic studies and have correlated the proximity of the 
major sites for p-chloromercuribenzene sulfonate and ethylmercurithiosali- 
cylate to the substrate binding pocket with their ability to inactivate 
the enzyme in solution." Phosphorylated nucleosides functioning as mul- 
tisubstrate analogs are potent inhibitors of PNP; although excluded from 
cells, these compounds are important vehicles for mapping the active site 
crystallographically. ' 
could provide the rationale for design of chemotherapeutic PNP inhibitors. 

Bugs and coworkers have identified the PNP active 

Correlation of the X-ray and kinetic studies 

Thermolysin is a good model for mechanistic studies of physiological- 
ly important zinc peptidases. It changes little on inhibitor binding and 
a variety of crystallographic, substrate, inibitor and chemical modifica- 
tion data are available. 
ism of peptide hydrolysis by thermolysin with computer graphics and de- 
signed inhibitors. 84 
crystallographically. 85-88 
tional requirements of different zinc peptidases, a known inhibitor of one 
enzyme can be adapted suitably for others. 8 6  

Matthews and coworkers have examined the mechan- 

The binding of several inhibitors was also studied 
With a good understanding of the common func- 

Rossmann has reviewed structure-function relationships among the NAD- 
dependent dehydrogeneses.89 
ine portion of the coenzyme binding site. 
trum of NAD, NADP and FAD dependent dehydrogenases shows that a relatively 
small segment of each protein has a common super-secondary structure. 
Detailed structural information on the interactions between the enzymes 
and their coenzymes has helped establish functional and evolutionary rela- 
tionships. It has been suggested that similarly oriented His-Asp pairs in 
the active sites of lactate and malate dehyrogenases, serine proteases, 
thermolysin and phospholipase A2 may function as proton relay systems. 

Most of their inhibitors bind in the aden- 
A comparison of the wide spec- 

Goodfordg2 and Beddell" have reviewed drug design based on receptor 
fit method. 
are displayed on a graphics system together with the macromolecular struc- 
ture, so that energy and shape can be considered together when designing 

A method has been described in which energy contour surfaces 



Chap. 28 X-ray of Drug Interactions Stezowski, Krishnamoorthy 299 

 drug^.^' 
of compounds of different chemical type rather than just the modification 
of an existing enzyme substrate to produce an antagonist. Substituted 
benzaldehydes, which bind to human hemoglobin at a site different from the 
natural effector (2,3-diphosphoglycerate), produce an allosteric. non- 
competitive antagonism. 9 s  

inhibitor, at low oxygen pressure, of the sickling of erythrocytes and may 
be clinically useful. 

Knowledge of the structure of the receptor site allows design 

The predicted “best” compound is a potent 

Quiocho and coworkers have studied protein-ligand interactions in 
periplasmic binding proteins with a view to drug design.96 Analysis of 
L-arabinose binding protein (ABP) reveals a picture consistent with the 
functional requirements of the protein. ” 
accomodates both a- and f3-anomers of L-arabinose; the structural informa- 
tion provides new understanding of the protein-sugar interaction, a basis 
for analysis of ABP with altered activity or specificity generated by site 
specific mutagenesis and for substrate design. ” 
sugar-binding site of the &-repressor has been predicted by identifica- 
tion of homologous residues in it and ABP, opening up new avenues of study 
for this region of the repressor protein.” 

The liganded form of ABP 

The structure of the 

The digestive enzyme a-amylase is important from a metabolic stand- 
point and its regulation could assist in control of blood sugar levels and 
in prevention of tooth decay. McPherson and coworkers have identified the 
active site of the enzyme and suggested a class of possible inhibitors, 
the 8-thiomaltosides. l o o  

Transamination allows the specific study of the function of the 
a-amino group of proteins by selective modification. 
transaminated phospholipase A 2  has resulted in the function of the a-NH3’ 
group being envisaged as locking part of the lipid binding site,by means 
of a hydrogen bond,into a conformation suitable to bind to phospholipid 
aggregates.”’ Modifications affecting the hydrogen bond result in part 
of the lipid binding site becoming mobile or disordered. 

The importance of electrostatic interactions, especially involving 

Amit 

The structure of 

the macro-dipole of the a-helix, in the design of new drugs based on 
enzyme crystallography has been discussed by Hol and Wierenga.’” 
-- et al. have reported the first structure of an antigen-antibody complex; 
it helps visualize the structural basis of cross-reactivities of an anti- 
body with heterologous antigens and the effect of a single aminoacid sub- 
stitution on antigenic specificity. l o  From the binding of phenylhy- 
drazine to myoglobin, Ringe et al. have delineated one pathway for oxygen 
or carbon dioxide from the enzyme surface to the iron atom.’’‘ 
and Wood have reviewed the dynamics of polypeptide hormones and highlight- 
ed conformational preferences and factors involved in receptor binding. “ s 
Tulinsky has studied the interaction of several classes of small molecules 
with a-chymotrypsin. 

Blundell 

Huber and coworkers have discussed structural implications for ac 
tivity of citrate syntheta~e”~ and for Kazal trypsin inhibitor. 
clear iron complexes in various forms of the oxygen-transport protein heme- 
rythrin have been studied by Jensen and collaborators.lOg~llo 
and coworkers have studied the binding of a bisubstrate analog to aspar- 
tate carbamoyltransferase and suggested a trimer-trimer interface as a pos- 
sible pathway for homotropic interactions. 
studies of triosephosphate isomerase that demonstrate the ability of pro- 
teins to change conformation in crystals under the influence of the 
diffusion of substrate and inhibitors. ’’’ 

Binu- 

Lipscomb 

Phillips has reported 
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Chapter 29. Recent Developments in Computer-Assisted Organic Synthesis 

Nicholas J. Hrib 
Hoechst-Roussel Pharmaceuticals Inc., Somerville, New Jersey 08876 

Introduction - Computer-assisted organic synthesis planning has, in less than two 
decades, blossomed from an intriguing curiosity into a practical, useful tool 
whose purpose is not to replace organic chemists but rather to enhance their 
creativity and efficiency. This report will concentrate on developments 
appearing after publication of the previous, excellent reviews,1,&39 but will also 
attempt to present some additional background on the purpose and capabilities of 
the various major programs. 

The term "computer-assisted" has a variety of meanings; "assistance" can 
range from looking up a specific reaction to transform compound A to compound 
B, to presenting the chemist with a large number of detailed synthetic routes 
(including specific reagents and general information on yields for each step) to 
produce the target from any one of a number of commercially available starting 
materials. To simplify matters, the programs discussed here are divided into the 
categories of "passive" and "active", with a final word about some special- 
purpose programs. 

Passive Programs - These programs are basically computerized libraries, 
providing references to the chemist. Examples are CAS Online,s MACCS,%5 and 
MACCS-3D,4,5 structure-retrieval programs which can locate all compounds in 
the database that contain a given substructure or even, in MACCS-3D, a given 
three-dimensional array of atoms which may not necessarily be connected. A 
number of companies have used the CAS or MACCS systems to set up their own 
private databases of proprietary cornpounds.6 

REACCS496 and SYNLIB7,8,9 are reaction-retrieval programs which will 
present the chemist with sets of reagents/conditions/references for the 
execution of a particular transformation. The databases for REACCS are 
compiled from the "Organic Syntheses" series and from Theilheimer's "Synthetic 
Methods of Organic Chemistry"; another database, being prepared in 
collaboration with industry, will contain reactions abstracted from the recent 
literature.6 As with MACCS, each user can also encode proprietary reactions in 
the database. The searches can be keyed to find particular substructures or 
reaction centers, types of reactions and yields. ChemBase, a program related to 
MACCS and REACCS that can be executed on a microcomputer, has recently 
been introduced.8 

The SYNLIB program, conceived by W. C. Still, has its database drawn 
from the chemical literature, and is added to regularly by a consortium of 
academic chemists. A search here is also keyed to a desired substructure in tlie 
product, which is entered by the chemist. The "narrowness" of the search will be 
defined by how specifically or generally this target moiety is represented. The 
program will then present all reactions which generate the chosen substructure. 
A future version of the pro ram will allow users to specify features on the 
reactant side of the entry.! SYNLIB w a s  developed for use with personal 
computers. 

ANNUAL REPORTS IN MEDICINAL CHEMISTRY-21 
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Active Programs - These programs perform manipulations (transforms) upon their 
particular computerized representation of molecules (ensembles, bondsets, unique 
arrays) either in a retrosynthetic or in a prosynthetic sense. These programs may 
be interactive, allowing the user to evaluate intermediate results, or may run 
freely without user interference. Active programs can be divided further into 
categories described by L Ugi as logic-oriented or information-oriented.10 

Logic-oriented - These programs attempt to proceed from first principles in a 
non-biased, non-empirical manner, by the rearrangement of atoms in an ensemble 
(molecule) via simple bond-making and bond-breaking processes (connection and 
disconnection). 

Programs developed by Ugi like EROS11 and IGORl2 are not intended as a 
tool to develop new synthetic routes to a given target. Rather, they are an 
exploration into a general theory of the logical structure of chemistry, via the 
mathematical recombination of matrices representing molecules or collections of 
molecules. The human analogy for this process would be the "electron-pushing" 
drawings which all chemists have used to represent organic reactions. In his own 
words, Ugi has extended "the concept of isomerism from molecules to ensembles 
of molecules". While the khemical reactions" generated by these programs may 
not represent "realizable chemistry", the program, by exploring all conceivable 
recombinations, has the capability of generating novel reactions which may 
inspire the user's creativity. For example, Scheme I shows a "basis reaction" 
(redistribution of valence electrons) in IGOR and the corresponding literature 
reaction.12 

Scheme 1.12 
Reprinted with permission of the author. 

The SYNGEN program, developed and recently reviewed by J. B. 
Hendrickson, is a retrosynthetic, non-interactive program.l3,40 It generates 
precursors for a target structure by disconnection of the target skeleton into 
"bondset families" and correlation of these fragments with skeletons of 
commercially-available materials. The logic upon which the program is based has 
been discussed previously.14 The key to restricting the number of possible routes 
generated is to require convergency in the forward direction. Only bond- 
construction reactions are allowed. Multiple constructions (formation of more 
than one bond in one step) also lend weight to one route over others. In each 
construction step functionality is generated in precursor skeletons and the target 
skeleton which will allow an assembly reaction to occur. This is represented by 
"two linked half-reactiona (generated from general mechanistic principles) on 
each side of the bond formed". Minimization of refunctionalization between 
construction steps is also sought. Usually, only two levels of "dissection" are 
necessary. Correlation of a precursor with a compound in the "starting material 
catalog" halts the program. After a run, the user may impose constraints via a 
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SYNOUT program to sort extensive output. The program's intent is "to provide a 
short optimal set of all the shortest, convergent syntheses" of a given target. 
Input is via a graphics terminal. 

The program has been applied successfully to targets such as estrone, 
jasmone, and ptilocaulin; in these cases i t  has "found" many of the shortest 
published syntheses of these molecules.13 In Scheme II, the "first-level" 
dissections of an estrone-like skeleton, I, which were found by the program, are 
displayed. 

1 

Scheme D.13 
Reprinted with permission of the American Chemical Society. 

Information-oriented - These programs utilize an internal library (database) of 
chemical reactions which are usually applied in a retrosynthetic sense, to 
generate precursors to the selected target. This is an iterative process, with 
each new precursor becoming, in turn, a target for which further precursors are 
generated. Thus, an entire "synthesis tree'' of precursors and possible synthetic 
routes is produced. The number of routes generated, and criteria for halting the 
precursor search, will be a function of the particular program's self-imposed 
constraints, the chemist's initial choice of strategies (in LHASA) or, in the 
interactive programs, by intercession of the user. 

SYNCHEM, developed by H. L. Gelernter, is a non-interactive program of 
this type which relies on a database of known reactions (synthetic schemata) and 
a commercial library as the "possible starting material" table.l5 A match 
between one of these compounds and a newly-generated precursor halts the 
search. The program was abandoned in favor of a newer version, SYNCHEM2.*6 
This program w a s  developed to deal with stereochemical considerations, and the 
simultaneous application of a transform at more than one reactive site in the 
molecule. It may also be used to apply transforms in a pro-synthetic sense. 
hput is via a Wiswesser-like encoding notation called SLING. The program is 
under continuing development and has been recently reviewed.1' 

The library-based, interactive retrosynthetic programs (LHASA, SECS, 
CASP) have proven of great practical value to the organic synthesis chemist in 
both academics and industry. While not capable of "inventing" new chemistry, 
the programs can suggest novel strategies in the construction of a particular 
target (augmented by the chemist's creativity) while providing routes whose 
individual steps are valid and well-precedented. The user may intercede at any 
level of precursor-generation to favor or reject certain routes ("prune" the 
synthesis tree), or to stop the search. Graphical input and output allows the 
chemist to manipulate structures in a familiar fashion. 
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OCSS, the original program of this type, was  developed at Harvard by 
E. J. Corey and W. T. Wipke in the 1960k.18 Evolution in design has led to the 
current version, LHASA-11 or LHASA, whose capabilities have been reviewed 
recently by Corey.19r41 While the basic concept, retrosynthetic analysis of a 
target molecule via generation of a "tree" of precursors, still remains, some 
improvements include the addition of more "long-range strategies"; that is, the 
chemist can call for a target to be analyzed with respect to the application of a 
particular, vwerful constructive reaction, e.g. the Diels-Alder,20 Robinson 
annulation,2 Birch reduction, or halolactonization.22 These "transforms" can 
call upon up to 25 chemical reaction "steps" in order to reconcile the target to a 
precursor obtainable by the selected transform. 

Scheme III shows a retrosynthetic scheme generated by LHASA for the 
alkaloid porantherine (1) based on a functional group strategy. Scheme IV 
illustrates a portion of the retrosynthetic scheme for valeranone in which the 
chemist has invoked the Robinson annulation transform. The structure is 
dissected with a view to generating precursors which can be assembled utilizing 
this powerful reaction.19 Note that boxes indicate interfering functional groups 
which must be protected through the synthetic route. Functional groups can also 
be interchanged (FGI step) or added (FGA step) by the program in order to carry 
out its goal. 

Scheme IU.19 
Reprinted with permission of the 

American Association for the Advancement of Science. 
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Scheme IV.l9 
Reprinted with permission of the 

American Association for the Advancement of Science. 

Other significant additions include granting the program the capability to 
choose the functionality-protecting groups required for the steps carried out in a 
particular synthetic route.23 This subprogram, PROTECT, can also stand alone 
as a protecting-group information-retrieval program. A version of LHASA 
designed to assist in the teaching of organic synthesis has also been developed.24 

The SECS pr0gram,~5 developed by Wipke, has probably become the 
program most utilized by the pharmaceutical industry. It is similar to LHASA in 
its key features: generation of a “tree” of precursors to a given target molecule, 
and utilization of a “library” of possible synthetic transformations. An important 
difference is that the chemical transforms are separate from the program itself 
and formulated in ALCHEM, an English-like computer language created for 
SECS. Chemists can use this language with minimal instruction to  add new 
transforms to the reaction library. Another program, QED, can be employed to 
generate goals which then become the controlling strategy for SECS.5 
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The SECS program has become very popular as a practical tool to assist 
the organic synthesis chemist;26 an offshoot version (CASP) is being utilized by a 
consortium of European pharmaceutical companies.42 Scheme V illustrates the 
application of the SECS program to the retrosynthetic analysis of a relatively 
simple molecule. Interestingly, the longer route proved to be of much higher 
yield. 
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Scheme v.5 
Reprinted with permission from Allured Publishing Corporation. 

The CAMEO program, developed by W. L. Jorgensen, is different in 
objective from the previous interactive programs.27 Given a starting material, 
reagents and conditions, this program's goal is to predict all possible products of 
the reaction. This is achieved by first perceiving all the reactive sites in the 
molecule susceptible to change under the reaction conditions; then applying 
mechanistic principles to alter the molecule in a prosynthetic sense; and finally, 
screening the products to rule out (or assign less weight to) impossible (or less- 
likely) products. Graphical input and output is also utilized here. 

The value of CAMEO is three-fold. First, possible side products 
unanticipated by the chemist planning a reaction may be uncovered, whose 
generation might be avoided by altering reaction conditions. Second, the basic 
knowledge acquired by the development of the program's mechanistic guiding 
principles can provide new insights into the mechanism of organic reactions. 
Finally, the program is capable of "discovering" new reactions which are 
mechanistically valid. In the decade since its introduction, CAMEO has 
undergone considerable development. More subtle considerations of the 
stereochemical outcome of reactions and of accessibility limits for 
intramolecular reactions have been incorporated.28 The program has been 
designed in a modular fashion, each module concerned with a particular 
mechanistic category. Initially limited to base-catalyzed and nucleophilic 
processes, CAMEO today can deal with organometallic chernistryy29 
organosilicon chemistry,30 pericyclic reactions,31~32 electrophilic processes, and 
nucleophilic33 and electrophilic34 aromatic substitution. 
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Scheme VI, from the organosilicon reagent module, illustrates both 
CAMEO'S thoroughness and evaluative ability. While products z and 3 are 
predicted, the computed AH'S for each are at  least 30 kcal/mol less favorable 
than product 1. Stereochemistry (endo attack) is also accounted 

n 

+ 
I 

OSiMe3 

SiMe3 

Scheme VL30 
Reprinted with permission of the American Chemical Society. 

