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PREFACE

Since its inception, the objective of Annual Reports in Medicinal Chemistry has been
to provide brief, critical summaries of highlights of the recent literature in the fields of
chemistry, pharmacology, biochemistry and medicine for those interested in the dis-
covery and development of new drugs. The format of organization originally estab-
lished for this series has admirably served the intended purpose. Accordingly, as in the
past, this year’s volume is divided into six sections: CNS Agents; Pharmacodynamic
Agents; Chemotherapeutic Agents; Metabolic Diseases and Endocrine Function; Top-
ics in Biology; and Topics in Chemistry and Drug Design.

In selecting suitable chapter topics, the editors have sought a balance between areas
of long-standing interest in drug research and special topics that may offer opportunities
for future drug design and exploration. Similar thinking has guided the selection of
subject matter for inclusion in many of the chapters. Thus, the discussions increasingly
reflect the view that new breakthroughs in drug discovery are likely to emerge from new
conceptual approaches based on a better understanding of disease processes and drug
mechanisms.

This volume, for the first time, contains a cumulative chapter title index as a conve-
nient reference for quickly locating reviews on special topics that have appeared in past
volumes.

To the many individuals who contributed to this volume, we extend our sincere
thanks.

Groton, Connecticut
May 1979
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Section I - CNS Agents

Editor: Leslie G. Humber, Ayerst Laboratories, Montreal, Canada

Chapter 1. Antidepressants

Roger M. Pinder, Organon International, Oss, The Netherlands

Introduction - Concern over the safety of tricyclic antidepressants
(TCA)T2 has maintained the impetus to develop new drugs. Compounds re-
viewed in 1978 include mianserin,3,% nomifensin,5 and all non-TCA. Sym—
posia covered dothiepin,7 mianserin,d nomifensin,? and trazodone.10 The
uses of L-tryptophan and 5-hydroxytryptophan éS—HTP) in depressionll and
the properties of the new antidepressantslz'1 were summarized. The neuro-
pharmacology of depression,l? and the mechanism of actionl® and pharmaco-
kinetics of antidepressants were reviewed, and the moncamine theory
reassessed. 20

Previous reports21 that some TCA and non-TCA, like iprindol and mi-
anserin, were inhibitors of histamine-sensitive adenylate cyclase from
mammalian brain in vitro were confirmed for a wide range of antidepres-
sants.22 The effect appeared to be mediated by Hy-receptors but neither
monoamine oxidase inhibitors (MAOI) nor selective serotonin (5-HT) uptake
inhibitors were very effective. However, TCA also blocked histamine-stim-
ulated cyclic GMP formation in cultured nerve cells by a mechanism which
involved Hl—receptors.23 The relevance of these findings, and indeed of
the role of histamine in the central nervous sytem, has still to be
defined.

Evidence accumulated in 1978 for a catecholamine receptor supersen-—
sitivity theory of depression.l8 The therapeutic action of antidepressants
may be due to delayed post-synaptic changes in receptor sensitivity, rather
than to acute events like uptake. Various drugs, including TCA, mianserin,
viloxazine and iprindol, as well as electroconvulsive therapy (ECT), but
not selective 5-HT uptake inhibitors, caused central alpha-adrenoceptor
subsensitivity in rats as measured by noradrenaline (NA)-associated adeny-
late cyclase or by receptor binding.l18 In vivo, the effects were associ-
ated with chronic but not acute treatment, paralleling the clinical effects.
MAOI may cause similar effects on chronic but not acute treatment.18,24-27
Brain NA turnover in rats was decreased by chronic desipramine and other
TCA, but unaffected by iprindol and increased by mianserin.3,28

Safer Drugs - Mianserin (1) and nomifensin (2a, R]=Rp=H) are effective an-
tidepressants, superior to placebo and comparable to TCA. There have been
no trials so far comparing 1 with 2a, but neither acts any faster than TCA.
Both lack cardiotoxicity and have minimal anticholinergic effects, and
while experience with nomifensin is limited, mianserin appears to be safe
in overdosage.29 Mianserin also has anxiolytic activity comparable to
diazepam,3 and can be given as a single bedtime dose or in divided doses.
Nomifensin cannot be given at night and its short half-life necessitates
divided daily dosage. Toleration of 1 is good in the elderly, and in a
double-blind trial in geriatric depressives, 1 was superior in efficacy and
Copyright © 1979 by Academic Press, Inc.

All rights of reproduction in any form reserved.
ISBN 0-12-040514-8



2 Sect. I - CNS Agents Humber, Ed.
908 B¢ @5 )
—y~(CHy) 3~N -Q
K
/ 2a-e e C1
\ /’| —_— = 0
1 \CH3 N N 3
Ll NH, CH3

side-effects to amitriptyline.30 Experimental studies in isolated hearts,
intact animals, healthy subjects, depressed patients and patients with
cardiac disease showed 1 to be less cardiotoxic than TCA or maprotil-
ine.3,31-35 Mianserin did not affect peripheral NA mechanisms in humans
and did not reverse the antihypertensive actions of adrenergic neuron
blockers or propranolol.36 There was no interaction between 1 and phen-
procoumon in cardiac patients receiving anticoagulant therapy.37 The
precise mechanism of action of 1 is unclear, but like amitriptyline it is
a central 5-HT antagonist38a39 and blocks presynaptic alpha-adrenocep-
tors.%40,41 It may also block postsynaptic alpha-adrenoceptors and inhibit
NA uptake at high doses,%2 but the roles of these activities in the antide-
pressant action of 1 have yet to be defined.