Specialpurpose Programs - Programs have also been developed which, given a 
particular target, will simply present a selection of potential starting materials. 
For example, Wipke has developed SST,35 an interactive graphical program 
which selects starting materials by (a) abstracting the target to a carbon- 
skeleton matrix; (b) abstracting starting materials from a database library; (c) 
matching closely-comparable abstracts, and (d) presenting the commercially- 
available starting materials for the chemist's consideration. The user may also 
impose initial constraints such as requiring the presence of certain features, use 
of chiral starting materials, or even set limits on maximum prices. 

The CHIRON program, developed by S. Hanessian, consists of three 
subprograms.43 CAPR dissects a target molecule with respect to its 
stereochemical features.36943 It then attempts to correlate these chiral subunits 
with readily-available, stereochemically-related chiral precursors via another 
subprogram, CAPS. The programs will scan the carbon framework, breaking 
bonds where two non-asymmetric centers are found, to generate subunits of 
minimum three-carbon length, containing one or more asymmetric center. These 
subunits are then correlated with database compounds that contain the same 
number of asymmetic centers and functionality that can be adjusted to obtain 
the target; thus CHIRON applies the power of a computer to the "discovery" of 
"chirons" (Hanessian's term for chiral synthons), an old and revered approach to 
the total synthesis of natural products.37 This third subprogram draws  
structures for slides. 

Two final programs bear mention because of their potential usefulness to 
the pharmaceutical industry, even though technically not synthesis programs. 
XEN0,4,38 a graphical program developed by Wipke, applies known metabolic 
biotransformations to a starting material (e.g., a drug or food additive) in order 
to predict possible metabolites of the compound. A "synthesis tree" of 
metabolites is generated, since each new product is also subjected to the 
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"reaction conditions". The program includes consideration of the stereochemical 
selectivity of each "biotransform", and constraints of species selectivity 
(transformations pertaining to only the desired species) can be applied. METAB 
will be a program developed to explore specific potential metabolites in a look- 
up fashion similar to SYNLIB's.8 

Conclusion - The computer-assisted synthesis programs developed to date seem 
to be designed for one of two purposes: first, to develop new insights into the 
basic knowledge of chemistry, from its underlying logical structure to the 
mechanisms of organic reactions; and second, to provide practical assistance to 
the organic synthesis chemist, providing potential routes to a target compound, a 
selection of readily-available starting materials and a means to evaluate 
reactions with regard to the generation of by-products.These purposes are 
certainly not mutually exclusive; many programs combine these goals. Future 
developments in this fast-changing area should reflect the trends of continued 
reduction in the cost of computer t ime and hardware, a rise in machine 
sophistication, power, and "user-friendliness", and a more widespread interest in 
the application of computers to chemical problems. 

1. 
2. 
3. 
4. 

5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 

14. 
15. 

16. 
17. 

18. 
19. 
20. 
21. 
22. 

23. 
24. 
25. 
26. 

27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
3 5. 
36. 

References 

D. L. Larsen, Annu. Rep. Med. Chem., & 281 (1981). 
P. Gund, Annu. Rep. Med. Chem., 3 288 (1977). 
CAS Online is available from Chemical Abstracts Service, Columbus, Ohio. 
MACCS, REACCS and MACCS-3D are available from Molecular Design Ltd., Hayward, 
California. 
W. T. Wipke, Cosmetics and Toiletries, 
P. S. Zurer, Chem. Eng. News, g(33) ,  21 (1985). 
D. F. Chodorh and W. L. Mendelsohn, Pharm. Tech., 1(3), 90 (1983). 
J. Haggin, Chem. Eng. News, 63(34), 13 (1985). 
SYNLIB wil l  be available from Distributed Graphics, Inc. 
J. Haggin, Chem. Eng. News, 6J(19), 7 (1983). 
J. Gasteiger and C. Jochum, Topics in Cur?. Chem., 3 93 (1978). 
J. Bauer, R. Herges, E. Fontain and I. Ugi, Chimia, a 43 (1985). 
J. B. Hendrickson, D. L. Grier and A. G. Toczko, J. Amer. Chem. SOC., 107, 5228 (1985), and 
references therein. 
J. B. Hendrichon, E. Braun-Keller and G. A. Toczko, Tetrahedron, 
H. L. Gelernter, A. F. Sanders, D. L. Larsen, K. K. Agarwal, R. H. Boivie, G. A. Spritzer and 
J. E. Searleman, Science, 191, 1011 (1977). 
K. K. Agarwal, D. L. Larsen and H. L. Gelernter, Comput. Chem., 5 75 (1978). 
W. L. Gelernter, S. S. Bhagwat, D. L. Larsen and G. A. Miller, Anal. Chem. Symp. Ser., 
5 35 (1983). 
E. J. Corey and W. T. Wipke, Science, 166, 178 (1969). 
E. J. Corey, A. K. Long and S. D. Rubenstein, Science, 228, 408 (1985). 
E. J. Corey, W. J. Howe and D. A. Pensak, J. Amer. Chem. Soc., & 7724 (1974). 
E. J. Corey, A. P. Johnson and A. K. Long, J. Org. Chem., 
E. J. Corey, A. K. Long, J. Mulzer, H. W. Orf, A. P. Johnson and A. P. Hewett, 
J. Chem. Inf. Comput. Sci., Q 221 (1980). 
E. J. Corey, A. K. Long, T. W. Greene and J. W. Miller, J. Org. Chem., 
R. D. Stolow and L. J. Joncas, J. Chem. Ed., 
W. T. Wipke,G. L &chi and S. Krishnan, Artif. Intell., 11, 173 (1978). 
P. Gund, E. J. J. Grabowaki, D. R Hoff, G. M. Smith, J. D. Andose, J. B. Rhodes and 
W. T. Wipke, J. Chem. Inf. Comput. Sci., Q 88 (1980). 
T. D. Salatin and W. L. Jorgensen, J. Org. Chem., 2043 (1980). 
C. E. Peishoff and W. L. Jorgensen, J. Org. Chem., % 3174 (1985). 
T. D. Salatin, D. McLaughlin and W. L. Jorgensen, J. Org. Chem., 
C. E. Peishoff and W, L. Jorgensen, J. Org. Chem., 1970 (1983). 
J. S. Burnier and W. L. Jorgensen, J. Org. Chem., a 3923 (1983). 
J. S. Burnier and W. L. Jorgensen, J. Org. Cham., 3001 (1984). 
C. E. Petshoff and W. L. Jorgensen, J. Org. Cham., 3 1056 (1985). 
M. G. Bures, B. L. Roos-Kozel, and W. L. Jorgensen, J. Org. Chem., 3 4490 (1985). 
W. T. Wipke and D. Rogers, J. Chem. Inf. Comput. Sci., 3 71 (19841. 
S. Hanessian, F. Major and S. Leger, New Methods Drug. Res., b 201 (1985). 

73 (1984). 

Supp. 1, 359 (1981). 

2051 (1980). 

1920 (1985). 
868 (1980). 

5304 (1981). 



Chap. 29 Computer-Assisted Organic Synthesis Hrib 311 

37. 

38. 

39. 
40. 

41. 

42. 
43. 

S. Hanessian, "Total Synthesis of Natural Products: The "Chiron" Approach", Pergamon 
Press, New York, 1983, p. 280. 
W. T. Wipke, presented at  a symposium sponsored by North Jersey ACS Drug Metabolism 
Discussion Group, September 18,1985. 
H. C. J. Ottenheijm and J. H. Noordik, Janssen Chim. Acta., 5 3 (1984). 
J. B. Hendrickson, Abstracts of 191st ACS National Meeting, New York, April 14, 1986, 
ORGN 86. 
E. J. Corey and A. K. Long, Abstracts of 191st ACS National Meeting, New York, April 14, 
1986, ORGN 85. 
W. Sieber, Abstracts of 191st ACS National Meeting, New York, April 14, 1986, ORGN 88. 
S. Hanessian, L. Foret, L. Trepanier, S. Leger, F. Major and A. Glamyan, Abstracts of 191st 
ACS National Meeting, New York, April 14, 1986, ORGN 87. 



This Page Intentionally Left Blank



Chapter 30. Tandem Mass Spectrometry 
for  the Ident i f ica t ion  of Drug Metabolites 

Mike S. Lee and Richard A. Yost, Department of Chemistry, 
University of Florida,  Gainesville,  FL 32611. 

Robert J. Perchalski,  Pharmatec Inc. ,  Alachua, FL 32615. 

INTRODUCTION 

The combination of gas chromatography and mass spectrometry (GC/MS) 
has become a pr inc ipa l  techni ue for  the separation and s t ruc tu ra l  e luc i -  
dation of drug metabolites. ’-’ Currently,  most drug metabolite iden t i f i -  
cation methods a re  based on the incorporation of radioactive or  s t ab le  
isotopes4 i n t o  the drug molecule, and tracking the t r ace r  by some form of 
chromatography ( thin layer ,  l iqu id  column, or  gas-liquid) i n  physiologi- 
c a l  samples from tes t  animals or humans. Selected f rac t ions  a re  then 
ident i f ied  by mass spectrometry. Synthesis of labeled drugs is both 
time-consuming and expensive; thus, a rapid method of metabolite detec- 
t ion tha t  is not dependent on t racer  techniques is highly desirable .  
Tandem mss spectrometry o f f e r s  such a method. 

Tandem mass spectrometry ( M S / M S )  is a r e l a t ive ly  new development i n  
the f i e l d  of drug metabolite ident i f ica t ion ;  hence, only a few reports  of 
use of t h i s  methodology can be found i n  the l i t e r a tu re .  In many cases. 
MS/MS can eliminate the need for  chromatography and provide addi t ional  
capab i l i t i e s  not obtainable w i t h  the r e l a t ive ly  slw chromatographic 
techniques in  which sample components e lu te  one a t  a time. Preliminary 
s tudies  have shown tha t  MS/MS is capable of rapidly (2-3 hrs . )  ident i fy-  
ing metabolites i n  physiological samples with minimal sample prepara- 
t i ~ n , ~  and can be used t o  postulate  new metabolite s t ruc tures  without the 
use of reference standards.6 This review p o v i d e s  an overview of the 
appl icat ion of MS/MS t o  detect ion and ident i f ica t ion  of drug metabolites,  
and i l l u s t r a t e s  the use of tandem quadrupole MS/MS (TQMS) with examples 
from recent research in  t h i s  f i e ld .  

TANDEM MASS SPECTROMETRY 

A recent book7 and several  recent reviews8-’ contain extended 
explanations of the theory, instrumentation, and appl icat ions of MS/MS. 
Described here is the development of MS/MS for  mixture analysis ,  and the 
unique cha rac t e r i s t i c s  and spec ia l  operating modes of a tandem mass spec- 
trometer which make the system par t icu lary  w e l l  sui ted t o  the rapid de- 
tec t ion  and ident i f ica t ion  of drug metabolites. 

Mixture Analysis with MSMS - The poten t ia l  of M S / M S  fo r  the analysis  of 
complex mixtures was f i r s t  demonstrated i n  the laborator ies  of Cooks” 
and of McLafferty. l 3  These ear ly  MS/MS instruments were reversed- 
geometry double-focusing mass spectrometers, consis t ing of a magnetic 
sector (momentum analyzer) followed by an electric sec tor  (k ine t i c  energy 
analyzer).  The technique was, therefore,  referred t o  a s  mass-analyzed 
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ion k ine t i c  energy spectrometry (MIKES). The appl icabi l i ty  of tandem 
quadrupole mass analyzers for  mixture analysis  and s t ruc ture  e lucidat ion 
was f i r e t  demonstrated by Yost and mke with a t r i p l e  quadrupole mass 
spectometer. l4 A conceptual diagram comparing t r i p l e  quadrupole tandem 
MS/MS with  GC/MS is shown in Figure 1. A tandem mass spectrometer can- 
sists of an ionization source, two mass analyzers (Q1 and 43) separated 
by a fragmentation region (QZ), and an ion detector.  The quadrupole mass 
analyzers d i r ec t ly  provide two s tages  of mass analysis ,  since they sep- 
a r a t e  ions on the basis of the i r  mass-to-charge r a t i o  a s  opposed t o  mo- 
mentum-to-charge r a t i o  (magnetic sec tor )  or  kinetic-energy-to-charge 
r a t i o  (electric sec tor ) .  The center quadrupole, Q2, allows ions of a l l  
masses t o  pass simultaneously. In the presence of an i n e r t  c o l l i s i o n  
gas, ions are fragmented by co l l i s iona l ly  ac t iv ia ted  dissociat ion (CAD). 
This configuration provides the high sens i t i v i ty ,  s e l ec t iv i ty ,  and ease 
of computer control  required for  the separation and ident i f ica t ion  of 
t race compnents in  complex mixtures. 

GC/MS 
INJECTION CHROMATOGRAPH GCIMS ION OUAD PARTICLE 

PORT COLUMN INTERFACE SOURCE MASS FILTER MULTlPLIER 

SAMPLE 

IONtZATtON ION ION 
He SEPARATION Ha FRAGMENTATION SELECTION DETECTION 

MS/MS 
tON OUAO OUAD COLLISION OUAO PARTICLE 

MASS FlLTER MUUlPLlER SOURCE MASS FILTER CHAMBER 

COMPONENT ION FR4GMENTK)N ION 
SELECTION ION FRAGMENTATION SELECTION DETECTION 

SAMPLE 

IONIZATION 

Pigure 1. Conceptual diagram of a tandem quadrupole 
mass spectrometer (MS/MS) and a gas chromatograph/quad- 
rupole mass spectrometer (GC/MS) . 

operationally,  a sample is introduced in to  the ionizat ion source of 
the tandem ma88 spectrometer, where ions charac te r i s t ic  of the components 
of the mixture are  produced. Separation of the various mixture compo- 
nents is achieved by se t t i ng  Q1 t o  pass ions of a par t icu lar  mass t o  
undergo CAD i n  Q2. This procees y ie lds  various daughter ions which are 
then analyzed by scanning Q3. The resu l t ing  daughter spectrum can be 
used fo r  i den t i f i ca t ion  and quant i ta t ion  of the selected components i n  
the mixture ju s t  a s  can a mass spectrum produced by GC/MS. Since all 
molecules vaporized from the sample a re  ionized simultaneously i n  the ion 
source, the components of i n t e re s t  can be selected es sen t i a l ly  instanta-  
neously for  ident i f ica t ion  or  quant i ta t ion.  MS/MS can thus o f f e r  an 
advantage i n  speed of analysis  over GC/MS, in which the first stage of 
separation is the chromatographic e lu t ion  of the components of i n t e re s t .  
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Character is t ics  - There are  several  cha rac t e r i s t i c s  of a tandem quadru- 
pole mass spectrometer which make it su i tab le  fo r  the sens i t ive ,  selec-  
t i ve ,  and rapid detection and iden t i f i ca t ion  of drug metabolites. High 
s e n s i t i v i t y  r e su l t s  from the high transmission of the quadrupole system, 
and the very e f f i c i e n t  CAD process which occurs i n  the quadrupole col- 
l i s i o n  chamber, Q2.14,15 Selec t iv i ty  i n  a MS/MS instrument ie a function 
of the mass resolut ion of the two mass separation stages.  Since quadru- 
poles separate ions by t he i r  mass-to-charge r a t i o  (m/z), tandem quadru- 
pole instruments can provide un i t  mass resolut ion in  both s tages  of mass 
separation. Reversed-geometry MS/MS instruments cannot provide un i t  mass 
resolut ion in  both stages because of the release of k ine t i c  energy during 
the CAD process. Each of the scanning quadrupoles, Q1 and 43, can be 
operated independently. Under computer-control, the various operat ional  
modes of the instrument, as well a s  other instrument features  such as 
mass range, scanning speed, and co l l i s ion  energy, may be rapidly se- 
lected.  Another feature  of quadrupoles is t he i r  a b i l i t y  t o  scan a mass 
range very rapidly 10.5 msec/mass unit ( u ) ]  o r  t o  quickly switch from one 
mass t o  another. Despite the wide var ie ty  of Instruments employed i n  
MS/MS studies’, a l l  applicatione t o  drug metabolite i den t i f i ca t ion  have 
been performed on t r i p l e  quadrupole instruments. 

Operational Modes - A variety of operational modes a re  possible with a 
tandem mass spectrometer (Figure 2 ) .  The spec i f i c  operational mode cho- 
sen for  a pa r t i cu la r  analysis  w i l l  depend on the information desired.  

03 FULL SPECTRUM 

01 02 03 

PAUGHTER SPECTRUM 

01 02 03 

PARENT SPECTRUM 

01 02 03 

NEUTRAL LOSS SPECTRUM 

01 0 2  03 

Figure 2. Operational modes of a tandem quadrupole 
mass spectrometer. 
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A nozmal mas6 apectrpr can be obtained from either the first or  second 
mass analyzer. A normal mass spectrum is typical ly  obtained for  pure 
compounds, ueually to help select ions fo r  a CAD experiment. A daughtar 
w c t n m  is obtained when the f i r s t  mass analyzer (Ql) selects ions of a 
par t icu lar  mass (parent ion) for fragmentation by CAD In the co l l i s ion  
quadrupole (QZ), and the second mass analyzer (43) Scans the r e su l t i ng  
fragments ( the  daughter Ions).  The resu l t ing  daughter spectrum w i l l  
contain the fragment ions Character is t ic  of the selected parent ion. The 
procedure is analogous to obtaining a normal mass spectrum of a component 
separated on-line by GC with IS,  and can be used fo r  ident i f ica t ion  of an 
analyte by mass spec t ra l  in te rpre ta t ion  or by matching the daughter spec- 
trum t o  t h a t  of an authent ic  sample. A parent 8pectnm is obtained when 
Ql is scanned over a selected mass range t o  Sequentially pass a l l  ions  
produced i n  the source. These ions are  then fragmented i n  Q2, and Q3 is 
set t o  pass a pa r t i cu la r  fragment ion mass. This r e su l t s  i n  a spectrum 
of parent ions which fragment t o  y ie ld  the selected daughter ion. This 
mode can be used t o  screen for a c l a s s  of compounds tha t  fragment t o  
y ie ld  a common substructure.  A mutral lolie epbctrrm is obtained when 
both mass analyzers a r e  scanned simultaneously with a pa r t i cu la r  mass 
o f f s e t  between them. In  t h i s  mode, ions of each mass i n  the selected 
mass range a re  passed sequent ia l ly  by Q1 and allowed t o  fragment in  Q2 a s  
i n  a parent experiment. However, 93 is scanned a t  the same r a t e  a s  Ql 
but with a selected mass difference which corresponds to the mass of the 
neut ra l  fragment l o s t  during CAD. Thus, a neut ra l  loss experiment y ie lds  
a spectrum of a l l  parent ions which lose a selected neut ra l  fragment. 
This mode is useful i n  screening for  a class of compounds characterized 
by a common fragmentation pathway. 

PREMISE OF THE MS/MS METHOD 

It is useful t o  consider the s t ruc tures  of drug metabolites, their 
re la t ionship  to the or ig ina l  parent drug s t ruc ture ,  and the functions of 
the neutral  loss and parent scan modes of a tandem mass spectrometer. 
Since drug metabolites usually r e t a in  a portion of the parent  drug mole- 
cule,  they would be expected t o  lose some of the same neutral  fragments 
and/or form some of the same daughter ions. I f  t h i s  does occur, both the 
neutral  loss and parent modes of the MS/MS instrument can be e f f ec t ive ly  
used to se lec t ive ly  screen a physiological sample for  those species which 
contain the cha rac t e r i s t i c  functional groups o r  substructures  of the pure 
drug, without pr ior  separation of the components In the mixture. The 
ions contained in  the neutral  loss and parent spectra would correspond t o  
possible  metabolites, and the i r  daughter spectra could be obtained. With 
knowledge of both the fundamentals of drug metabolism and mass spec t r a l  
in te rpre ta t ion ,  metabolite s t ruc tu res  can thus be rapidly ident i f ied .  

Summary of the MS/MS Procedure - The MS/MS procedure for  metabolite iden- 
t i f i c a t i o n  can be summarized a s  follows:5s6816 

A -1 cherical ionizat ion (CI) mas8 spectrum of the pure 
drpg is obtained. 
Daughter spectra of the pare drug are obtained, se lec t ing  the 
protonated molecule, adduct ions,  and abundant fragment ions 
for  fragmentation , and noting the major neutral  losses  and 
abundant daughter ions.  
Neutral  lose mctra of the p h y ~ i o l o g l c a l  erqple are  obtained, 
selecting the major neutral  losses  of the pure drug observed 
i n  step 2. The ions contained in  these spectra  represent 
possible metabolites. 
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Parent spectra of the physiological sample are  obtained, se- 
lec t ing  the abundant daughter ions observed i n  s t ep  2. The 
ions contained in  these spectra  a l s o  represent possible metab- 
o l i t e s .  
Daughter spectra of a l l  the ions (possible metabolites) ob- 
served i n  steps 3 and 4 on the physiological eaqle a re  ob- 
tained. Metabolite s t ruc tu res  can then be i den t i f i ed  by com- 
parison w i t h  daughter spectra  of pure reference standards. 
Direct spec t r a l  in te rpre ta t ion  without the use of reference 
standards can be used t o  postulate  possible metabolite struc- 
tures .  
Steps 3 and 4 are  repeated on the physiological sample, se- 
lec t ing  any new neutral  losses  and daughter ions observed from 
the daughter spectra of metabolites ident i f ied  in  s tep  5 .  
This may permit the ident i f ica t ion  of other metabolites t h a t  
have substructures s imilar  t o  those of the previously ident i -  
f ied metabolites, but not necessar i ly  in  the parent drug. 

numbered s teps  of the procedure l i s t e d  above w i l l  be referred 
t o  l a t e r  in  t h i s  review. 

METABOLITE IDENTIFICATION BY MS/MS 

The MS/MS method has been successfully used €or the systematic 
ident i f ica t ion  of known metabolite s t ruc tures  a s  well a s  new metabolite 
s t ruc tures .  n 6  I With t h i s  M S / M S  approach, a wide var ie ty  of common 
c lasses  of phase I metabolites (from oxidation, dealkylation, and hydrol- 
y s i s  of the parent drug) and phase I1 metabolites (from conjugation with 
glucuronic acid,  su l f a t e ,  and amino ac ids)  have been ident i f ied  in  crude 
serum and urine sample ex t rac ts .  The r e su l t s  of these s tudies  a re  re- 
viewed below. 

PRIMIDONE 

H 

WDKZWW3YTOIN 
M.W.268 

P i q u e  3. Major metabolites of the an t i ep i l ep t i c  drugs 
primidone, cinromide, and phenytoin ident i f ied  in  urine 
and plasma by MS/MS. 
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Ident i f ica t ion  of Known Metabolite Structures  - The va l id i ty  and u t i l i t y  
of MS/MS for  the rapid ident i f ica t ion  of drug metabolites was first dem- 
onstrated by Perchalski e t  al.5 With this MS/MS method, major metabo- 
l i tes  of the an t i ep i l ep t i c  drugs primidone, cinromide, and phenytoin were 
iden t i f i ed  in  urine and plasma (Figure 3 ) .  Major metabolites of carbam- 
azepine have a l so  been ident i f ied  w i t h  t h i s  method.6 By appl icat ion of a 
knowledge of typical metabolic pathways, the major metabolites of these 
drugs were ident i f ied  i n  only a few hours, with minimal sample prepara- 
t ion .  Sample preparation fo r  plasma samples involved the mild deprotein- 
iza t ion  followed by extract ion,  and fo r  urine samples, hydrolysis and 
extract ion to  yield free, vo la t i l e  species i n  a volatile solvent.  Sample 
ex t r ac t s  were deposited in  probe v i a l s  i n  2 ~1 aliquots ,  evaporated, and 
introduced in to  the instrument on a direct inser t ion probe, where they 
were heated b a l l i s t i c a l l y  from 25 to 35OOC i n  2 minutes. With this pro- 
cedure metabolites have been ident i f ied  a t  l eve ls  a s  low a s  0.4 ng/pL in  
urine.  8,17 

Ident i f ica t ion  of New Metabolite Structures  - The u t i l i t y  of this method 
for  the ident i f ica t ion  of metabolites of a new an t i ep i l ep t i c  drug, zonis- 
amide, was recently reported.16'17 In these s tudies ,  metabolite struc- 
tures were deduced d i r e c t l y  from the daughter spectra of po ten t ia l  m e t a b -  
o l i t e  molecular ions and fragments from an enzyme-hydrolyzed urine ex- 
t r a c t .  No reference standards were used. The s teps  of t h e  MS/MS method 
a s  they were applied for  the ident i f ica t ion  of new metabolites of zonis- 
amide a re  described below. 

149 

I50 200 210 300 
i 

Dm#llr Ion nr/r 

Figure 4. Normal and daughter spectra of pure zonis- 
amide. ( a )  Normal posi t ive C I  mass spectrum. (b)  
Posi t ive CI-CAD daughter mass spectrum of the pro- 
tonated molecule, ( M + H ) + . ' ~  

Figure 4a shows the spectrum resu l t ing  from step 1 of t h i s  method, 
a methane pos i t ive  C I  mass spectrum of pure zonisamide. The protonated 
molecular ion [ ( M + H ) + ]  a t  m/z 213 ,  methane adduct ions [ ( M + C z ~ 5 ) +  and 



Chap. 30 Tandem Mass Spectrometry Lee, Yost 319 

m 
U 

0 U 

4 ,  
* 
0 
- - - 
d 
2( 

132 1" 

(M+C3H5)+]  a t  m/z 241 and 253, and fragment ions a t  n\/z 96, 120 and 136 
are  present in  the C I  mass spectrum. For c l a r i t y ,  the daughter experi- 
ment (step 2)  of only the protonated molecular ion of zonisamide (213+) 
is presented. This spectrum (Figure 4b) indicates  a major neut ra l  loss 
of 81 mass uni t s  (u) t o  form an abundant daughter ion a t  m/z 132. The 
neutral  loss spectrum (mass of f se t  of 81 u) of the ur ine ex t r ac t  (step 3 )  
is shown i n  Figure 5a. The spectrum contains abundant ions a t  m/z 229, 
259, and 299, as well as 213 [ ( M + H ) +  of zonisamide]. The positive ion 
parent spectrum of m/z 132 of the urine ex t rac t  (step 4) yielded, i n  
addi t ion t o  the ions cha rac t e r i s t i c  of the or ig ina l  drug [the (M+H)+  and 
(M+C2HS)+ a t  m/z 213 and 2411, ions a t  m/z 215, 229, and 255 (Figure 
5b).  Each of the abundant ions i n  these two spectra represent po ten t i a l  
metabolites and were then chosen fo r  the daughter ion experiment. 

L41 255 

200 250 300 350 
Parent Ion m/z 

Figure 5. Neutral loss and parent spectra of enzyme- 
hydrolyzed urine extract .  (a) Neutral Ii~ss (of 81) 
spectrum (b) Parent spectrum of m/z 132. 

Four possible metabolites of zonisamide ident i f ied  i n  ur ine w i t h  
t h i s  method are shown i n  Figure 6 ,  along w i t h  the major CAD fragmenta- 
t i ons  observed i n  their daughter spectra. The metabolites A and B w e r e  
ident i f ied  by use of the neut ra l  loss scan-daughter scan sequence, steps 
3 and 5. T h i s  was possible because the metabolites re ta ined the i n t a c t ,  
unmetabolized sulfonamide portion of the parent drug, which was e a s i l y  
l o s t  under CAD condition6 (neutral  loss of 81 u) .  Thus, metabolism oc- 
curred on the r ing  portion of the drug. The metabolites C and D were 
ident i f ied  by the parent scan-daughter scan sequence, s teps  4 and 5 .  
These metabolites were the r e su l t  of metabolism occuring on the sulfon- 
amide portion of the drug, and thue, retained the r ing substructure of 
the parent durg. Under CAD conditions,  metabolites C and D formed an 
abundant daughter ion a t  m/z 132, corresponding t o  the r ing substructure 
of the parent drug. No metabolite s t ruc tures  were assigned t o  ions a t  
m/z 215 and 299 because no plausible  metabolite s t ruc tures  could be de- 
duced from their  daughter spectra .  
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Flgum 6. Metabolites of zonisamide ident i f ied  by 
MS/MS and their characteristic fragmentations observed 
i n  the daughter spectra of the i r  (M+H)+ ions>6 

Ident i fcat ion of Conjugated Drug Metabolites - The use o f  MS/MS for  the 
ident i f ica t ion  of conju ated (phase 11) metabolites was recent ly  pre- 
sented by Straub e t  a,.'' In  their  s tudies ,  conjugated metabolites such 
as  the glucuronide of acetaminophen, the 4-sulfate ea te r  of acetamino- 
phen, and the 3-sulfate e s t e r  of dehydroisoandrosterone were iden t i f i ed  
in  crude phyeiological samples by f a s t  atom bombardment (FAB) MS/MS. The 
fragmentation behavior of a number of glucuronide, su l f a t e  and gluta- 
thione ( G S H )  conjugates were investigated.  0-glucuronides were found t o  
undergo a neut ra l  loss of 176 u, corresponding t o  the loas of glucuronic 
acid.  This neutral  l o s s  was observed i n  both the pos i t ive  and negative 
ion mode. Aryl su l f a t e  esters are  detected by a neutral  loss of 80 u 
(so3) in  both posi t ive and negative ion modes. Alicyclic su l f a t e  e s t e r s  
are best detected by the parent scan of m/z 97 (HSOq-) i n  the negative 
ion mode. Aryl-GSH conjugates a re  detected by the neut ra l  loss of 275 u 
which correeponds to the mass of the  peptide moiety, with cleavage of t he  
S-peptide bond. 

CONCLUSIONS AND PROSPECTS 

The MS/MS technique o f fe r s  a general, e f fec t ive ,  and systematic 
method f o r  the rapid iden t i f i ca t ion  of drug metabolites. By direct spec- 
t r a l  in te rpre ta t ion  of the step 5 daughter spectra,  possible  metabolite 
s t ruc tu res  can be postulated without the use of pure reference standards. 
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The use of this M S / M S  method should make drug metabolite identification 
studies more rapid, convenient, and economical, as well as open up new 
areas of application (e.g. pharmacokinetic studies, and rapid screening 
of individual patients for metabolic abnormalities that affect drug ther- 
apy). The primary use of this MS/MS method is to provide a rapid survey 
of the major metabolites contained in a physiological sample. It is un- 
likely that this method would provide a complete description of all the 
rnetabolitee present in the sample. The rapid results of the M S D S  method 
may also be used to supplement classical metabolite identification tech- 
niques by indicating the best position for isotope incorporation into the 
drug for radiotracer experiments. The use of chromatography in combina- 
tion with the MS/MS technique ( G C / M S / M S  and L C / M S / M S )  for particularly 
difficult problems has significant potential. Investigation of techni- 
ques such as desorption chemical ionization19, field desorption20, laser 
desorption21 22 , secondary ion mass ~pectrometry~~, faat atom bombard- 
mentl* # 24, and thermospray ioni~ation~~-~' will almost certainly enhance 
the efficiency of this MS/MS technique for detection and identification 
of both phase I and phase I1 metabolites. 
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Section V I I .  Worldwide Market Introductions 

Editor: Richard C. Allen, Hoechst-Roussel Pharmaceuticals Inc. 
Somerville, New Jersey 08876 

Chapter 31. To Market, To Market - 1985 

Richard C. Allen, Hoechst-Roussel Pharmaceuticals Inc., Somerville, NJ 08876 

The new chemical entities (NCEs) for human therapeutic use introduced into 
the world marketplace for the first time in 1985 were about equal in number to 
those introduced in 1984.1 Although not included in this chapter, a small, but 
increasing number of biologicals (interferons, hormones, etc.), derived through 
recombinant DNA research, are being launched. The United States topped the list 
of NCE originators in 1985, followed by Japan. West  Germany had the most first 
time NCE ihtroductions, followed closely by Japan and Italy. 

A record number of NCEs were approved and marketed in the United States 
during 1985.2 None of these, however, was a first time introduction. From the 
following compilation of 1985 first time worldwide NCE introductions, 
imipenem/cilastatin, levobunolol hydrochloride, quazepam and sulconazole nitrate 
had, by the year's end, been either marketed or approved for marketing in the US. 

Acipimox (hypolipidemic)3,4 

Country of Origin: Italy 

First Introduction: Italy C H / . y  

/N\ /CO2H 
t' 1 Originator: Erbamont 

Introduced by: Erbamont 
Trade Name: OLBET- 0 

Acipimox is a hypolipidemic agent related to nicotinic acid with pronounced, long- 
lasting antilipolytic activity. In addition to i ts  lipid lowering activity, i t  produces 
a beneficial elevation of the anti-atherogenic high density lipoprotein subfraction, 
HDLz. 

Alclome tamne Dipropionate (topic a1 ant iin f lam ma tory) 596 

Country of Origin: USA 

First Introduction: Chile; W. Germany 
Originator: Schering 

Introduced by: Mering 
Trade Name: VADERM 

Alclometasone dipropionate is a potent topical steroid useful in the treatment of 
atopic dermatitis and psoriasis. 
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Astromici Sulfate ( a n t i b i ~ t i c ) ~ , ~  

Country of Origin: Japan 

First Introduction: Japan 
Originator: Kyowa Hakko 

Introduced by: Kyowa HakLo 
Trade Name: FORTIMICIN 

Astromicin sulfate is a pseudodisaccharide aminoglycoside antibiotic with a 
spectrum comparable to amikacin. It is active against many gentamicin and 
amikacin resistant bacteria expressing aminoglycoside-modifying enzymes, with 
the exception of aminoglycoside 3-acetyltransferase, 

~opindol01 (antihypertensive) 9910 

Country of Origin: Switzerland 
H 

do\ A P H 3  
Originator: sandoz t n i i  

First Introduction: Switzerlapd 
Introduced by: S d o z  

Trade Name: SANDONORM 

Bopindolol is a potent, long-acting, non-selective B-adrenergic blocker related to 
pindolol and useful in the treatment of hypertension. Unlike many other agents of 
this type, it appears to have negligible effects on serum lipoproteins. 