The cardiac safety of nomifensin was established by measurements of
cardiac conduction in depressed patients receiving therapeutic doses over
3 weeks, and it was less toxic than doxepin or amitriptyline in isolated
hearts.43 Nomifensin inhibited NA uptake in the same way as TCA but its
principal actions may be on dopaminergic (DA) systems, both as an uptake
inhibitor and as an agonist.d The metabolites (2b, R3=0H, Rp=H; 2c, R1=
OCH3, R2=O0H; 2d, R1=0H, R2=0CH3) inhibit the uptake of DA and 5-HT, but
another potential metabolite, the catechol (2e, R1=Rp=0H) is a potent DA
agonist in behavioral and neurochemical studies.%44,4> However, the bene~
ficial effects of 2a in parkinsonism may be due to its improvement of
depressive symptoms.z*6

Trazodone (3) is another non-TCA claimed to produce minimal side-
effects.1l0 It showed a complex pharmacological profile in animals, in-
cluding tranquilizing and antihypertensive properties, with some selec-
tivity towards inhibition of 5-HT uptake.® Like mianserin and doxepin it
acted at low doses as a central 5-HT antagonist, but at higher doses it
was agonistic. Trazodone depressed prolactin and growth hormone secretion
in humans, suggesting a possible DA-like action which may explain its
beneficial use in parkinsonism.l0 1In clinical trials in depression, 3 had
a broad spectrum of activity, combining rapid anxiolytic effects with a
slower antidepressant action comparable to various TCA and superior to
placebo.10

Antidepressants and 5-HT - Because of the possibility of reduced cardio-
toxicity, interest was maintained in 1978 in compounds which are selective
inhibitors of 5-HT uptake, many of which were reported in Volume 13 of this
series2l and elsewhere.® Open clinical studies of zimelidine (4) showed
good antidepressant effects after doses of 150 mg daily.47 The claimed
rapid onset of action of 4 was not confirmed in the first double-blind
trial in hospitalized depressives given single bedtime doses of 4 or ami-
triptyline for 4 weeks.48 No difference in efficacy emerged, but side-
effects were fewer with 4. A cardiovascular study showed 4 and mianserin
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to be safer drugs in depressed patients than TCA, the only effects of 4
being to slow heart rate and increase QTC interval.33

Fluoxetine (5) inhibited 5-HT uptake into platelets and also reduced
platelet 5-HT content after chronic administration to healthy volunteers.%9
This dose had no effect on the usual pressor responses to NA or tyramine

Qf.—:'c — Q X‘O—ﬁ—(CHZ)4—OCH3

CF§\ //0—CH N-0~-(CH,) ,=NH,
N(CH3)2 5 (CH, ) )NHCH 4 6, X=Cl; 7, X=CFj

o0 S8
CH2) 3-N(CH3), NC Iil
(CHy) 3=N(CH,),

F 9 10

injection. Inhibition of 5-HT uptake was correlated with plasma levels of
5, and plasma from treated subjects also inhibited 5-HT uptake in platelets
from untreated subjects. Fluoxetine was well absorbed and reached peak
plasma levels and steady-state in 6 and 12 hours, respectively.49 It
suppressed REM sleep in cats in a dose-dependent way, an effect which was
potentiated by 5-HTP.50 Fluoxetine did not block arecoline-induced EEG
desynchronization in cats,30

Clovoxamine (6) is the chloro analog of fluvoxamine (7), which has
been shown to have antidepressant effects in humans.2l Open clinical
studies with 6 showed rapid and persistent benefit in endogenous depression
without unwanted side-effects.5l The animal pharmacological profile of 6
was similar to 7 - antagonism of reserpine effects, potentiation of 5- HTP
potent and selective inhibition of 5-HT uptake, and no anticholinergic or
cardiotoxic properties.’2 Paroxetine (8), an analog of femoxetine, was
more potent and longer-lasting as a 5-HT uptake inhibitor than chlorim-
ipramine. Oral administration to rats produced long-lasting potentiation
of the effects of 5-HTP.53

Citalopram (9) was about 2-8 times more potent in vivo than chlor-
imipramine against 5-HT uptake in rat brain or blood platelets but had es-
sentially no effect on uptake of DA or NA.54 1In vitro, the two drugs were
equipotent and were competitive inhibitors of 5-HT uptake but about 20-35
times more potent than imipramine or amitriptyline. The citalopram metab-
olites were also active. In healthy subjects, 9 had a long plasma half-
life of 1 to 2 1/2 days.55 Another nitrile, but derived from imipramine,
Ro 11-2465 (10), was one of the most potent and selective inhibitors of
5-HT uptake in vivo and in vitro, being up to 20 times more potent than
chlorimipramine. 5-HT content in platelets was drastically reduced in rats
given 10 for 4 days.56 Compound 10 was 30 times more potent than chlorim-
ipramine in potentiating 5-HTP behavioral syndromes in mice.