B~nazoein Hydrochloride (antihypertensive)ll,12 

Country of Origin: Japan 

First Introduction: Japan 
Originator: Eisai 

Introduced by: E M  
Trade Name: DETANTOL 

Bunazosin hydrochloride is a selective al-adrenergic antagonist related to 
prazosin and useful in the treatment of hypertension. 

Buspirone Hydmchloride (anxiolytic)l3,14 

Country of Origin: USA -.\ ,.-.’ P Originator: Mead Johnson 
0-./ ‘0-0 0-0 

First Introduction: W. Germany 
Introduced by: Bristol 

Trade Name: BESPAR 

Buspirone hydrochloride is an anxiolytic agent indicated for the management of 
anxiety disorders with or without accompanying depression. In contrast to the 
benzodiazepines, buspirone does not interact with alcohol, and lacks sedative, 
anticonvulsant, and muscle relaxant effects, and abuse potential. 
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Camostat Mesylate (pro t ease inhibitor) 1 5, 16 

Country of Origin: Japan /.-\ 
H2Nk-m4*-'*-C0 -0' '.--CH2C02CH2CON(CH3 )* 

Originator: On0 
First Introduction: Japan \m=m' 2 \  m=m / 

Introduced by: On0 ' C H R S O ~ H  - -  
Trade Name: FOIPAN 

Camostat mesylate is a broad spectrum protease inhibitor useful in the treatment 
of chronic pancreatitis. 

Country of Origin: Japan 
First Introduction: Japan 

Originator: Topama 
Introduced by: Toyama; Kaken 

Trade Name: TOMIPORAN; KEIPERAZON 

Cefbuperazone sodium is a B-lactamase resistant, third generation cephalosporin 
with a serum half-life of about 1.5 hours. 

Cefpiramide Sodium (antibiotic)l9,20 

w3 

b H  

Country of Origin: Japan 
First Introduction: Japan 

Originator: Sumitomo 
Introduced by: Sumitomo, Upjo- 

Trade Name: SEPATREN; SUNCEFAL Yamanouchi, Banyu 

Cefpiramide sodium is a third generation cephalosporin with exceptionally good @ 
& antipseudomonal activity. Its relatively long serum half-life (-4.5 hours) 
allows once to twice-daily dosing. 

Cibenzoline (antiarrhythmic) 1,22 
*=*\ 

Country of Origin: France m&,,* Originator: Hexachemie 7 A m-m-• /\ / First Introduction: France 
\m=m 
/ \  Introduced by: UPSA 

m\m-m,m 
Trade Name: CIPRALAN 

Cibenzoline is a structurally novel, class I (quinidine-like) antiarrhythmic agent. It 
has additional properties of class ID and class IV compounds, delaying 
repolarization and antagonizing the positive inotropic effects of calcium. 
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Cimetropium Bromide (antispa~modic)~3 

Country of Origin: Italy 

First Introduction: Italy 
B r- + Originator: deAngelini 

Introduced by: deAngelini 
Trade Name: ALGINOR 

Cimetropium bromide is an analog of the anticholinergics methscopolamine, 
ipratropium and oxitropium bromides.24 It is reported to be useful in the treatment 
of increased tone and motility of the gastrointestinal, biliary and urogenital tracts. 

Ciprofibrate (hypolipidemic) 2592 

Country of Origin: USA 

First Introduction: France 
2H Originator: Sterling-Wintbrop 

Introduced by: Sterling-Wiuthrop c1/*\CL 
Trade Name: IJPANOR 

Ciprofibrate is a potent, long-acting hypolipidemic agent related to clofibrate, 
bezafibrate and fenofibrate. It is effective in types IIa, IIb, IIX and IV 
hyperlipoproteinemias, and produces a beneficial elevation of the anti-atherogenic 
HDL. 

Diacereiu (antirheumatic)27-29 

Country of Origin: Italy CH3CQ2 f oCocH3 

Originator: R o t e r  /.\ I*\ /*\ 
First Introduction: Italy T B t .  t 

Introduced by: R o t e r  \*/ \cooH 
8 Trade Name: ARTRODAR 

Diacerein is a disease-modifying antirheumatic drug (DMARD), reported to be 
useful in the treatment of various inflammatory conditions, including 
osteoarthritis. It forms water soluble chelates with calcium and copper, acting 
ultimately to reduce the activity of lysosomal enzymes and decrease the formation 
of rheumatoid factor. 

Doxefazepam (hypnotic)30,31 

Country of Origin: Italy 

First Introduction: Italy 

QH 

Originator: Schiappatelli 

Introduced by: Schiapparelli 
Trade Name: DOXAPJS 

Doxefazepam is a benzodiazepine hypnotic somewhat more potent than flurazepam. 
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Doxofylline ( b r o n ~ h o d i l a t o r ) ~ ~ , ~ ~  

Country of Origin: Italy 

First Introduction: Italy 
Originator: ABC S.p.A. 

Introduced by: ABC S.p.A. 
Trade Name: ANSIMAR 

Doxofylline, a xanthine bronchodilator related to theophylline, is useful in the 
treatment of asthma and similar bronchospastic disorders. It has minimal activity 
on intestinal smooth muscle and the cardiovascular system, and is reportedly 
devoid of the behavioral effects of theophylline. 

EuprostiI (antiulcer)34,35 
H 

Country of Origin: USA 
/*,*/rnCHs 

Introduced by: Syntes 4-h0/0\0/0~o/0-0\ 
Trade Name: GARDRIN H H €I' 'OH \.=. >. 

Originator: Syntex 
First Introduction: Mexico \ 

Enprostil is one of three, orally-active prostaglandins (see rnisoprostol and 
rosaprostol) launched this year for the treatment of gastric and duodenal ulcers. 
An allenic PGE2 derivative, enprostil is both antisecretory (acid, gastrin) and 
cytoprotective. 

Etodolac (antiinflammatory) 36-38 

Country of Origin: USA 
0 
\ t 

H 0\0/0-C02H 
Originator: Ayerst 

Introduced by: Ayerst 
First Introduction: Colombia; United Kingdom t4"iA./ 'p 

II 
'\,/O-'\,/O Trade Name: LODINE 

Etodolac (etodolic acid) is a non-steroidal antiinflammatory/analgesic agent 
useful in the treatment of various inflammatory conditions, including rheumatoid 
and osteoarthritis. 

Famotidine (antiulcer)39,40 

Country of Origin: Japan 

First Introduction: Japan 
Originator: Yamauouchi 

Introduced by: Yamanouchi 
Trade Name: GASTER 

Famotidine is a histamine H2-antagonist more potent than cimetidine and 
ranitidine. Administered once or twice daily, i t  is useful in the treatment of 
gastric, duodenal and anastomotic ulcers, upper gastrointestinal tract hemorrhage, 
reflux esophagitis and Zollinger-Ellison syndrome. Like ranitidine, it is lacking in 
antiandrogenic effects. 



328 Section V I I  - Worldwide Market Introductions Allen, Ed. - 
Flupirthe Malea te  (analgesic)41,42 

/NHC0ZC2% /"ZH 

. R  

Country of Origin: W. Germany 
First Introduction: W. Germany 

Originator: Chemiewerk Homburg (Degussa) 
Introduced by: Chemiewerk Homburg (Degussa3 

Trade Name: KATADOLAN 

Flupirtine maleate is a centrally-acting, non-addicting analgesic agent somewhat 
more potent than aspirin, paracetamol and pentazocine. It is reported to be 
useful in the treatment of postoperative and dental pain. 

Imipenem/Cilastatin (antibiotic)43,44 

Country of Origin: 
Originator: 

First Introduction: 
Introduced by: 

Trade Name: 

Imipenem is a chemically stable thienamycin derivative with an antibacterial 
activity that is broader in spectrum and of greater potency than most of the third 
generation cephalosporins. Combination with cilastatin, an inhibitor of renal 
brush-border dehydropeptidase-I, increases both urinary and plasma levels of 
imipenem. 

Ketauseriu (antihypertensive)4%46 

Country of Origin: Belgium 
Originator: Janssen 

First Introduction: Argentina 

H 
/*h A p 

R T  
/*-*\*+ 

Introduced Trade Name: by: SEREFREX Janasen a ' * ~ * ' a ~ C H z C H 2 < a - * ~ * - C ~ \  8 *-• C. / 

Ketanserin is an antihypertensive agent with antagonist properties at both the 
serotonin-S2 and q-adrenergic receptors. Its mechanism of action, while still 
controversial, may involve interactions at both of these loci. 

Levobunolol Hydrochloride ( a n t i g l a ~ c o m a ) 4 ~ , ~ ~  

Country of Origin: USA /*-a\a 

Originator: Warner  Lambert o=a\.=a/ -HC1 

' )-OcH, HCH2NHC(CH3 13 
First Introduction: W. Germany 

Introduced by: Allergan L/ SH Trade Name: VISTAGEN LIQUIFILM 

Levobunolol hydrochloride is a non-selective B-adrenergic blocker useful in the 
treatment of glaucoma. Worldwide, it represents the sixth B-blocker to  be 
launched for this indication. 
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Malotilate (hepatopr~tective)~% 50 

Country of Origin: Japan p\ co2a(m3)2 Originator: Nihm Nohyaku 
First Introduction: Japan ' II 1 *= 'COZCH(CH3)? Introduced by: Daiichi Seiyaku \S 

Trade Name: KANTEC 

Malotilate is a hepatoprotective agent reported to be effective in the treatment 
of cirrhosis, chronic hepatitis and similar liver disorders. It appears to improve 
hepatic function by increasing blood and bile flow and improving protein synthesis. 

Mefloquine Hydrochloride (antimalarial)51 

Country of Origin: USA 

First Introduction: Thailand 

YF3 
y\ A F F 3  

T f i T  
4. 

Originator: Walter Reed 

Introduced by: Hoffmanu-La Roche 
Trade Name: FANSIMEF b-0. * HC 1 

t / O b  

Zmf 

Mefloquine hydrochloride is an erythrocytic schizonticide useful, in combination 
with sulfadoxine and pyrimethamine, in the prophylaxis and treatment of malaria. 
Administered once weekly, the combination is effective against pathogens 
resistant to other agents. 

Miokamycin (antibiotic)%53 

Country of Origin: Japan 3 

First Introduction: Japan 0=. 
Originator: Meiji Seika 

Introduced by: Meiji Seika 
Trade Name: MIOCAMYCIN 

Miokamycin (midecamycin acetate) is 
a macrolide antibiotic useful in the 
treatment of respiratory tract, 
dermatological and surgical infections 
due to grampositive bacteria and 
mycoplasmas. 

Misoprosto1 (antiulcer)3% 54-56 

Country of Origin: USA 

First Introduction: Mexico 
Originator: Searle 

Introduced by: Searle 
Trade Name: CYTOTEC 

(216 R,S) 

Misoprostol is an orally-active PGEl analog useful in the treatment of gastric and 
duodenal ulcers. As with other agents of this type, misoprostol may prove useful 
as a gastric cytoprotective when administered concurrently with irritating drugs 
such as nonsteroidal antiinflammatories. 
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Mupirocin (topical antibiotic) 57-59 

Country of Origin: United Kingdom 
First Introduction: United Kingdom 

Originator: Beecham 
Introduced by: Beecham 

Trade Name: BACTROBAN 

Mupirocin (pseudomonic acid A) is an antibiotic produced by Pseudomonas 
fluorescens. It is useful in the treatment of dermal infections, especially those 
involving S. aureus and 5. epidermidis. 

Nabumetone (antiinflarnrnat~ry)~~-~~ 

Country of Origin: United Kingdom 

First Introduction: kelaud T t t  

D 
Originator: Beecham /\ f a  /e\b/*\' 

Introduced by: Beecham /*\,/'\,/* 
Trade Name: RELIFEX a30 

Nabumetone is a non-acidic, nonsteroidal antiinflammatory agent formally related 
to naproxen. Its main circulating metabolite is 6-methoxy-2-naphthylacetic acid 
(a-nornaproxen). Administered once daily (T% * 30 hrs), nabumetone is reported 
to be effective in the treatment of rheumatoid and osteoarthritis. 

Nimesulide (ant iinf lam matory) 64-67 
NHSO 2 CH 3 

Country of Origin: USA I 
Originator: Riker / t O p 3 H 5  

t !  First Introduction: Portugal 
Introduced by: Lab Biofarma 'B / 

Trade Namk: MESULIDE 

Nimesulide is a nonsteroidal antiinflammatory/analgesic agent useful in the 
treatment of rheumatoid arthritis, as well as acute inflammation such as that 
induced by periodontal surgery or urinary tract infections. 

Nimudipine (cerebral vasodilator) 68~69 

Country of Origin: W. Germany 

First Introduction: W. Germany 

/'\,PO2 
Originator: Bayer T I  .\ / 

Introduced by: Bayer t 
Trade Name: NIMOTOP ( CH3 12 CHO 2 yo/*\ /CO2 CH2 CHzOCH 3 

I I  n 

Nimodipine is a cerebral vasodilating calcium antagonist related to nifedipine. It 
is indicated for the prophylaxis and treatment of neurological deficits due to 
cerebral vasospasm after subarachnoid hemorrhage. 
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Nitrendipine (antihypertensive)70,71 

Country of Origin: W. Germany 
Originator: Bayer 

First Introduction: W. Germany '\ /' 
Introduced by: Barer t 

Trade Name: BAYOTENSIN cH302\ /'\ /'OZCZH5 
A A  

Nitrendipine is a vasodilating, dihydropyridine calcium antagonist. Its prolonged 
therapeutic effect in comparison to nifedipine makes i t  useful in the once to twice 
daily treatment of hypertension. 

Ofloxacin ( a n t i b a ~ t e r i a l ) ~ ~ , ~ ~  

Country of Origin: Japan 

First Introduction: W. Germany 
Introduced by: Hoechst AG 

F\o/o\ / 1 \'/ C02H 
II t II 

Originator: Daiichi Seiyaku 

3 

Trade Name: TARIVID 

Ofloxacin is an antibacterial agent with increased potency in comparison to the 
prototype third generation quinolone, norfloxacin.24 It has a broad spectrum of 
activity against gram-positive and gram-negative bacteria and is useful in the 
treatment of kidney, genitourinary, and upper respiratory tract infections. 

Pefloxacin Mesylate (ant ibac t eria1)74,7 5 

Country of Origin: France 
F\o/o\ /'\/ ' C02H 

f 'm3SO+jH 
Originator: Roger Bellon (Rhone-Poulenc) 

Introduced by: Roger Bellon (Rhone-Poulenc) 
First Introduction: France P 

,(:y '"'x, CH 
/ 

Trade Name: PEFLACINE 
(3% 

Pefloxacin mesylate is a broad-spectrum, third generation quinolone antibacterial 
agent useful in the treatment of infections due to a variety of organisms, including 
methicillin-resistant S. aureus. A major metabolite of pefloxacin is norfloxacin.24 

Progabide (ant iconvulsant) 76-78 
/'\ PH 

Country of Origin: France i ; !  

First Introduction: Originator: Synthelabo France 

Trade Name: GABRENE 

do\*' ).=N-CH2CH2CH2CONH, 
Introduced by: Synthelabo pi 

'\ /' 
El 

Progabide is a broad-spectrum anticonvulsant agent indicated for the treatment of 
a wide variety of seizure disorders. Synthesized as a GABA-prodrug, anti- 
convulsant activity appears due to the parent drug and its acid metabolite, as 
well as to GABAmide and GABA liberated therefrom. 
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Quazepam (hypnotic)79-80 

Country of Origin: USA 
Originator: Scheriag 

First Introduction: Netherlamia 
Introduced by: Schering 

Trade Name: SELEPAM /\ P 
t f i  

Quazepam is a rapidly acting, short term hypnotic reported to exhibit a low 
incidence of side effects. 

Rifaximin (antibiotic) 81s82 

Country of Origin: Italy 
Originator: Alfa 

First Introduction: Italy 
Introduced by: schiapparelli 

Trade Name: RIFACOL 

Rifaximin is a non-absorbable rifamycin derivative useful in the treatment of 
intestinal diarrhea. It displays good activity against a wide spectrum of bacteria, 
including Salmonella spp., 5. aureus, and E. coli. 

&maprosto1 (antiulcer)8344 

Country of Origin: Italy 

First Introduction: Italy 

OH io\o/o\o/o\*/ COOH 
Originator: Tnatituto Biochemico Italiano .>-p 

Introduced by: h t i t u t o  Biochemico Italiano \<r/*\0/0\0/a3 

(25 R,S) 

Trade Name: ROSAL 

Rosaprostol is an antisecretory and cytoprotective prostaglandin analog useful in 
the treatment of gastric and duodenal ulcers. Considerably less potent than 
enprostil or misoprostol, it i s  reported to lack the typical gastrointestinal and 
cardiovascular side effects of PGE derivatives. 

Sulconazole Nitrate (topical antifungal185-87 

Country of Origin: USA c< 
/-\ 

‘.-Cl 
First Introduction: Originator: Synteac United Kingdom Cl-\ /-\ /*-CH;:q:Li, 

Introduced by: ICI .E. 

Trade Name: EXELDERM 
*HN03 

0-0 

Sulconazole nitrate is an imidazole antifungal agent closely related to econazole. 
It is effective in the topical treatment of a broad spectrum of superficial fungal 
infections. 