Other selective inhibitors of 5-HT include CGP 6085A (11), which has
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an oral EDsg in rats of.between 1 and 4 mg/kg.57 NA uptake was unaffected
at doses up to 1000 mg/kg.38 Like other compounds, such as fluoxetine and
chlorimipramine, 1l was a more potent inhibitor of 5-HT uptake in the brain
than in platelets. Alaproclate (12) was a weak competitive inhibitor of
5-HT uptake, being less potent than chlorimipramine in vivo and in vitro,

but exhibiting a much greater separation of 5-HT and NA uptake effects.>59
CHi 3 CHy

g
| cl _LHy-C-0-CO-CH-NH 12
CHqt]:::I:i:L<::>H u *<::> 2 ] 2 _—
3 0
CHq
CH, —
y
H

Cl
Alaproclate potentiated 5-HTP syndromes in animals and had no anticholin-
ergic effects. Its proposed pharmacophore also accommodated Org 6582 (13).
Compound 13 exerted significant inhibition of 5-HT uptake for at least 48
hours after administration to rats.60 Competitive inhibition by 13 oc-
curred in vitro at concentrations that were substantially less than those
required for inhibition of DA or NA uptake, and it was more potent in vivo
than fluoxetine and chlorimipramine.60

LM 5008 (14) was the most potent and selective inhibitor of 5-HT
uptake of a series of indole derivatives.6l The duration of action and
potency in vivo were similar to chlorimipramine. IM 5008 also inhibited
platelet 5-HT uptake in rats and decreased platelet 5-HT content after
single or repeated dosings.9%2 Open clinical trials in 40 depressed pa-
tients showed a strong and rapld antidepressant effect associated with
pronounced inhibition of 5-HT uptake.b3 7,N,N-Trimethyltryptamine selec-
tively inhibited 5-HT uptake into rat brain synaptosomes without affecting
the uptake of tryptophan, DA or NA. 64

5-HT may be involved in the mechanism of action of antidepressants
which block central 5-HT receptors at doses below those causing inhibition
of 5-HT and NA uptake.38,39 Some TCA strongly and competitively inhibit
5-HT uptake,b5 and activity may be higher in the brain than in platelets.58
During clinical improvement some TCA, particularly chlorimipramine, lowered
the rate of 5-HT transport into platelets (Vmax), which is already reduced
in depression, and increased Km values.65 Mianserin normalized Vmax con-
comitant with c¢linical improvement.3

Tricyclics and Analogs - TCA, old and new, were the subject of continuing
investigation. Dothiepin, a sulphur isostere of doxepin, is a typical TCA-
like inhibitor of both NA and 5-HT uptake.’ Double-blind studies showed
dothiepin to be similar in efficacy to TCA after divided or single daily
doses, with fewer anticholinergic effects and good tolerance in the el-
derly. A pharmacokinetic study showed a significant correlation between
clinical response to doxepin and plasma steady-state levels of both it and
its desmethyl metabolite.66 Lofepramine, an N-(p-chlorobenzoyl) derivative
of desmethyl imipramine, had reduced anticholinergic activity in healthy
subjects67 and lower cardiotoxicity in animals.®8 Double-blind trials in
depression failed to reveal any other advantages over imipramine or other
TCA. 69,70 Amoxapine had antidepressant and neuroleptic effects in animals,
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but clinical trials showed little difference between it and imipramine and
anticholinergic effects were common.’/l Amitriptyline-N-oxide differed
from amitriptyline in animals only by its decreased peripheral anticho-
linergic activity and better gastric tolerance.’2 Clinical trials showed
antidepressant activity together with anxiolytic, sedative and anticho-
linergic properties. Rapid and quantitative absorption of the N-oxide

in humans was followed by hydroxylation at the 10-position, without any
substantial conversion to the parent TCA, as was observed with imipramine-
N-oxide.’3

Side-effects of TCA were compared in double~blind trials in healthy
subjects. Marked inhibitory effects on salivary flow declined from ami-
triptyline through doxepin, imipramine, nortriptyline to desipramine,
paralleling subjective reports of anticholinergic side-effects and reported
affinities for muscarinic receptors.’4 Similar rankings for sedation and
decrements in psychometric performance were obtained in another study;

BW 247 and protriptyline were inactive.’5 BW 247 (15) is a ring-opened
TCA with few anticholinergic effects and a profile of mixed NA and 5-HT
uptake inhibition. It is structurally related to several potential anti-
depressants, including AHR 1118 (16). Both 15 and 16 are effective anti-
depressants in man;6 16 showed fewer side- effects than imipramine in a

O\CQ a0 3

15

CH-CH2 ~NHCH3 16 17

Ll N—cyHy N(CH3) 2

double-blind trial in depression but was somewhat less effective.’6 Com-
pound 17 was the most potent inhibitor of NA and 5-HT uptake in a series

of diphenylcycloalkanes, and it also showed some inhibition of DA uptake.
In animals, 17 caused central stimulation like that of methylphenidate
rather than amphetamine, and it may release DA from granular stores.

DL 262 (18) inhibited NA and 5-HT uptake in vitro and in vivo, and had an
amitriptyline-like profile in pharmacology.78 The imidazole analog MCPL
(19) is the lead compound of a series which blocks NA but not 5-HT uptake
in rat brain, does not affect MAO, and possesses weak sedative but not
anticholinergic properties. MCPI was too toxic to give to man, but analogs
with better tolerance are available.’? The maprotiline analog C49802-B-Ba
(20) inhibited NA uptake in rat brain and heart in vivo without affecting
the uptake of 5-HT.57 The new tetracyclic derivative incazane (21) was
about half as potent as imipramine in pharmacological tests, with lower
toxicity and little anticholinergic activity.80 It has a slow onset of
action clinically, like TCA, and combines antidepressant effects with stim-
ulant properties.

The selective inhibition of NA uptake by viloxazine, in the absence
of effects on DA or 5-HT uptake, resided in the trans-S-isomer, paralleling
the reserpine reversal effects.8l The anorectic drug mazindol was also a
potent inhibitor of NA uptake,82 like its structural relative ciclazindol
(22).83 In a double-blind trial, 22 was as effective as amitriptyline in
ameliorating endogenous depression. Ciclazindol, which lacked significant
anticholinergic or cardiotoxic effects, produced fewer side-effects than
amitriptyline. Diverse structures included befuraline (DIV 154, 23) an
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imipramine-like drug of low cardiotoxicity,84 and EGY-475 (24) which was
more potent behaviorally than imipramine and lacked cardiotoxicity and
anticholinergic effects.85 Bupropion (25) does not affect uptake or
release of biogenic amines and does not block MA0.86 Previous reports of
a rapid antidepressant action for 25 were not confirmed in a multicenter
double-blind trial in depression, but it was superior to placebo in the
absence of marked side-effects.87

SN 90
Y S
| N= ,
CHy—N M )\NHCOCH3 CH2-CHOH-CH~NHCH 4
/
18

CH30_. j/
] ) [ g
L\ ~~CHj3

21 22

19 20

/M
R-CO-N IN-CHy—Ph

N

23, R
4, R

= 2-benzofuranyl
2-pyridyl

N

Antidepressants and DA - Antidepressants acting principally on DA systems
include nomifensin (2a) and the antiparkinson drug piribedil (26). Piri-
bedil produced moderate antidepressant effects when given in doses of 120-
240 mg daily, accompanied by increased REM latency and decreased REM
sleep.88 In drug-resistant depressives, 26 produced a rapid, transient and
sometimes pronounced antidepressant effect but also a consistent syndrome
of anger and hostility.89 1In the rat brain, tandamine (27), a proven anti-
depressant in previous studies,2l was more potent in inhibiting NA uptake
than DA uptake and had virtually no effect on uptake of 5-HT.90 The bicy-
clooctane derivative LR 5182 (28) blocked DA uptake in rat brain synapto-
somes and also affected NA uptake at 20-fold higher concentrations.?0 This
high potency and selectivity was lost in vivo, but the potent effects of 28
on DA and NA uptake suggest a possible antidepressant action.

Q-CO-—(llH—CH3 o—<7_:>_ ity - —§D Q .
Cl NH-C(CH3) 3 T

25 2 CZH5 %grgfz)zu(ca?’)z
T
H g ~c1 z s __Cl
@H CHN(CH3) 9 X qcazcouﬂz OO‘(CHZ)z'NH'<]
28 29 30

MAOI - There was renewed interest in MAOI since their combination with TCA
may be the only alternative to the use of ECT for drug-resistant patients.9l
ECT was superior to combined phenelzine and amitriptyline in severe depres-
sion,92 but phenelzine alone was as effective as amitriptyline in depressed
outpatients.93 Caroxazone, an effective antidepressant drug (29, probably
acts through reversible inhibition of the two known forms of MAO (A and B)
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Lilly 51641 (30) was a selectlve and long-lasting inhibitor of MAO-A in rat
brain and other tissues,9% Compound 31 was the most active of a series of
phenethylamines which had selective inhibitory effects on rat brain MAO-A
and antidepressant activity in animals.95 Anti-tetrabenazine activity was
correlated with inhibition of mouse brain MAO for a series of imidazoles,
and potential antidepressant activity was greatest with 22,95 The oxa-
zolidone toloxatone (33) acted as a specific and reversible MAO-A inhibitor
in rats, was clinically effective in depression, and may act per se and
through its hydroxylated metabolites.97
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Amino Acids - Rapid catabolism by liver tryptophan pyrrolase may be the
reason for the equivocal effects of tryptophan in depression, and addition
of an inhibitor of this enzyme, allopurincl, to a daily regimen of trypto-
phan did produce marked and safe benefit in 8 patients with endogenous
depression.98 DL-Phenylalanine produced a complete or good response in
12/20 depressed patients whereas 4 patients did not respond; depressed
mood, retardation and agitation were preferentially affected.%9

Beta-Agonists - The efficacy of beta-adrenergic agonists was confirmed.100
Most beta-agonists show a TCA-like profile in some animal models of depres-
sion and open studies in depressed patients given intravenous salbutamol

for 10 days demonstrated a rapid antidepressant effect. 100 No anticholin-
ergic effects or orthostatic hypotension were observed, but tachycardia

was dose-limiting and extrapyramidal signs were common. A controlled trial
in 20 severely depressed patients showed a more rapid and effective response
to salbutamol 6 mg daily than to chlorimipramine 150 mg daily, both given
intravenously.,l0l There are no reports of the effects of other beta-ag-
onists in depressiom.

Peptides - Brain peptides and their analogs may offer the prospect of a
rapidly acting antidepressant.l02,103 Beta-endorphin, an opiate-like
fragment of the much longer pituitary peptide beta-lipotropin, showed anti-
depressant effects in pilot trials following intravenous injection.l104 The
biphasic pattern of response to melanocyte-stimulating-hormone releasing
factor I (MIF-I), H—Pro—Leu—Gly—NH2,21 was confirmed in a double-blind
trial. Lower doses of MIF-I were more effective than either placebo or
higher doses, acting within a few days of starting treatment orally.105
Other orally effective analogs are available.2l After initial promising
results, most studies with thyrotrophin-releasing hormone (TRH), pGlu-His-
Pro-NHp, have demonstrated minimal antidepressant effects following single
or multiple doses given orally or intravenously.l102,106 Some patients with
unipolar or bipolar depression or manic-depressive illness show a reduced
secretion of thyroid-stimulating hormone (TSH) in response to TRH challenge,
and respond to ECT but rarely to drugs.106s107 TRH has been suggested as a
useful diagnostic and prognostic tool.107