Chap. 31 To Market, t o  Market - 1985 Allen 333 

Thymapentin (immunomodulator)88-90 

Country of Origin: Belgium 

First Introduction: Italy 
Originator: Janssen Arg-Lys-Asp-Va 1-Vr 

Introduced by: Italfarmaco; Cilag 
Trade Name: SINTOMODULINA; TIMUNOX 

Thymopentin is a synthetic, immunomodulating pentapeptide, representing the 
active fragment of the thymus hormone, thymopoietin. Thymopentin induces 
phenotypic differentiation and maturation of T-cells. It appears of value in the 
treatment of primary immune deficiency, rheumatoid arthritis, atopic dermatitis, 
sarcoidosis and a variety of other diseases with manifestations of disturbed 
immune balance. 

'himamsin Hydrochloride (antihypertensive) 91 792 

Country of Origin: USA 

First Introduction: W. Germany 
Originator: Pfizer 12 

.HC1 .H20 Introduced by: Pfiaer 
Trade Name: SUPRES 

Trimazosin hydrochloride is a selective al-adrenergic antagonist related to 
prazosin, bunazosin, and teraz0sin.l It is reported to be longer acting than 
prazosin, without first dose hypotensive effects. 
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15B2, 153,155 amifloxacin, 143 
21,009 [4-[3-ter-but~l-amino-2-hydroxy- amikacin. 324 

propoxy] indol-2-carbonic acid- 
isopropylester) , 44 

57-118, 191,192 
58-035, 192 
202-791, 91992 
63154, 132 
711389-5 97 
A-16686, 150 
A-41020, 150 
A-56619 difloxacin), 143 
A-56620, 143 
A-58365, 153, 155 
A-60956, 64, 65 
AA-560, 181 
AA-673, 80 
AA-861, M 6  
ACC-7513, 68 
ACC-9358, 98 
acecainide (NAPA), 96 
1-(3-acetamido-phenyl)piperazine 

(BEA 16541, 41 
N-((acety1amino)methyl)hydroxyphos- 

phinyl )phenylalanylleucine, 66 
acetyl-L-leucyl-L-argininal, 155 
acipimox, 193, 323 
4 -( 9-acridinylamino )methanesulfon- 

actaplanin, 150 
actinomycin D, 260, 295 

m-anisidide (m-AMSA), 258 

ACTH 4-9, 25 
ADA 202-718, 203 
adenosine, 16 
adrenocorticotropic hormone, 51- 

adriamycin, 258, 260 

AF64A, 22 

56, 58 

AEAD (CL-232-468 ) , 204 

AF-DX 116, 221 
AHR-10718, 99 
AHR 11325, 221 
[D-Ala2-D-Leu5] enkephalin (DADLE), 

[D-AlaZ-Leu5] enkephalin (DALE) , 
[D-Ala2-Met5] enkephalinamide , 24 
alaproclate , 24 
alclometasone dipropionate, 323 
aldosterone, 278 
allopurinol, 247 
allopurinol riboside, 248 
ALS-1249 (Droxicainide) , 98 
altanserin (R 532001, 46, 47 
AM-715 (norfloxacin, MK-366), 

23 

22 

120 
AM-833, 145 
AMA-1080 (carumonam), 134 
amidorphin, 25, 52, 56 

amiloride, -103 
8-( 2-amino-4-choropenyl)-l, 3-di- 

propylxanthine, 79 
(3s , 4s )-4-amino-5-cyclohexyl- 

3-hydroxy-pentanoic acid, 65 
N-aminodeanol, 22 
4-amino-5-imidazole carboxamide, 

3-amino-6-methyl-l,l3b-dihydro-di- 
254 

benz (b , f 1 imidazo ( 1 ,5-d 1- ( 1 ,4 - 
oxazepin (WAL 13071, 46 

2-amino-7-phosphoneptanoic acid 
(7APH), 114 

AP7 (2-amino-7-phosphonoheptanoic 
acid), 17 

aminopyrazolopyrimidine, 247 
aminopyrazolopyrimidine riboside, 

4-aminopyridine, 21 
5-aminosalicyclic acid, 206 
amiodarone, 96, 101 
amlodipine (UK-48340), 88 
amperozide, 6 
amphoteracin B, 125 
ampicillin, 120 
u-amylase, 299 
anthracenedion, 257 
anthracycline, 296 
anandron (RU 239081, 181 
ancovenin, 66, 153, 155 
ANF (atrial natriuretic factor), 

248 

27 3 
ANF (103-125), 67 
ANF (106-1251, 67 
angiotensin, 25, 52, 55, 56, 58 
a-anilino-N-2-m-chlorophenoxy-pro- 

pylacetamidine (BW 501C67), 48 
anipamil, 85, 86 
aniracetam (Ro-13-5057, 26 
AOMA (surformer), 191 
APIII, 67 
7APH (2-amino-7-phosphoheptanoic 

acid, 114 
apomorphine, 285 
AQ-A-39 (falipamill, 86 

arecaidine, 22 
arecoline, 22 
arildone, 284 
asocainol (GDE-4704A1, 102 
asperigillomarasmine, 153, 155 
asperlicin, 154, 155, 222 
astemizole, 80 
astromicin sulfate, 324 

AQ-AH-208, 85, 86 

AT-3295, 145 
AT-3765, 145 
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atrial natriuretic factor (ANF), 

atrin, 52, 56 
avermectin, 13 
AVS (1,2-bis(nicotinamide)propane, 

AY-61123 (clofibrate), 193 
8-azainosine1 249 
azastene, 170 
7-adizo-ketanserin, 46 
aztreonam (SQ-26,776), 124, 131, 

Bay a 1040 (nifedipine), 196, 197 
Bay-h-4502 (Bifonazole), 125 
BAY K 5552 (nisoldipine), 88 
BAY K 8644, 90,91 
Bay o 9867 (ciprofloxacin) , 122 
Bay-n-7133, 125 
BAY46575 (nafazatrom) , 102 
BEA 1654 ( 1-(3-acetamido-phenyl )piper- 

azine), 41 
benperidol, 46, 47, 284 
benoxaprofen, 206 
N-(3-benzamido-l-carboxy-4-phenyl- 

buty1)-Ala-Pro, 66 
S4-benzylmalic acid, 155 
BEP, 191 
bepridil, 88, 102 
bethanecol, 21 
bezfibrate (BM 15.0751, 193, 326 
bifemelane (MCI-20161, 23 
bifluranol , 182 
bifonazole (Bay-h-4502) , 125 
5 , 6-bis (4-methoxyphenyl)-2 , 3-dihydro- 

imidazo [2,1 -b] thiazole , 
1,2-bis(nicotinamide)propane (AVS), 

113 
bleomycin A2, 296 
BM-5 , 23 
BM 130A, 22 
BM 15.075 (bezafibrate), 193 
BM 41,332 (ciamexon), 203 
BMY-13805 (gepirone), 43 

273 

113 

1 34 

205 

BMY-14802, 5 
BMY-28 100, 133 
BMY-28 142, 133 
BO- 1232, 132 
B0-1236, 132 
bombesin, 52, 56, 58, 166 
bopindolol , 324 
BrAcTFMPP, 44 
bradykinin, 52, 53, 56, 58 
bredinin, 25 1 
bremazocine, 175 
bretyluim, 100 

BRL36650, 133 
bromazepam , 12 

BRL-31660, 102 

brotizolam (WE 9411, 12 
BSF-1, 267 
Bu-2743E1 155 
buflomedil, 27 
bufuralol , 67 
bunazosin, 324, 333 
buprenorphine, 22 
burserelin , 180, 182 
buspirone, 11, 15, 43, 324 
1,3-butanediol1 116 
2-(2-(~-butylamino)-1(S)-hydroxy- 

ethy1)-7-benzofuranol methyl 
ketone, 67 

4-[3-~-butyl-amino-2-hydroxypro- 
poxy]indol-2-carbonic- 
acid-isopropyl ester (21-009 , 
44 

0-(3-(4-butylamino)-2-hydroxypro- 
py1)-dicyclopropyl ketone 
oxime , 67 

2-( (&-butylamino)methyl) -7-methyl- 
2,7-benzofurandimethanol, 67 

B W - ~ ~ O C ,  206 
BW-755~~ 115 
BW-501C 67 (r-anilino-N-2-m- 

chloro-phenoxy-propyl 
acetamidine) , 48 

calcitonin, 21, 52-54, 56 
calcitonin-gene-related peptide, 

camostat mesylate, 325 
captopril, 65, 195, 203 
carbamazepine, 16, 26, 318 
1 -(N-carbobenzoxy-y-D-glutamyll- 

cis-perhydroindoline-2(S)- 
carboxylic acid, 66 

6-carboline, 294 
N-(carbonyl-(N-benzoyl-2-pyrrol- 

idinyl1-methyl 1-Ala-Pro , 66 
carfentamil, 26 
carocainide (MD-770207) , 99 
carnosine , 52 
carprazidil (RO 12-4713) , 195 
CAS-997 (tensilsetam) , 26 

51-53, 56 

CBX-1108, 206 
CBS-1114, 206 

CCI-22277 , 102 
CCA (lobenzarit) , 202, 205 

CCK-8 (cholecystokinin-8 1 , 25 
carumonam (AMA-10801, 134 
cefaolor , 133 
cefbuperazone sodium, 325 
cefixime (FK 0271, 133 
cefmetazole, 1, 121 
cefotaxime, 120, 132, 133 
cefoxitin, 120 
cefpiramide, 133, 325 
cefpirome, 133 
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cefsulodin, 124 
ceftazidime, 124, 131-133 
ceftizoxime, 132 
cefuroxime axetil, 133 
cephabacins, 131, 132 
cephalexin, 133, 135 
ceruletide, 21 
cetaben, 287 
CG 3509, 25 
CGP 12177, 220 
CGP 28392, 91 
CGP 29287, 64 
CGP 330988, 133 
CGS 1482A 65 
CGS 8216, 13, 215 
CGS 9895, 11 
CGS 9896, 1 1  
CGS 10,078, 67 
CGS 10746B, 6 
CGS 12066B, 220 
CGS 15855A, 221 
chaetiacandin, 152 
changrolin, 98 
p-chloromercuribenzene sulfonate, 

chloroquine, 78 
R-(+)-8-chloro-2,3,4,5-tetrahydro- 

298 

3 methyl-5-phenyl-lH-3-benzazepine 
(SCH 233901, 48 

287 
Cholecystokinin, 25, 51-56, 58, 

cholestyramine, 191 
chryscandin, 152 
a-chymotrypsin, 299 

CI-879 (pramiracetam) , 26 

CI-9 11  (rolziracetam) , 26 
CI-933, 26 
cibenzoline, 101, 325 
ciamexon (BM 41.3321, 203 
cilastatin, 328 
cinnamoylthiopyrazolpyrimidine 

cinromide, 318 
cinuperone (HR-3751, 6 
cimetidine, 181, 288, 327 
cimetropiurn bromide, 326 
ciprofibrate, 193, 326 
ciprofloxacin (Bay-0-98671, 122, 

ciramadol, 22 
Cisobitan@ (quadrosilan), 180 

CI-844, 26 

CI-906, 65 

riboaide , 25 1 

140 

CK-l649C, 101 
CL-118523, 132 
CL-232,468 (AEAD) , 204 
CL-246,738, 204 
CL-259,763, 204 

CL-277,082, 192 
clavulanic acid, 135 
clobuzarit, 202 
clofibrate (AY-611231, 193, 326 
clofilium, 100, 101 
clonazepam, 15, 16 
olonidine, 24, 289 
clopipazan, 46, 47 
clozapine, 3, 46, 47 
CM 6912 (loflazepate), 12 
CM 7857, 98 
Coenzyme Q (ubiquinonel, 113 
colestipol, 191, 194, 195 
compactin (ML-236B, CS-500), 

concanamycin, 152 
corticotropin-like intermediate 

corticotropin releasing factor, 

CP-48810 (fanetizole), 205 
CPP, 223 
CQ 32-084, 285 
CQ 206-962, 285 

192, 194 

lobe peptide, 51, 53 

51-53, 56, 58 

crambin, 295 
CS-500 (compactin, ML-236B), 

192, 194 

CSF-alpha, 266 

CTP, 27 
CV 1808, 221 
CV 2619 (idebenone), 27, 113 

2-cyanopindolol, 41, 44 
5(S)-((N~-(cyclobutylcarbonyl)-L- 

lysyl)amino)-4-oxo-6-phenyl- 
hexanoyl-L-proline, 66 

5 (S)-( (Na-(cyclobutylcarbonyl)-L- 
lysyl)-amino)-4-0~0-6-phenyl- 
hexanoyl-L-proline hydroxyl- 
amide, 66 

CSF-1, 243, 267 

5-CT, 41 

CV 205-503, 285 

cyclocreatine phosphate, 111 
cyproheptadine, 45-47 
cycloheximide, 27 
cyclo (His-Pro), 52 
cyclopentylaminopyrazolopyrimi- 

dine riboside, 251 
l-(4-(2-cyclopropylmethoxy)ethyl)- 

phenoxy)-3-( (1,4-benzodioxan-2- 
yl)-methylamino)-2-propanol, 69 

cyclosporin A, 204 
cyproterone acetate (SH 7141, 180, 

D 365 (verapamil), 196, 197 
DADLE ( [D-Ala2-D-Leu5] enkephalin) , 
DALE ( [D-Ala2-Leu5] enkephalin) , 

182 

23 

22 
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danazol, 180 
dapiprazole, 6 
darodipine (PY 108-0681, 88 
daunomycin, 295 
dazmegrel (UK 38485), 115 
DDAVP, 25 
deacetoxycephalosporin C, 135 
deacetylaephalosporin C, 135 
7-deazainosineI 249 
9-deazainosine, 249 
3-deazauridine , 284 
deferroxamine, 113 
dehydroisoandrosterone, 320 
delta-sleep-inducing peptide, 51- 

53, 56 
O-demethyl encainide (ODE), 96 
demethylepipodophyllotoxin ethyl- 

idene-8-D-glucoside (VM-16 ), 
260, 261 

theny lidene-B-D-glucoside 
4~-demethylepipodophyllotoxin 

(VM-26), 260, 261 
N-demethylvancomycin, 150 
2'deoxycoformycin, 253 
6-deoxy-6~-fluorooxymorphone, 26 
6-deoxy-68-f luoronaltrexone , 26 
dermorphin, 23 
DES (diethylstilbestrol) , 180, 

desmethoxyverapamil , 85, 86 
dezocine, 22 
DGAVP, 25 
diacerein, 326 
diaminosuccinic acid, 155 
diclofenac, 21, 205 
diethylstilbestrol (DES), 180, 

difloxacin (A-566191, 143 
dihydroergocristine, 1 1 1  
dihydroergotoxine, 1 1 1  
dihydrofolate reductase, 297 
dihydromonacolin X, 155 
diltiazem, 85 
2 4  [<2- (2,6-dimethoxyphenoxy) ethyl>- 

amino] methyl)-1,4-benzodioxane 
(WB41011, 44 

4-(5,6-dimethoxy-l,2,3,4-tetrahydro- 
naphthyl-2-amino)-l-(4-fluoro- 
pheny1)-l-butanone, 69 

182 

182 

DIMP, 182 
diosgenin, 191 
2,3-diphosphoglycerate, 299 
diprafenone, 97 
N,N-di-ppropyl-2-( 2'-hydroxyphenyl), 

1,3-dipropy1-8-phenylxanthine, 79 
diprotins A & B, 155 
disopyramide, 96, 98 
distamycin, 295 

cyclopropylamine, 43 

DJB-KK, 221 
DL-lll-IT, 174 
DN-9550, 133 
DOB, 220 
doxefazepam, 326 
doxofylline, 327 

DPDPE ( [D-Pet1,~-5] enkephalin) , 26 

DQ-2556, 132 
droxicainide (ALS-12491, 98 
DTC (sodium diethyldithiocarba- 

DU 27716 (fluprazine), 15 
Dyn A (dynorphin A), 22, 24, 52, 

dynorphin 1-13, 25, 114 
dynorphin A (Dyn A), 

DP-5-CT, 43 

DQ-2522, 132 

mate) ,203 

53, 56, 58 

53, 56, 58 
22, 24, 52, 

dynorphin-B (rimorphin), 52, 53, 
56, 58 

dynorphin B-29 (leumorphin) , 52, 
53, 56, 58 

ebselen (PZ-511, 200 
econazole, 332 
EGF (epidermal growth factor), 

161 
EGYT-1855 (steracainide), 99 
EHNA, 253 
EKC (ethylketocyclazocine), 23, 

ellipticine, 260 
Encyt (estramustine phosphate), 

emorfazone, 21 
enalapril, 65, 203 
enalaprilat , 66 
encainide, 96 
&endorphin, 22, 24, 25, 52-56, 

enoxacin , 14 1 
enprostil, 327 
~H-EP (8-endorphin, 22, 24, 25, 

epidermal growth factor (EGF) , 
epostane (Win 32729), 170 
erythro-9-(2-hydroxy-3-nonyl) 

24 

180 

58, 59 

52-56, 58, 59 

161 

adenine, 253 

estradiol, 179, 180 
estramustine phosphate (Emcyt@), 

estrone, 305 
?-(2-( 1 -(ethoxycarbonyl)-3-phenyl- 

ES-305, 64 

180 

propoxy) - 1 -0xopropyl) - 1 ,2 , 3,4- 
tetrahydroisoquinoline-3- 
carboxylic acid, 66 
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N-(l(S)-(ethoxycarbonyl)-3-phenyl 
propy1)-(S)-alanyl-(S)-pyro- 
glutamic acid, 65 

3 ( R  ) - (N-( 1 (S )-ethoxycarbonyl-3-phenyl- 
propyl1amino)-5-(carboxy- 
methyl)-2,3-dihydro-1,5- 
benzothiazepin-4 (5H) -one, 65 

24 
ethylketocyclazocine (EKC), 23, 

ethylmercurithiosalicylate, 298 
ethylthiopyrazolopyrimidine ribosi.de, 

etifoxine (HOE 36801 ) , 16 
etodolac, 327 
etodolic acid, 327 
etorphine, 23 
etretinate, 201, 204 
F-1686 (lotifazole) , 205 
falintolol, 67 
falipamil (AQ-A 39) , 86 
famotidine , 327 
fanetizole (CP-48810), 205 
FCE 20635, 133 
FCE 20696, 203 
FCE 22101, 122, 133 
felodipine (H 154-821, 88 
fenclofenac, 205 
fenofibrate (procetofen) , 193, 

326 
fenretinide (N-4-hydroxyphenylretin- 

amide), 201 
fentanyl , 22 
ferrioxamines, 295 
FG 7142, 16 
FK 027 (oefixime), 133 
flavodilol, 69 
flecainide, 96 
flordipine (RH 2906), 88 
f lumequine , 144 
flunarizine. 113 

25 1 

foroxymithine, 153, 155 

FR-34235 (nilvadipine) , 88 
B-funaltrexamine (B-fna), 23, 25 
furagrelate (U-63557A1, 102 
2-(2-((2-furanylcarbonylamino) 

ethyl) amino) -6,7-dimethoxy-4- 
aminoquinazoline , 68 

furosemide, 287 
FUT-175 (nafamstat mesilate), 207 

GABAml.de, 331 
galanin, 52, 56 
gallopamil, 85, 86 
gameprost (ONO-802, Ewagen@ 1, 172 
gastrin, 52, 53, 56, 287 
gastrin-releasing peptide (GRP) , 

51, 52, 165 
GAWK, 51, 52, 56 

gemfibrozil, 191, 193, 194 
gepirone (BMY 138051, 15, 43 
gestrinone (R 23231, 169 
gliburide, 287 
gliicagon, 52-54, 56 
glunicate (LG 139791, 193 
glybenclamide, 284 
GM1, 116 

GOE-4704A (asocainol), 102 
gossypol , 77, 173 
growth hormone-releasing hormone 

(Somatocrinin), 51-53, 57 
GRP (gastrin-releasing peptide), 

165 

FPL-55712, 74 

GABA , 28 6-288, 33 1 

G-CSF, 264, 266 

GM-CSF, 264, 265 

GYK1-51 189, 13 

H-142, 63, 64 
gyriseolic acid, 155 

H 154-82 (felodipine), 88 
H 160/51, 91 

3- [2-[4-fbis(4-fiuorophenyl)methylene] - HA-1004, 89 
1 -piperidinyl] ethyil-2-methyl- 
4H-pyrido [ 1,2-a] pyrimidine-4- 
one (R564131, 46, 47 

N-( 3-fluoropropyl)normetazocine , 
26 

fluosol DA, 112 
fluprazine (DU 277161, 15 
f luperlapine , 4 
flupirtine maleate, 328 
flurazepam, 326 
flutamide, 181 
F W  amide, 51-53, 56 

8-FNA ($:funaltrexamine), 23, 25 
f ormacidin C , 134 
N-formimidoyl thienamycin (Imipenem) , 
formyoin B, 249 

FMRF-NH 25 

121 

haloperidol, 284 
histargin, 155 
histidinomycin, 152 
Hoe 175, 27 
Hoe 33258, 295 
Hoe 36801 (etifoxine), 16 
HWA 285 (propentofylline), 27 

hybromet, 22 
hydroerythranol (NPT-15392) , 202, 

3-(N-(l-hydroxycarbonyl-5-a1nino- 

HWA-486, 202, 203 

207 

pentyl)amino)-2-oxo-2,3 ,4,5- 
tetrahydro-lH-l-benzazepine-1- 
acetic acid, 65 
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(3S)-2-(N-((2R)-2-hydroxycarbonyl- 

3-phenylbutyl) -N-ethylcarbamoyl - 
1,2,3,4-tetrahydroisoquinoline- 
3-carboxylic acid , 66 

N-4-hydroxyphenylretinamide 
(fenretinidel, 201 

1laGhydroxyprogesterone (setaderm) , 
184 

lO-hydroxy-4-ppropy1-1,2,3 ,4,4a ,5 16 , - 
1Ob-octahydrobenzo[f] quinoline, 43 

ibotenic acid, 22 
ibuprofen, 21 , 287 
ibuproxam, 287 

idebenone (CV-26 19) , 27 , 1 13 
IGFs (insulin-like growth factors), 

ICS205-930, 69, 103 
I-CYP , 44 

164 
IL-3, 263 
IL-4, 267 
imipenem (N-formimidoyl thienamycin), 

indecainide (LY 135837 , 99 
l-(1H-indol-4-yloxy)-3-((2-(bromo- 

121, 131, 134, 328 

acety1amido)-1,l-dimethylethyl)- 
amino)-2-propanol , 
67 

indoprofen, 21 
indoramin, 1 1  1 
inhibins , 173 
INPX ( isoprinosine 1 , 
insulin-like growth factors (IFGs) , 

202 

164 
2-iodo-LSD1 47 
ipratropium, 326 
isapirone (TVX Q 78211, 
ISF-2522 (oxiracetam) , 26 
isoarecaidine, 22 
isolevorphanol, 289 
isoprinosine (INPX) , 202 

isrodipine (PN 200-110), 88 
itraconazole (R 512111, 125 
K-76COONa , 207 
kainic acid, 22 
KS-2547 (metclazepam), 12 

kelatorphan, 25 
ketanserin (R 414681, 41, 42, 45- 

ketaconazole, 125, 184, 185 
ketoprofen, 288 
ketorolac tromethamine , 21 
KF5908 , 69 

kyotorphin, 52, 53, 57 

43, 44 

ISO-THIP, 286 

KCD-232, 193 

47, 328 

KME-4 , 206 
L-105 , 133 
L-363,586 , W 
L-63248 1 , 69 

L-649,923, 75 
L-652 , 343, 77 
L-681,110, 155 
labetolol, 195 
leptomycins, 152 
leu-enkephalin, 51-53, 56, 58 
leumorphin (dynorphin B-29), 52, 

leuprolide, 180 
levallorphan, 1 1  4 
levamisole, 202 
levobunolol hydrochloride, 328 

LG 13979 (glunicate), 193 
lidocaine, 96 
lipocortin (macrocortin) , 207 
B-lipotropin, 25, 51-54, 57-59 
lipoxin A k B, 74 
lobenzarit (CCA), 202, 205 
Locust adipokinetic hormone, 52 
loferitanil, 26 
loflazepate (CM 6912) 12 
lorcainide, 96 
lotifazole (F-1686), 205 
LS-2616 (roquinimex) , 203 
LSD, 43, 45, 47 
leutinizing hormone-releasing 

hormone, 51-53, 55, 57, 58 
luteosporin, 78, 155 

56, 58 

LF-1695, 203 

LY-53857, 47 
LY-97119, 101 
LY-97241, 101 
LY-135837 (indecainide) , 99 
LY-156758 (raloxifene) , 182 
LY-163443, 75 
LY-164846, 132 
LY-171883, 74 
LY-175644, 16 

4-MA , 185 
lysine acetylsalicylate, 21 

macrocortin (lipocortin), 78 
D-mannoic-B-lactam , 155 
marasmine, 153 

MCI-2016 (bifemelane), 23 

MD 770207 (carocainide), 99 
MDA, 24 
MDL 035 (tomoxiprole), 205 
MDL 18341, 186 
MDL 72222 (IaH, 3a, 5aH-tropan-3- 

MDL 72567, 
88ME 1207, 133 
Mebicar , 17 
mefloquine hydrochloride, 329 
melanocyte stimulating hormone, 

melatonin, 174 

MC-838, 65 

M-CSF , 264, 267 

yl-3 , 5-dichlorobenzoate 1 , 42 

51-54, 57, 58 
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melinamide, 192 
malotilate, 329 
meobentine, 100 
8-MeO-C1EPAT, 43 
5-MeO-DET, 4 3 
5-MeO-DMT, 43 
S-MeO-DPT, 43 
mepacrine, 78 
meptazinol, 22 
N-(2-mercapto-3-chlorobenzoyl)-N- 

metclazepam (KC-25471, 12 
mesterolone, 183 
mesulergine, 45, 47, 220 
me taphir , 223 
Met-enkephalin, 51-53, 56, 58 
metergoline, 45, 47 
methicillin, 331 
methiothepin, 44, 45, 47 
methotrexate, 252, 297 
2-(2-methoxy-l,4-benzodioxan-2- 

yl)-2-imidazoline, 69 
8-methoxy-2'-chloro-PAT, 43 
3-methoxy-O-demethyl encainide, 

96 
8-methoxy-1 -methyl-2- (di-ppropyl 

amino) tetralin, 43 
6-methoxy-2-naphthylacetic acid, 

3 30 
5-methoxy-3-(1,2,3,6-tetrahydropyridin- 

4-y1)indole (RU 249691, 41, 43, 
44 

cyclopentyl-glycine, 65 

9-methoxythienamycin, 133 
methscopolamine, 326 
N-methyl-D-aspartic acid, 22 
6-methyleneprogesterone, 186 
17-methyl-B-nortestosterone (SKF 

N-(2-methyl-4-oxopentoyl)-indoline- 

methylprednisolone, 113 
methysergide, 47 
l-methylthienamycin, 134 
metorpharnide, 25 
mevinolin (MK-8031, 153, 192, 194, 

mexilitine, 96 
mexilamine, 7 

76901, 184 

2-carboxylic acid, 66 

195 

MGI-1 & 2, 267 
MI-4646, 132 
mianserin, 45, 46, 47 
midecamycin acetate, 329 

mifepristone (RU 384861, 169, 170, 

minaprine, 21 
minocromil, 80 
miokamycin, 329 
misoprostol, 329 

MIF-1, 25 

175 

mitoxantrone, 204, 260 
MJ 9022-1 (buspirone), 43 
MJ-13980, 7 
MK-212, 214 
MK-316, 183 

MK-447, 206 
MK-771, 25 
MK-801, 17 

MK-366 (norfloxacin, AM-7151, 120 

MK-803 (mevinolin), 192, 194, 195 
ML-236B (compactin, CS-500), 192, 

194 
MM-13902, 134 
MM-22382, 134 
moctamide, 192 
monacolins, 153, 155 
motilin, 52, 53, 57 
MPV-207, 289 
MT-141, 132 
mupirocin, 330 
muraceins, 153, 155 
muscimol, 286 
mutastein, 155 
MY-309 (pirazolac) , 205 
MY-336a, 154 
mucophenolic acid, 251 
mycoversilin, 152 
nabumetone, 330 
nafamstat mesilate (FUT-1751, 207 
nafarelin, 180 
nafazatrom (BAY-S6575), 102, 115 
naftidrofuryl, 111 
nalidixic acid, 138, 260, 261 
naltrexone, 22, 114 
$-naltrexyl-6-ethylenediamine, 23 
NAPA (acecainide), 96 
l-(l-naphthy1)-piperazine, 48 
naproxen, 330 
NAT 04-152 (octimibate), 192 
nedocromil sodium, 80 
neo-enactin, 152 
neoendorphin, 52, 53, 57, 58 
neokyotorphin, 52, 57 
neomycin, 191-195 
nerve growth factor (NGF), 23 
netropsin, 295 
neuromedin, 52, 57 
neuropeptide K, 52, 53, 57 
neuropeptide Y (NPY) , 25, 51-53, 
neurotensin, 25, 51-54, 57, 58 
nicainoprol (RU-429241, 97 
nicardipine, 196 
nicergoline, 1 1 1  
nicorandil (SG-751, 102 
nifedipine, (Bay a 10401, 85, 

196, 197, 330, 331 
nilvadipine (FR-342351, 88 
nimesulide, 330 

57 
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nimodipine, 87, 113, 330 
nisoldipine (BAY K 55521, 88 
nitraquazone (TVX-2706 1 , 207 
nitrendipine, 86, 331 
[3H] -nitrendipine , 90 
l-nitro-9-(alkylamino)acridines, 

norjirimycin B, 155 
nordihydroguaiaretic acid , 78 
norfloxacin (AM-175, MK-366), 120, 

norlorcainide, 96 
a-nornaproxen, 330 
NPT 15392 (hydroerythranol), 202, 

nucleoticidin, 155 

octimibate (NAT 04-1521, 192 
octyl pentanedioic acid, 155 
ODE (O-demethyl encainide) , 96 
OF 4452, 67 
ofloxacin, 14 1, 331 
ONO-802 (gameprost, Ewagen), 172 

ORG 2766, 25 
ORG 7294, 184 
ORG 7476, 184 
ORG 13811, 175 
orphamenines A & B, 155 
oxamethacin, 287 
oxendolone (TSAA-291), 183 
oxiracetam (ISF-2522), 26 
oxitropium bromides, 326 
oxotremorine, 22, 23, 25 
oxypurinol, 247 
oxytocin, 
PACPX , 24 
pantethine, 194 
papverine , 1 12 
PAPP, 44, 220 
paracetamol, 328 
PDGF (platelet-derived growth factor, 

pefloxacin, 142, 331 
pentazocine, 328 
pentoxyphylline, 116 
pepstatin A, 64, 65 
pergolide, 285 
PGE 1 , 329 
PGE2, 288, 327 
PGF2,, 171-173, 175 
phenazine, 153 
phencyclidine, 103 
phenoxybenzamlne , 174 
~&((2-phenylethy1)phenoxyphos- 

phoryl) -L-alanyl-L-proline, 66 
3- [3-(4-phenyl-l-piperazinyl)propyll- 

2,4 ( 1 H , 3H ) -quinazolinedione 
(TR 25151, 48 

29 6 

140, 331 

207 

NY-198, 145 

ONO-3144, 206 

51, 52, 54, 55, 57, 58 

160 

phenytoin, 318 
phosphazomycin, 152 
phospholipase A2, 298, 299 
physostigmine, 21, 22, 25 
pindolol, 41, 67, 324 
piperacillin, 133 
piperoxan, 289 
piracetam, 26, 116 
pirazolac (MY-3091, 205 
pirfloxacin, 143 
pirmenol, 96 
pitrazepin, 12 
pizotyline, 46, 47 
PK- 10 1 39 (quinacainol) , 99 

plastatin, 78, 155 
platelet activating factor, 285 
platelet-derived growth factor, 

pluracidomycin A2, 134 
PN 200-110 (isrodipine), 88 
poloxalene 2930, 191 

pramiracetam (CI-879), 26 
prazosin, 68, 195, 289, 324, 333 
primidone, 318 
probucol, 193, 194 
procainamide, 96 
procetofen (fenofibrate), 193 
proc tolin, 53 
prodynorphin (Pro-enkephalin B), 

Pro-enkephalin A ,  52, 55 
Pro-enkephalin B (prodynorphin 1 , 
proflavin, 295 
progabide, 331 
progesterone, 185, 186 
proglumide, 25 
Pro-opiomelanocortin, 51-54, 58 
propafenone, 96, 101 
lO-propargy1-5,8-dideazafolate, 

propentofylline (HWA 285) , 27 
propranolol, 41, 195, 196 
0- (3- (A-propylamino) -2-hydroxy- 

propyl) diisopropyl ketone 
oxime, 67 

4-~-propyl-7-methyl-9-[2-hydroxy- 
1 -methylpropoxycarbonyl] 4 ,6, 
6A,7,8,9,10,1OA-octahydroindolo- 
(4,3-FlG)quinoline (LY 538571, 
47 

57 

PK-11195, 14 

(PDGF), 160 

3-PPPl 285 

53 

53 

25 3 

prosomatostatin fragments, 52, 

prostacycline, 115 

pseudomonic acid A, 330 
PS-5, 134 
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purine nucleoside phosphorylase, 

PY 108-068 (da rod ip ine ) ,  88 
pyrazolopyrimidine,  247 
pyridoxylate ,  1 1 1  
pyrimethamine, 252, 297, 329 
p y r i t i n o l ,  27 
PZ-51 ( ebse l en ) ,  206 
quadrosi lan (Cisobitan"), 180 
quazepam, 16, 332 
quinacainol  (PK-10 139 1, 99 
quinidine,  96, 325 
q u i n o l i n i c  acid, 22 
qu inuc l id iny l  b e n z i l a t e ,  22 
quisqualamine, 287 
R 830, 206 
R 2956, 184 
R 41468 (ke t anse r in ) ,  41, 42, 45-47 
R 42470 ( terconazole  1, 126 
R 5121 1 ( i t r a c o n a z o l e ) ,  125 
R 52245 (setoperone) ,  46, 47 
R 53200 ( a l t a n s e r i n ) ,  46, 47 
R 55667 ( r i t a n s e r i n ) ,  45, 46, 47 
R 56413, 46, 47 
r a lox i f ene  (LY-1567581, 182 
r a n i t i d i n e ,  327 
rauwolscine, 284 
recainam (WY-4232621, 97 
r en in ,  279, 296 
r en in  i n h i b i t o r y  pept ide (RIP), 