New Screening Methods ~ New animal models for depression included the
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bulbectomized rat. Bilateral olfactory bulbectomy results in a syndrome of
deficient learning, hyperreactivity and elevated plasma ll-hydroxycortico-
steroids, all of which were blocked by pretreatment with TCA and non-TCA,
including mianserin and nomifensin, but not by other classes of psycho-
tropic agents.108,109 The activity of Org 6582 (13), a selective inhibitor
of the uptake of 5-HT, was also demonstrated in this model. The model
appears to depend upon 5-HT systems in the brain, since an identical syn-
drome was produced by intrabulbar injection of the 5-HT neurotoxin, 5,6-
dihydroxytryptamine, but not by the DA neurotoxin, 6-hydroxydopamine.ll10

The behavioral despair model forces rats or mice to swim in a narrow
cylinder of water from which they cannot escape and they ultimately adopt
a characteristic posture of immobility.lll Immobility was reduced by MAOI,
TCA and by new drugs like mianserin and nomifensin, as well as by ECT, REM
sleep deprivation and an enriched environment. Anxiolytics did not affect
immobility, neuroleptics enhanced it, and psychostimulants reduced it but
at doses also causing motor stimulation.

Another new model utilized the dose-related hypothermia produced in
mice by subcutaneous clonidine.ll2 cChronic, but not acute pretreatment
with TCA, non-TCA or MAOI, antagonized the response, as did alpha-adrener-
gic blockers, but not beta-blockers, CNS stimulants, anxiolytics, anti-
cholinergics, analgesics, or selective inhibitors of 5~HT uptake. Chronic
imipramine treatment blocked clonidine hypothermia and antagonized cloni-
dine-induced slowing of NA turnover in rat brain, but it did not alter
other pharmacological effects of clonidine. A common underlying mechanism
of antidepressants may be to alter alpha-adrenoreceptor sensitivity possibly
by a presynaptic mechanism.112

Reserpine-induced ptosis in the rabbit was proposed as a 5-HT depen-~
dent test for antidepressant activity.ll3 Stronger antagonism to ptosis
was shown by TCA containing a tertiary amino than a secondary amino moiety,
and ptosis was also blocked by selective 5-HT uptake inhibitors, 5-HTP and
5-HT-1ike drugs, including the new antidepressant LM 5008 (14). MAOI were
also effective., Anxiolytics and neuroleptics did not reverse ptosis, nor
did TCA acting principally on NA mechanisms. Nevertheless, doubts continue
to be cast upon the relevance of models based upon reserpine-like drugs to
the therapeutic action of antidepressants. Thus, reversal of tetrabenazine
effects, also a reserpine-like drug, appeared to produce a pattern of
stereotyped behavior quite distinct from the behavior of normal control
animals, 114
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Chapter 2. Antipsychotic Agents and Dopamine Agonists

John McDermed
Wellcome Research Laboratories
Research Triangle Park, N.C. 27709
and Richard J. Miller
Department of Physiological and Pharmacological Sciences
University of Chicago, Chicago, Illinois 60637

The term schizophrenia, far from implying a homogeneous syndrome,
embraces clinical manifestations ranging from catatonic withdrawal to
florid paranoia, whose etiologies are unknown and may not be identi-
cal.1’2 There are no laboratory criteria for diagnosis of the disorder,
and the subjective criteria are sometimes controversial.® Thus it may
not be surprising that agreement between diagnosticians has been gener-
ally less than 60%% and that wide variations in course and outcome are
seen. Such uncertainties have encumbered the search for characteristic
neurochemical lesions. Moreover, investigators must anticipate that the
complexity of the brain's interneural connections will make the crucial
distinction between primary causative lesions and secondary reactive ones
very difficult. Thus reports of biochemical abnormalities in schizophrenia
span a confusing spectrum from prostaglandin deficiency®’® to errors in
neurotransmitter metabolism.?’® Nevertheless, it is encouraging that
neuroleptic (antipsychotic) drugs are clearly effective in symptomatic
treatment of schizophrenia.®’!® Among investigators in this field, the
working hypothesis which currently enjoys the widest popularity is the
dopamine (DA) hypothesis of schizophrenia: since virtually all known
antipsychotic drugs block DA activity and since no other common denominator
has yet been found, excess central dopaminergic activity may be present
in the disorder!1’12 Therefore, this review begins with recent discoveries
about DA receptors.

Dopamine Receptors. Since the identification of DA receptors at the bio-
chemical* level, using both adenylate cyclase and radioligand binding systems,
it has become clear that a heterogeneity of DA receptors exists. One
distinction which can be made is between DA ligand binding sites which

are, or are not, linked to adenylate cyclase.!3’20 This point can be well
illustrated by characteristics of receptors in the striatum and nigrostriatal
pathway. Kainic acid injection into the striatum destroys striatal neurons
on which postsynaptic DA receptors are located while sparing axons which

pass through this region and terminals which end within it.'? Such treat-
ment produces a decrease of about 40% in 3H-neuroleptic binding while
destroying virtually all of the DA-sensitive adenylate cyclase activity.“‘16
This shows that about 60% of the binding sites are not cyclase-linked.

Most of the remaining antagonist binding sites are lost following ablation

of the cerebral cortex, indicating that they are located on axons and
terminals of the cortico-striatal projections.!5’17 1In addition, it has

now been shown in vitro that agonist binding to sites linked to adenylate
cyclase is modulated by guanyl nucleotides!3’!® whereas binding of antag-
onists is not. However, after removing the portion of striatal binding

sites sensitive to kainic acid lesion, the sensitivity of the remaining

sites to guanyl nucleotide modulation is completely lost.20 This implies
that the receptors removed by kainic acid are linked to adenylate cyclase,
whereas those remaining (on axons and terminals) are not.
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Kebabian and Calne have lately organized the available evidence
into a coherent argument for classification of DA receptors as D-1 or

D-2, according to whether or not they are linked to adenylate cyclase.l?
Various criteria for this classification are listed in Table 1.
Table 1. DA receptor classification criteria (adapted from ref. 13)
Receptor type D-1 (cyclase-linked) D-2 (not cyclase-linked)
Prototypical example Bovine parathyroid Pituitary mammotroph
Effects of: DA Agonist (MM range) Agonist (nM range)
APO partial agonist Agonist (nM)

or antagonist
Ergots Potent antagonist (nM) Agonist (nM)
or weak agonist (uM)
Selective antagonist None known as yet Sulpiride
Selective 3H-ligand cis-Flupenthixol Dihydroergocriptine

The bovine parathyroid gland is a tissue with a relatively homogeneous
population of D-1 (cyclase-linked) receptors. In this tissue DA stimu-
lates the accumulation of c¢-AMP, and this event is followed by release
of parathyroid hormone from the gland.?! Apomorphine (APQ) acts as a
pure antagonist in this system. 1t may be recalled that in the striatum
APO in the pM range acts as an agonist in stimulation of adenylate
cyclase and behaves as an antagonist at higher concentrations.?2 It
appears that haloperidol and the other classical neuroleptics block both
types of DA receptors.

Prolactin secretion from the anterior pituitary is modulated via DA
receptors located on the mammotrophs.23’24 Much evidence implies that
these DA receptors are not linked to adenylate cyclase2%’25 and hence
are D-2 receptors, although one recent study using high concentrations
of agonists has reported DA-sensitive adenylate cyclase activity in that
tissue.?® Pharmacological specificity of the pituitary DA response
clearly distinguishes it from systems linked to adenylate cyclase. Twc
main classes of drugs permit this distinction. The benzamide antipsychot-
ic sulpiride is among the most potent drugs in producing an increase in
prolactin secretion, indicating that it is a potent antagonist of the
pituitary DA receptor.2% However, it is quite ineffective in blocking
DA-sensitive adenylate cyclase in the striatum.2? Such disparate results
are also seen with certain ergot alkaloids such as bromocriptine. This
compound is nearly inactive in stimulating adenylate cyclaseZ8'29 put is
a very potent inhibitor of the release of prolactin, indicating that it
is a potent DA agonist on the pituitary D-2 receptors.?23

Binding data supplied by Seeman and his colleagues have indicated
that in the striatum low concentrations of APO bind primarily to pre-
synaptic receptors while low concentrations of neuroleptics (e.g., halo-
peridol) bind preferentially to postsynaptic receptors.39 ThEE_injection
of 6-0OH-DA into the substantia nigra, which destroys presynaptic nerve
terminals but spares postsynaptic neurons, decreases the binding of 3H-APO
and increases the binding of 3H-haloperidol.3® However, it must be noted
here that Creese and Snyder have reported that a similar lesion produces
increases in both 3H-APO and 3H-spiroperidol binding.2® The technical
differences underlying this discrepancy are not yet known. The increased
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binding of antagonists is due to increased numbers of DA receptors and

is a model for the postsynaptic dopaminergic supersensitivity that

occurs in Parkinson's disease.3! 1In the past year such drug- or disease-
induced supersensitivity has been studied by many authors.32735 Tyo
papers refer to the effects of lithium, a well known treatment for manic-
depressive illness, in such models. Rats treated with haloperidol and
lithium salts together did not develop the supersentivity which resulted
from haloperidol treatment alone.3® Lithium treatment also blocked the
development of presynaptic supersensitivity, as detected by electro-
physiological measurements.37

Earlier, Lee and Seeman reported some preliminary data showing in-
creased numbers of DA receptors in the post-mortem brains of schizophrenic
patients.3® This important observation supported the possibility that
such receptor supersensitivity underlies the etiology of schizophrenia.
Those authors have now reported an expanded study showing that SH-APO
binding (presynaptic) was normal in schizophrenic brains whereas 3H-
haloperidol binding (postsynaptic) was significantly elevated in the
caudate and putamen.3® The trend was the same in the nucleus accumbens,
but in that case the sample size was very small. Owen, et al., have
also reported significantly increased levels of 2H-spiroperidol binding
in all three of these nuclei in post-mortem schizophrenic brains, includ-
ing those from seven patients who had not been medicated for at least a
year before death.49 However, Mackay, et al., detected no abnormality
in the 3H-spiroperidol binding in samples of nucleus accumbens from the
brain of 26 schizophrenics.?! Because of the probable importance of
limbic areas such as the nucleus accumbens in schizophrenia,?? the
question of whether or not increased receptor levels are somehow respons-
ible for the pathogenesis of this disease must still remain an open
question.