1 3 - a - r e t i n o i c  a c i d ,  20 1 
REV 5901, 76, 200 
RH 2906 ( f l o r d i p i n e ) ,  88 
rheumatoid f a c t o r ,  326 
rifamycin,  295, 332 
r i f ax imin ,  332 
rimcazole (Bw-234U1, 4 
rimorphin (dynorphin B), 52, 53, 

RIP ( r en in - inh ib i to ry  pep t ide ) ,  

r i s t i a n o l ,  203 
r i t a n s e r i n  (R 556671, 5, 45-47, 

Ro 363, 220 

Ro 5-4864, 116 
Ro 12-4713 ( c a r p r a z i d i l ) ,  195 

Ro 13-5057 (aniracetam) , 26 
Ro 14-9578, 145 

298 

63, 64 

56, 58 

63, 64 

69 

RO 5-2537, 183 

RO 13-547, 144 

RO 15-1788, 13, 16 
RO 15-3505, 12 
RO 15-8075, 133 
RO 23-3544, 75 
rolziracetam (CI-9 1 1  ) , 26 
roquinimex (LS-26161, 203 
rosap ros to l ,  332 

rosmarinic  acid, 207 
R-Pep-27, 64 
RS-86, 21 
RS-533, 134 
RS-2131, 205 
RS-43179, 206 
RS-68439, 180 
RU 486 (mifepris tone)  , 169, 170, 

RU 2751, 285 
RU 22930, 181 
RU 23908 (Anandron"), 181 
RU 24722 (vindeburnol) ,  1 1 1  
RU 24696 (5-methoxy-3-(1,2,3,6- 

175 

tetrahydropyridin-4-yl)indole), 
41, 43, 44 

RU 38882, 183 
RU 42924 (n i ca inopro l ) ,  97 
RX781094, 69 
S-25930, 144 
5-25932, 144 
SA-96 ( t i o b u t a r i t ) ,  203 
salbut iamine,  24 
saponins ,  19 1 
SAS 646, 12 

SC-33963, 16 
SC-7214, 96 

SC-36602, 98 
SC-36859, 68 

SCH-16423, 181 
SCH-23390, 48, 220 
SCH-24,937, 204 
SCH-3'4343, 122, 133 

SC-38390 (zinoconazole),  126 

scopolamine, 22, 23, 26 
SCRIP ( s t a t i n e  containing r en in  

i n h i b i t o r y  pep t ide ) ,  63, 64 
s e c r e t i n ,  52, 53, 57 
s e r i n e  p ro teases ,  298 
setoperone (R 522451, 
SG-75 ( n i c o r a n d i l ) ,  102 
SGB 1534, 69 
SH 434, 183 
siderophores ,  295 
SKF 86002, 77 
SKF 88070, 133 
SKF 89976, 17 
SKF 93944, 80 

SKF 102698, 69 
SKF 102922, 73, 75 
SL.80.0750 (zolpidem), 13 
SM2470, 68 
sodium diethyldi thiocarbamate 

(DTC), 203 
somatocrinin (growth hormone- 

r e l e a s i n g  hormone), 52, 53 
somatostat in ,  21, 51-53, 57, 58 

5, 46, 47 

SKF 102081, 75 
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sotalol , 100 
SPE (sucrose polyester), 191, 192 
spiperone, 45-47 
spironolactone, 184 
SQ-26,776 (aztreonam), 124 
SQ-27,786, 66, 67 
sQ-30,213, 734 
SQ-83,360, 134 
SR-41319, 204 
SR-41378, 16 
SR-42128, 64, 65 
SR-95103, 13, 289 
SR-95 195 , 12 
ST-95, 289 
statine containing renin inhibitory 

peptide (SCRIP), 63, 64 
stiracainide (EGYT-1855 1 , 99 
streptokinase, 116 
substance P, 51-55, 57, 58 
6-succinylmorphine, 22 
sucrose polyester (SPE) , 19 1 , 192 
sufentanil, 22 
sulconazole nitrate, 332 
sulf adoxine , 252, 329 
sulfapyridine, 206 
sulfasalazine, 173, 201 , 206 
8- (psulfophenyl) - 1 , 3-dipropylxanthine, 
sulfoxazine (Y-8894) , 27 
sulprostone, 169 , 172 
suprof en , 2 1 
suriclone , 13 
surformer (AOMA), 191 
synenkephalin, 52, 56 
tamoxifen, 293 

79 

SUN-1165 , 97 

TEI-3096, 203 
TEI-8005 , 77 
teichoplanin, 122 
temocillin, 133 

tenilsetam (CAS-997 , 26 
terazosin , 333 
terconazole (R424701, 126 
terfenadine, 80 
terferol, 155 
testosterone enanthate, 180 
TFMPP, 44 
TGFs (transorming growth factors), 

163 
thalidomide , 20 1, 202 , 208 
theophylline, 327 
themolysin, 298 
7-thiaarachidonic acid, 76 
7-thia-7,9-dideazainosine, 249 
thienamycin, 133-135, 284 
8-thiomaltosides, 299 
thiopurinol, 250 
thiorphan, 25 

T m A ,  27 

[D-Thr2 , Leu51 enkephalyl-Thr6, 26 
thymopentin (TP-51, 202, 333 
thyrotropin releasing hormone, 

5 1-55 , 57-58 
thyroxine, 296 
tiapamil , 85 , 86 
tiaprofenic acid, 21 
tiasperone, 7 
tiflamizole, 205 
tifluadom, 26 
timegadine , 207 
tiobutarit (SA-96) , 203 
tissue plasminogen activator 

(TPA) , 116 
tobramycin, 120 
tocainide, 96 
tocopherol (Vitamin El, 113 
tofizopam, 13 
toliprolol, 68 
tomoxiprole (MDL-035 1, 205 
topoisomerase I & 11, 257 
topterone, 183 
TP-5 (thymopentin), 202 
TPA (tissue plasminogen activator), 

116 
TR 2515 (3-[3-(4-phenyl-l-pipera- 

zinyl) -propyll-2,4 ( 1 H , 3H)- 
quinazolinedione 1 , 48 

transforming growth factors 
(TGFs), 163 

trapidil , 102 
trazodone, 48 
trestatins, 155 
triazolam, 13 
N-(4-trifluoromethyl-2-methyl-4- 

oxobutanoyl)-indoline-2-car- 
boxylic acid, 66 

trilostane, 170 
trimazosin hydrochloride, 333 
trimethoprim, 297 
triosephosphate isomerase, 299 
triostin A, 295 
TSAA-291 (oxendolone) , 183 
TVX-2706 (nitraquazone) , 79 , 207 
TVS Q 7821 (isapirone), 15, 43, 

Tyr-MIF-1, 25 
U 50,4883, 114 
U 50,4888, 222 
U 63557A (furagrelate) , 102 
U 69593, 26 
ubiquinone (Coenzyme Q) , 1 1  3 
UK 14304, 220 
UK 38485 (dazmegrel) , 115 
UK-49858 (fluconazole) , 126 

44, 220 

UL-FS 49, 85, 86 

UM-424 , 97 
UM-272, 97 
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urapidil, 195 
Urokinase , 1 16 
valiolarnine, 155 
valproic acid, 286 
vasoactive intestinal polypeptide, 

vasopressin, 25, 51, 52, 54, 55, 

verapaml, 48, 85, 196, 197 
viminol, 22 
vincamine, 112 
vindeburnol (RU 24722), 111 
Vitamin E (tocopherol 1, 1 13 

25, 51-54, 57 

57, 58, 279 

VX-VC 43, 133 
WAL 1307 (3-amino-6-methyl-l,13b- 

dihydro-di-benz(b,f)imidazo- 
(1,5-d)-(1,4)-oxazepin), 46 

WB-4101 (2-1 [<2-(2,6-dimethoxy- 
phenoxy)ethyl>amino] methyl)-l,4- 
benzodioxane, 114 

WE 941 (brotizolam), 12 

WB-3559, 155 

973, 14 
WF-5239, 155 

WS-30581, 155 
Wy-18,251, 205 
Wy-41,770, 205 

Win 44,441-3, 114 

WY-423262 (recainam), 97 
XAC, 221 
xylamidine, 47, 48 
Y-8894 (sulfoxazine), 27 
YC-170, 91 
YM-13115, 133 
YTR-830 135 
zimeldine, 24 
zinc insulin, 294 
zinoconazole (SC 38390 1, 126 
ZK 91296, 16 
ZK 93423, 16 
zoapatanol, 174 
Zoladefl, 180, 185 
zolpidem (SL 80.0750, 13 
zonisamide, 318 
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adenylate cyclase, 
adenosine, neuromoduiator , la, 1 
adjuvants, 9, 244 
adrenal sterzidogenesis, 2, 263 
B-adrenergic blockers, 
affinity labeling, 9, 222 
alcohol consumption, drugs and deterrence, 2, 246 
aldose reductase, 19, 169 
alkaloids, 
aminocyclito?: antibiGtics, l2, 110 
analgesics (analgetic), 

andzgen action, 3, 179 
anesthetics, 
animal models, anxiety, 3, 51 
animal models, memory and learning, 12, 30 
anorexigenic agents, 
antagonists, calcium, 
antagonists, GABA, 13,?1; l5, 41; 
antagonists, narcotic 7, 31; 8, 20; 9, 1 1 ;  lo, 12; 11, 23 
antagonists, non-steroidzl, 
antagonists, steroidal, 
anthracycline antibiotics, 3, 288 
antiaging drugs, 2, 214 
antiallergy agents, 

ll, 51; l2, 70; 11; 51; l4, 51; l5, 59; 17, 51; Is, 61; 3, 93; 20, 71; 
21, 73 

antznginals, 
17, 71 

antznxiety agents, 

antzrrhythmics, 99; 21, 95 
antibacterial age&, 1, 718; 2, 112; 2, 105; 3, 108; 5, 87; 6 ,  108; 

antEiotics, 

6, 233; - 6, 227; l2, 172; 19, 293 

l0: 51; 2, 81 

1, 311;3, 358; 4, 322; 5 323; 6,  274 

1, 40; 2, 33; 3, 36; 2, 37; 5, 31; 6 ,  34; 1, 31; 
- 8, 20; 9, 11; l0, 12; il, 23; l2, 20; a, 41; 14, 31; 3, 32; 16, 41; 
17, 21; 2, 51; 19, I; 20, 21; 21, 21 

1, 30; 2, 24; 3, 28; 2, 28; 1, 39; 8, 29, lo, 30 

1, 51; 2, 44; 3747; 2, 40; 8, 42; 11, 200; 15, 172 
16, 251; 3, 71; Is, 79 

1, 191; 3,  184 
1, 273; 2, 208; 3, 207; 3, 199 

1, 92; 2, 83; 3,  84; 1, 89; 2, 85; 9, 85; lo, 80; 

1, 78; 2, 69, 3, 71; 2, 63; 1, 69; 8, 63; 9, 67; 3, 39; 

- 9, I; 10, 2; 11, 17; 12, 10; 3, 21; 2, 22; l5, 22; 16, 31; 1, 11; 
18, 1173, 17 20, lTz, 1 1  

17, 107; - 18, 109; 3, 107; a, 145,155; 2l, 139 
- 7, 217; 8, io4; 9, 95; lo, 109, 246; 2, 89; 11, 271; 12, 101,110; 13, 
103, 149: 14, 107; 15, E 6 ;  17, 107; 2, 109; 21, 131 

I, 1; 2, I; 3, I ;  4, 1 ;  2, 1; 6,  1 ;  I, 6; - 8, 1 ;  

1, 85; 6, 80; 8, 63; 2, 67; 2, 39; 

I, 109; 2, 102; 3,  93; 3, 88; 5, 75; 2, 156; 6, 99; 1, 99; 

antibodies, d E g  carriGs and toxicity reversal, 
antibodies, monoclonal, l6, 243 
anticonvulsants, 

antidepressants, 

antziabetics, 
antifungals, 

antTglaucoma agents, 20, 83 
antihyperlipidemics, 15, 162; l8, 161 
antihypertensives, 

antiinflammatories, non-steroidal, 

anti-iscEemic agents, 71 
antimetabolite concept, drug design, 11, 223 
antimicrobial drugs - clinical problems and opportunities, 21, 119 

2, 233 

1, 30; 2, 24; 2, 28; 4, 28; 1, 39; 8, 29; lo, 30; 11, 
13; 12, 10; l3,-21; l4, 22; l5, 22; l6, 31; 17, 11; 2, 11; 3, 11; 
20, F; 21, 1 1  

1 1 ;  11, 3; 12, i; 3, I ;  14, 1; 3, 1; 16, 1 ;  17, 41; 2, 41; 20, 31 
1, 12; 2, 11; 2, 14; 4, 13; 5, 13; 6,  15; 1, 18; 8, 

2,-157; 1, 145; 3, 138; 5, 129; 6 ,  129; 7, 109; 8, 116; 
1, 164; 2, 176; 2, 156; 4, 164; 6,  192 

9, 107; E,-120; ll, 101; l3, 113; 15, 139; 17, 13972, 127 

15-59: 2, 48; 3, 53; 4, 47; 5, 49; 6, 52; 1, 59; 
- 8, 52; 2, 57; 11,-61; l2T 60; a, 71; s, 61; 3, 79; 16, 73; 17, 
61; 18, 69; 3 7 6 1 ;  2l, 63 

225; 6, 182; 7, 208; 8, 214; 9, 193; 2, 172; 9, 167; 16, 189 
1, 224; 2, 217; 3, 215; 2, 207; 5, 
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ant ineoplast ics ,  2, 166; 2, 150; 4, 154; 5, 144; 7, 129; 4, 128; 2, 139; 

a n t c a r a s i t i c s ,  

antGarkinsonism drugs, 
antipsychotics,  

an tGadia t ion  agents, 
antirheumatic drugs, lg, 171 
antithrombotics,  
a n t i v i r a l  agents,  1, 129; 2, 122; 3, 116; 2, 117; 2, 101; 6 ,  118; 

apoGhine chemistry, 2, 331 
arachidonate lipoxygenase , 16, 2 1 3 
arachidonic acid cascade, 
arachidonic acid metabolites 17, 203 
arthritis, 3, 167; - 16, 189; 17, 175; l6, 171; 21, 201 
asymmetric synthesis  , B, 282- 
a therosc le ros is ,  1, 178; 2, 187; 1, 172; 4, 178; 5, 180; 6 ,  150; 1, 
a t r i a l  n a t r i u r e t i c  fac tor ,  211 273 
autoreceptors,  a, 51 
bac te r i a l  res i s tance ,  2, 239; 17, 119 
bacter ia l  toxins ,  l2, 211 
basophil degranulation, biochemistry, 3, 247 
behavior, serotonin,  7, 47 
benzodiazepine recepto?s , l6, 21 
bioisosterism, 2l, 283 
biological  fac tors ,  lo, 39; 11, 42 
biological  membranes, 1 1 ,  222 
biopharmaceutics, 

biosynthesis,  an t ib io t i c s ,  12, 130 
blood-brain ba r r i e r ,  20, 305- 
blood enzymes, 1, 233 
bone, metabolic h e a s e ,  
calcium antagonists/modulators, 
calmodulin antagonis ts ,  SAR , 18,203 
cancer therapy, 

canzbinoids; 9 , 253- 
carboxylic acid: metalated, l2, 278 
carcinogenicity,  chemicals, l2, 234 
cardiotonic  agents,  l6, 93; 13, 92; 2, 71 
cardiovascular agents, l0, 6 7  
ca ta lys i s ,  intramolecular,  1, 279 
cell  invasion, 2, 229 
c e l l  metabolism, 1, 267 
cell  metabolism, cycl ic  AMP, 2, 286 
cellular responses, inflammatory, l2, 152 
chemotaxis, l5, 224; 17, 139; 17, 253 
cholecystokinin, l8, 31 
chronopharmacology, ll, 251 

- 10, 131; 11, 11;; l2, 120; '& 120; 2, 132; l57 130; 16, 137; 17, 163; 
18, 129; 19, 137; 20, 163 

- -  5, 116; 7, 14571, 141; 9, 115; l0, 154; 11, 121; l2, 140; 3, 130; 
14, 122;-l5, 120; l6, 125; l7, 129; 9, 147 

1, 1; 2,-1; 1, 1;  4, 1 ;  2, 1; 6 ,  1; 1, 6; 8, 1; 9, 1; 

1, 13; 1, 150; 2, 131; 2, 147; 3, 126; 2, 140; 2, 126; 