Antipsychotic Drugs. It is a corollary of the DA hypothesis of schizo-
phrenia that pharmacological screening methods for antipsychotics are
usually designed to discover DA blocking agents. Neuroleptics typically
increase DA turnover, elevate prolactin levels, compete with DA receptor
ligands for membrane binding sites, induce catalepsy and block condi-
tioned avoidance responding (CAR) in trained animals. It is widely
believed that extrapyramidal side effects (EPSE) are low in antipsychotic
drugs with central anticholinergic properties%3’%% and that sedative and
hypotensive side effects may result from a-adrenergic blockade.*? Newer
behavioral models purport to discriminate between drugs with high liability
to EPSE and those with low liability. Thus Ljungberg and Ungerstedt

have shown, in an APO-induced stereotypy model (rats), that classical
neuroleptics (high EPSE) predominantly antagonize the compulsive gnawing
while non-cataleptic neuroleptics (low EPSE) block primarily the hyper-
motility.%45 Prediction of EPSE has also been suggested in an APO-induced
mouse climbing model.%® A phenylethylamine-induced stereotypy model for
schizophrenia®? acquires additional significance from reports that in-
creased levels of this amine occur in some psychotic states, %849

A survey of potential new neuroleptics reported during the year shows
that the large majority are variations on well-known drug classes. A
Hoechst-Roussel group has reported a group of 9 new butyrophenones, of
which 1 is the most interesting.5® It is orally effective in blocking
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CAR in mounkeys (0.5 x chlorpromazine) but has little effect on APO- or
amphetamine-induced behaviors, a combination which was expected to
predict effectiveness with freedom from EPSE. A group of 29 butyrophen-
ones generally related to benperidol (2a) has been reported®!, of which
2b is the most promising. It is very effective orally (10 x haloperidol)
at blocking drug-induced stereotypies with less propensity to induce
catalepsy. Halopemide (2¢)®2 is a benzamide which is otherwise closely
related to the butyrophenone 2a. It is a potent inhibitor of APO-induced
emesis®3 and increases prolactin secretion in cultured pituitary mammo-
trophs.®* A preliminary clinical report indicates that it produces low
EPSE.52 A large series of papers®5 on bromperidol (3a), which is closely
related to haloperidol(3b), document the clinical efficacy,®® behavioral

a. X=CHp, Y=H, Z=0
b. X=CHp, Y=H, Z=S
c. X=NH, Y=Cl, Z=0

and biochemical pharmacology,®? neuroendocrine effects,>® and pharmaco-
kinetics®®’60 of this drug. Cloroperone (AHR 6134; 4a) is the chloro
analog of lenperone (4b). A summary of the pharmacology and preliminary
anti-schizophrenic activity of 4a has appeared.®! Clopimozide (5a), the
chloro derivative of pimozide (Sb), appears to be clinically effective
and long-acting without excessive side effects.

F
Os N OH © @ 2
N N NH
3 X X @ 5
X
a. X=Br F a. X=C1l
b. X=C1l b. X=H

Patients may occasionally manifest symptoms of both depression and
schizophrenia.®3 Some recent compounds are active against models of
both syndromes and might thus obviate problems of multi-drug interactions.
An SK&F group has reported a thorough comparison of the pharmacology of
fluotracen (SKF 28175; 6) to that of standard antipsychotics and antide-
pressants and has found it to possess both types of activity.®? Interest-
ingly, removal of the 10-methyl group greatly enhances the neuroleptic
effects and abolishes the antidepressant effects, while addition of a
second 10-methyl group removes both types of activity. Amoxapine (7),
which was previously known as a clinically effective antidepressant, , 8%
has now been shown by a Lederle group to have significant neuroleptic
activity in a number of animal models. 66 Finally, the antidepressant tre-
benzomine (CI 686; 8)87 is reported to exhibit clinical antipsychotic
efficacy similar to that of chlorpromazine. 68 Tts mode of action does
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not appear to be dopaminergic, as it does not increase DA turnover,

stimulate prolactin secretion, or compete for neuroleptic binding sites.®8

Ha, sCH2 @ Opc: CH
3
H" Y(CH,)5N(CH3), Q__\
6 7 —NH 8

Several papers have now appeared from Ayerst groups detailing the
effects of modifications to the structure of the clinically effective®®
neuroleptic butaclamol (9a). Because transposition of chlorine groups
can eliminate cataleptic side effects from other tricyclic neuroleptics
(e.g., octoclothepin®doclothepin), a series of chloro derivatives of the
butaclamol analog 9b was made.’® However, this produced onlg compounds
which were inactive or retained butaclamol-like activity.?9’71 They
also made a series of 15 analogs (9c) in which the t-butyl group was
replaced by aryl groups.’? This produced a variable pattern of in vivo
neuroleptic activities, but generally enhanced the adrenolytic liabilities.
By making a series of modifications on ring E, they concluded that
the t-butgl but not the hydroxyl group is required for neuroleptic
activity.’® They also found that ring A of 9a can be moved from the
6,7-position to the 5,6-position without reduction of activity.’? Based
on geometrical analysis of these compounds, they devised a 3-dimensional
model of the receptor binding site which includes a primary nitrogen
binding site, a naphthalene-sized primary aromatic binding site, and an
accessory binding site for the t-butyl
group.’3°7% A Janssen group has also
attempted to use the rigid structure
of 9b to infer pharmacologically rel~
evant conformations of more flexible
neuroleptics.?5 Seeman, et al., have
noted that the stereospecificity of
binding to striatal sites is higher
for the enantiomers of 9a than for
any of 7 other resolved neuroleptic
pairs, probably reflecting in part
its rigid structure.?®

More data have accumulated on the interesting benzamide group of an-~
tipsychotics, of which sulpiride is the best known. It has now been
shown in studies of behavior,?? vasodilation,’® and binding!? that neuro-
leptic activity resides primarily in the (-)-S enantiomer, whose absolute
configuration was determined by chiral synthesis.!? Costall, et al.,
compared a group of benzamides to a group of conventional neuroleptics for
their abilities to differentially antagonize some behavioral models which
are believed to have different cerebral substrates, i.e., mesolimbic vs.
striatal DA systems.’® Some benzamides have also been studied for their
ability to antagonize DA~induced renal vasodilation, in which model the
order of potencies is not the same as that seen in the CNS.2% Jenner,
et 31.,81 have concluded that for a group of 5 benzamide drugs there is
little correllation between their clinical characteristics and their activ-
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ities in behavioral and hiochemical mecdels of DA antagonism.