6, 42; 9, 19 

- 10, 2; 11, 3; T2, 1;-a, 11; l4, 12; l5, 12; l6, 1 1 ;  2, 21; 3, 21; 
21, 1 

1, 324; 2, 330; 3, 327; 2, 346 

1, 7c 8, 73; 2, 75; lo, 99; 12, 80; 2, 71; 17, 79 

- 7, 119; 4, 150; 3, 128; 3, 161; ll, 128; 11, 139; 'El 149; 16, 149; 
18, 139; 2, 117 

lr 182; 3, 178 

169; 8, 183; l5; 162, 2, 161; 2l, 189 

1, 331; - 2, 340; - 3, 337; 2, 302; 2, 313; 5, 264; 1, 259; 
8, 332 

12, 223; 3, 228; 17, 261 
16, 257; 17, 71; 2, 79; 21, 85 

2, 166; 3, 1 5 F 4 ,  154; 5, 144; 1, 129; 8, 128; 9, 139; 
9, 151; IO, 137; 11, iio; 2, 120; B, 120; 3, 132; 15, 130; 16, 137; 
77, 163; 18, 129; 21, 257 
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cogn i t ive  d i s o r d e r s ,  19, 31; 2l, 31 
col lagenases ,  19, 231- 
colony s t i m u l a t G g  f a c t o r ,  21, 263 
complement i n h i b i t o r s ,  15, 193 
complement system, 7, 228 
conformation, nucleogide,  b i o l o g i c a l  a c t i v i t y ,  
conformation, pept ide,  b i o l o g i c a l  a c t i v i t y ,  3 , 2 2 7  
co t r ansmi t t e r s ,  20, 51 
cycl ic  AMP,  
c y c l i c  GMP, 11, 291 
cyclic nuc leo t ides ,  9, 203; lo, 192; l5, 182 
cytochrome P-450, 2,-290; l9, 201 
DDT-type i n s e c t i c i d e s ,  9, 300 
dermatology, 12, 162; 2, 181 
diabetes, 2, x 2 ;  11, 170; 3, 159; l9, 169 
Diels-Alder r e a c t i o n ,  i n t r amolecu la r ,  9, 270 
d i u r e t i c ,  1, 67; 2, 59; 3,  62; 5, 88; 1, 83; lo, 71; 11, 71; 3, 61; 

dopamine, 3, 11; 2, 12; 15, 12; l6, 11, 103; l8, 21; 20, 41 
drug abuse,  CNS agen t s ,  
drug a l l e r g y ,  3, 240 
drug carriers, an t ibod ie s ,  15, 233 
drug carriers, liposomes, lq 250 
drug d e l i v e r y  systems, 
drug discovery,  n a t u r a l  sources ,  3, 301 
drug d i s p o s i t i o n ,  15, 277 
drug metabolism, 

e l d e r l y ,  drug a c t i o n  i n ,  20, 295 
e l e c t r o s y n t h e s i s ,  l2, 309 
e n a n t i o s e l e c t i v i t y ,  drug metabolism, 13, 304 
endorphins,  
enzymatic monooxygenazon r e a c t i o n s ,  l5, 207 
enzymes, blood, 1, 233 
enzyme i n h i b i t o r s ,  
enzyme immunoassay, 18, 285 
enzymes, p r o t e o l y t i c  m i b i t i o n ,  11, 261 
enzymic s y n t h e s i s ,  3, 263 
f e r t i l i t y  c o n t r o l ,  l0, 240; 14, 168; 2l, 169 
f o r s k o l i n ,  3, 293 
free r a d i c a l  pathology, 10, 257 
GABA, an t agon i s t s ,  3, 31; 3, 41 
gamete biology, f e r t i l i t y  c o n t r o l ,  
g a s t r o i n t e s t i n a l  agents ,  

gene the rap% 8, 245 
glucagon, mechanism, l8, 193 
g lucocor t i cos t e ro ids  , 13, 179 
g lycosy la t ion ,  non-enzymatic, 2, 261 
growth f a c t o r ,  2 l ,  159 
growth hormone, 20, 185 
hal lucinogens,  1, 12; 2, 1 1 ;  2, 14; 2, 13; 2, 23; 5, 24 
h e a r t  d i s e a s e ,  i k h e m i c ,  
h e a r t  f a i l u r e ,  3, 92; l6, 93 
hemorheologic agents ,  l7, 99 
herb ic ides ,  3, 311 
he te rocyc l i c  chemistry,  l4, 278 
hormones, glycoprotein,  l2, 211 

5, 272 

2, 286; 6 ,  215; 8, 224; 11, 291 

15, 100 

9, 38 

l5, 302; l8, 275; 20, 305 

3,227. 4 259; 5, 246; 6, 205; 8, 234; 2, 290; 11, 
190; l2, 201; 17, 196; 304;-3, 188716, 319; 17, 333 

3, 41; 14, 31; 3, 32; lq 41; 17, 21; l8, 51 

1, 249; 9, 234; 2, 249 

lo, 240 
1, 99; 2, 91; 4, 56; 6 ,  68; 8, 93; lo, 90, 

12, 91; 16, 83; 17, 89;-B, 89; 20, 117 

l5, 89; l7, 71 
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hormones, non-steroidal,  1,  191 ; 3, 184 
hormones, pept ide,  
hormones, s t e r o i d ,  
host modulation, i n f e c t i o n ,  
5-hydroxytryptamine, 2, 273;-1, 47; 2l, 41 
hype r sens i t i v i ty ,  delayed, 8, 284 
h y p e r s e n s i t i v i t y ,  immediate, 
hypertension, e t io logy ,  9 ,  50- 
hypnotics,  

IgE, 18, 247 
immuniF, c e l l u l a r  mediated, 17, 191; l8, 265 
immunoassay, enzyme, l8, 285 
immunostimulants, ar thr i t is ,  11, 138; 14, 146 
immunosuppressives, a r thr i t i s ,  11, 138- 
immunotherapy, cancer, 2, 151 
immunotherapy, i n f e c t i o u s  diseases, l8, 149 
i n f e c t i o n s ,  s exua l ly  t r ansmi t t ed ,  3, 114 
i n h i b i t o r s ,  complement, 3, 193 
i n h i b i t o r s ,  connective t i s s u e ,  l7, 175 
i n h i b i t o r s ,  enzyme, 2, 249 
i n h i b i t o r s ,  i r r e v e r s i b l e ,  9 ,  234; 16, 289 
i n h i b i t o r s ,  p la te le t  aggregat ion,  5 60 
i n h i b i t o r s ,  p r o t e o l y t i c  enzyme, 13, 26 1 
i n h i b i t o r s ,  renin-angiotensin,  3: 82 
i n h i b i t o r s ,  r eve r se  t r a n s c r i p t i o n ,  i, 251 
i n h i b i t o r s ,  t r a n s i t i o n  s ta te  analogs,  7 ,  249 
ino rgan ic  chemistry,  medicinal,  8, 294- 
i n s e c t i c i d e s ,  9 ,  300; 17, 311 
i n s u l i n ,  mechankn, l8, 193 
i n t e r f e r o n ,  8, 150; 2, 211; 16, 229; 3, 151 
inter leukin-17 20, 172 
inter leukin-2,  3, 191 
in t e rocep t ive  d i sc r imina t ive  s t i m u l i ,  animal model of  anx ie ty ,  
intramolecular  c a t a l y s i s ,  1, 279 
ionophores, monocarboxylic acid, lo, 246 
i r o n  che la t ion  therapy, 3, 219 
isotopes, stable, 2, 319; 9, 173 
@-lactam a n t i b i o t i c s ,  11, 271; 12, 101; 11, 149; 0, 127,137 
B-lactamases, 3, 239; 3, 119 
l ea rn ing ,  3, 279; l6, 51 
leukocyte mGt i l i t y ,  3, 181 
l euko t r i enes ,  17, 291; 2, 241 
LHRH, 20, 203 
l i p i d  metabolism, 2, 172; 3, 182; U, 180; 12, 191; a, 184; 2, 198; 

15, 162 
l i p z o m e s ,  3, 250 
lipoxygenase, l6, 213; l7, 203 
lymphocytes, delayed h y p e r s e n s i t i v i t y ,  8 ,  284 
magnetic resonance, d rug  binding, 
market i n t roduc t ions ,  2, 313, 20, 315; 21, 323 
mast c e l l  degranulat ion,  biochemistry,  
mechanism, drug a l l e r g y ,  3, 240 
mechanisms of a n t i b i o t i c  r e s i s t a n c e ,  1, 217; 2, 239; 3, 119 
membrane func t ion ,  2, 317 
membrane r e g u l a t o r s ,  ll, 210 
membranes, a c t i v e  t r a n s p o r t ,  ll, 222 
memory, 2, 279; l2, 30; 16, 51 
metabolism, ce l l ,  1, 267; 2, 286 

5,  210; 7 ,  194; 8, 204; lo, 202; 11, 158; 16, 199 
7, 213; 2, - 208, 3, 207, 2,  199 

8 ,  160; fi, 146; 2, 149 

7,  238 ; 8, 273 

1,  30; - 2, 24;-3, 28; 4, 28; 1, 39; 8, 29; lo, 30; 2, 13; - 12, 10; a, 21; 3, 22;-l5, 22: l6, 31; l7, 11; 2, 11; l9, 11 

l5, 51 

11, 371 

l8, 247 
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metabolism, drug, 

m e t z o l i s m ,  l i p i d ,  
metabolism, mineral ,  12, 223 
metal carbonyls,  8, 322 
metals, d i s e a s e ,  2, 321 
microbial  products screening,  21, 149 
mitogenic f a c t o r s ,  2, 237 
monoclonal an t ibod ie s ,  l6, 243 
monoxygenases, cytochrome P-450, 9,  290 
muscle r e l a x a n t s ,  
muscular d i s o r d e r s ,  l2, 260 
mutagenicity,  mutagens, l2, 234 
mutagenesis, SAR o f  p r o t e i n s ,  
n a r c o t i c  an tagon i s t s ,  7, 31; 8, 20; 9, 1 1 ;  l0, 12; ll, 23; 9, 41 
n a t r i u r e t i c  agents ,  19; 253 
n a t u r a l  products ,  
n a t u r a l  k i l l e r  cell:, 18, 265 
neop las i a ,  g, 160; 10,742 
neuropeptides,  21, 51 
neurotensin,  x731 
neuro t r ansmi t t e r s ,  
NMR i n  b i o l o g i c a l  systems, 20, 267 
NMR imaging, 20, 277 
non-enzymatic g lycosy la t ion ,  14, 261 
non-nutr i t ive,  sweeteners,  177323 
non-steroidal  a n t i n f l a m a t o r G s ,  

nuc ie i c  aciz-drug i n t e r a c t i o n s ,  13, 316 
nuc le i c  ac id ,  sequencing, l6, 2 9 F  
nuc le i c  a c i d ,  s y n t h e s i s ,  l6, 299 
nucleoside conformation, 5, 272 
nucleosides ,  1, 299; 2, 354; 3, 297; 5, 333 
nucleot ide metgbolism, 27, 247 
nuc leo t ides ,  1, 299; 2, 304; 3, 297; 5, 333 
nucleot ides ,  c y c l i c ,  9, 203; lo, 192; 2, 182 
o b e s i t y ,  
oncogenes ,- l8, 275 ; =,-159,237 
opioid r ecep to r ,  

o p i z d s ,  12, 20; l6, 41; l7, 21; 2, 51; 20, 21; 21, 21 
organocopper r eagen t s ,  l0, 327 
p a r a s i t e  biochemistry,  2, 269 
pathophysiology, plasma membrane, 10, 213 
p e n i c i l l i n  binding p r o t e i n s ,  18, 1G 
p e p t i c  u l c e r ,  

17, 89; l8, g9; 2, 81; 20, 93 
p e p z d e  conformation, 3, 227 
pept ide hormones, 5, 210; 1, 194; 8, 204; 2, 202; ll, 158; 3, 303 
pept ide,  hypothalamus, '7, 194; 8, 204; lo, 202; l6, 199 
pep t ide ,  SAR, 5, 266 
pep t ide ,  syn thez i s ,  5, 307; 1, 289; l6, 309 
pept ide,  s y n t h e t i c ,  1, 289; 2, 296 
pep t ide ,  t hy ro t rop in ,  17, 31 
periodontal  d i s e a s e ,  lc 228 
pharmaceutics, 

3, 227; 2, 259; 5, 246; 6 ,  205; 3, 234; 2, 290; 
11, 190; l2, 201; 9, 196; 3, 304; 14, 188 

9, 172; lo, 182; 11, 180; l2, 191; 14, 198 

1, 30; 2, 24; 3, 28; 4, 28; 8, 37 

2, 237 

6,274; l5, 255; l7, 301 

3, 264; 2, 270; l2, 249; 2, 42; - 19, 303 

1, 224; 2, 217; 3, 215; 3, 207; 5, 225; 
6, 182; 7, 208; 8, 214; 9, 193; lo, 17273, 167; l6, 189 

1, 51; 2, 447 3, 47; 2, 40; 8, 42; n, 200; 2, 172; 3, 157 

a, 33; l2, 20; 2, 41; 2, 31; 15, 32; l6, 41; 3, 21; 
18, 51; 20, 21; 2l, 21 

I, 99; 2, 91; - 4756; 6 ,  68; 8, 93; lo, 90; 2, 91; l6, 83; 

1, 331T2, - 340; 3, 337; 5, 302; 5, 313; 6 ,  254; 6 ,  264; - 7, 259; 8, 33F 
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pharmacokinetics, 1, 227; 2, 337; 3, 259; 4, 302; 2, 246; 2, 313; 6 205; 
- 8, 234; 9, 290; 11, 190; l2, 201; 11, 196; a, 304; l4, 188; l4, 309; 
16, 319; l7, 333- 

phaKacophore i d e n t i f i c a t i o n  , l5, 267 
pharmacophoric p a t t e r n  searching,  3, 299 
phospholipases, 3, 21 3 
physicochemical parameters,  drug design,  3, 348; 4, 314; 2, 285 
p i t u i t a r y  hormones, 7 ,  194; 8, 204; lo, 252 
plasma membrane pathoThysiology , 
plasminogen a c t i v a t o r ,  l8, 257; 20, 107 
platelet a c t i v a t i n g  f a c t o r  (PAF), 17, 243; 20, 193 
platelet aggregation, 6 ,  60 
polyether  a n t i b i o t i c s ,  10, 246 
polyamine metabolism, 1 7 ,  253 
polymeric reagents  , S T 2 8  1 
prodrug approach, drug  design,  lo, 306 
p r o l a c t i n  s e c r e t i o n ,  15, 202 
p ros t acyc l in ,  l4, 178- 
prostaglandins ,  3, 290; - 5, 170; - 6, 137; 1, 157; 8, 172; 9, 162; 11, 80 
p r o t e i n  growth f a c t o r s ,  17, 219 
p ro te inases ,  arthritis, 14, 219 
p r o t e i n  kinases ,  18, 213- 
p r o t e i n  kinase C,  z, 227 
p s o r i a s i s  , l2, 162 
p s y c h i a t r i c  d i so rde r s ,  Il l  42 
psychoses, b i o l o g i c a l  f a c t o r s ,  lo, 39 
psychotomimetic agents ,  54, 27 
pulmonary agents ,  

q u a z i t a t i v e  SAR, 
radioimmunoassays , 2, 284- 
r ad io i so tope  labeled drugs,  7, 296 
radioimaging agents ,  l8, 293- 
radiol igand binding, 19, 283 
recep to r  binding , lZ,?49 
recep to r  mapping, l4, 299; l5, 267 
receptor, concept and funct ion,  21, 211 
recep to r s ,  adapt ive changes, 3, 241 
recep to r s ,  adrenergic ,  2, 217 
recep to r s ,  B-adrenergic blockers ,  3, 81 
recep to r s  , benzodiazepine , 16 , 21 
recep to r s ,  c e l l  su r f ace ,  125121 1 
r ecep to r s ,  drug, 1, 236; 227, 8, 262 
r ecep to r s ,  histamiie , 2, 91 
recep to r s ,  neu ro t r ansmi t t e r s ,  
r ecep to r s  , neuro lep t i c ,  12, 245 
recep to r s ,  op io id ,  
recombinant DNA, 
r e n a l  blood flow, l6, 103 
ren in ,  2, 82; 20, 257 
reproduct ion,  1,  205; 2, 199; 3, 200; 2, 189 
reve r se  t ranscrTpt ion,  8 ,  251 
rheumatoid ar thr i t is ,  a, 138; lh, 219; 2, 171; 1, 201 
SAR, q u a n t i t a t i v e ,  6 ,  245; 8, 313; ll, 301; 9, 292; 17, 291 
sedative-hypnotics,  

s e d z i v e s ,  

lo, 213 

1, 92, 2, 83; 3, 84; 4, 67; 2, 55; 1, 89; 9, 85; 

6 ,  245; 8 ,  313; ll, 301; lJ 292; x, 281 

- 10, 80; 11, 51; 2, 70; 3, 51; l4, 51; l5, 59; l7, 51; l8, 61; 
20, 71; 1, 73 

3, 264; l2, 249 

11, 3% 12, 20; 13, 41; 2, 31; l5, 32; l6, 41; 17, 21 
X r 2 2 9 ;  & 307; 19, 223 

7, 39; g, 29; ll, 13; l2, 10; 9, 21; 3, 22; 15, 22; 
16, 31; l7, 11; 1_85 11; 2, 11 

- 12, 10; 2, 21; 2, 22; l5, 22; l6, 31; 2, 11; l8, 11; 20, 1; 2, 11 
1, 30; 2, 24; 2, 28; 4, 28; 1, 39; l3, 29; l0, 30; 2, 13; 
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se ro ton in ,  behavior,  
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