Several discussions of the relation of opioid peptides to psychosis
have appeared.8278% Such studies raise the possibility that novel anti-
psychotic drugs could be based on the structure of endogenous peptides.®®
DeWied, et al., have reported that a peptide corresponding to sequence
62-77 of B-lipotropin (i.e., des-tyrl-y-endorphin) exhibits neuroleptic
activity in behavioral models.®® Limited antipsychotic activity of this
peptide has now been reported in humans (i.m. injection).®7 However, it
has also been reported that this peptide does not compete with SH-neuro-
leptics for binding sites in any brain areas.8% A year ago there was a
provocative report by Palmour and Ervin that the CSF of schizophrenics
contains a previously unknown peptide and that this molecule can be re-
moved by hemodialysis.8® This would provide a simple explanation for
the controversial observations that schizophrenic symptoms are alleviated
by hemodialysis,go’91 but no further data concerning the existence of
this endogenous psychotogen have yet appeared.

Dopamine Agonists. During the past year a number of new modifications of
the structure of DA were reported. It is notable that the effects of
structure on activity in a series of compounds 10 in the CNS do not
parallel those in the periphery. Compound 10a was the most potent in
inhibiting the cardioaccelerator nerve in the cat, while only 10b showed
any central emetic activity (0.07 x AP0).°2 Compound 10b is of interest
as a DA agonist in the renal vascular bed because, although it is much
weaker than DA (20 x), it exhibits no a-adrenergic activity.®3 1In a
larger series of compounds 10, all were found to be much weaker agonists
than APO in animals with unilateral cerebral lesions.®4 Compound 10c was
selected for more detailed behavioral and metabolic study as a potential
anti-parkinson drug.®® Wikstrom, et gl.,gs have made the very interesting
observation that the phenol 10d, although only 0.1x as potent as APO in
decreasing DOPA accumulation in rat brain, is actually 10x more potent
than the corresponding catechol 10b in the same model. They saw the

same rank order in stimulation of motor activity. It has been reported
that aromatic fluorination does not substantially alter the activity of
DA at vascular receptors.®’ There are two reports in which the conforma-
tion of the ethylamine side chain of DA was constrained by incorporation
into cyclopropane®® or cyclobutane®® rings, but the best compounds were
much weaker than DA.

Y
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10 1 12
a. X=0H, R=R'=Me a. X=8-NHp, Y=Z=H a. R=H
b. X=0H, R=R'=Pr b. X=8-NH,, Y=OH, z=H b. R=CHj
c. X=OH, R=Pr, R'=Bu c. X=8-NHp, Y=Z=OH
d. X=H, R=R'=Pr d. X=7-0CH3y, Y=Z=Cl



18 Sect. I - CNS Agents Humber, Ed.

Nomifensin (lla) is an antidepressant which produces significant
DA-mimetic motor effects in animal models.'®® It has now been shown
that the catechol analog llc is a potent agonist (0.25-0.50 x DA) on the
adenylate cyclase from both striatum and nucleus accumbens, whereas 1la
and 11b are inactive.!®! Another group has shown that llc is potent in
1nduc1n§ stereotyped behavior upon injection into the nucleus accum-
bens. Because this effect was blocked by o-methyltyrosine pretreatment,
a presynaptic mode of action was inferred. The related compound 11d has
shown limited clinical efficacy in the treatment of Parkinson's disease.103

SK&F groups have reported that 12a (SKF 38393) is a new dopaminergic
agent with a very unusual profile of activity. In the dog (i.v.) it
specifically dilates the renal vascu]ar bed without increasing cardiac
output or arterial blood pressure,!04 apparently by a direct agonist
effect on vascular DA receptors. In the CNS 12a is a particularly potent
partial agonist in the striatal adenylate cyclase preparation and is an
agonist in rats with unilateral lesions in the substantia nigra.10%
However, it fails to produce stereotypy in normal rats, is not emetic,
and does not affect prolactin levels or DA turnover.l?® The unusual
profile of 12a may be partially explained by considering it an agonist
selective for D-1 receptors within the classification scheme discussed
above. If so, it may become an importanl pharmacological tool. Interest-
1ngly, the dimethyl ether 12b has clinical utility as an anti-aggressive
drug.!

e s Many new data have appeared about the
X dopaminergic properties of 2-amino-
7 NR tetralins. Eighteen of these were

3 2 evaluated for inhibition of 3H-haloper-
idol binding and stimulation of
striatal adenylate cyclase, and these
data were compared with in vivo
behavioral data.l97 It was noted in
particular that 13a is far more potent (150 x DA) than any other known

DA agonist in displacing the antagonist 3H-haloperidol. It is

also a potent agonist (1 x DA) in stimulating adenylate cyclase!®? and

has been extensively studied in vivo as an agonist in behavioral

models. 108110 yoyever, the best known compound in this series is 13b,
also known as ADIN.'11°112 This compound is particularly useful for
defining the agonist-specific component of ligand binding in DA receptor
studies,!'3 and when tritiated is a useful ligand in its own right. 1142115
Horn, et al., reported that the 0,0'-dibenzoyl ester of 13b is an effective
pro- drug with CNS activity because it penetrates the blood brain barrier,
whereas the free catechol does not.11® A Burroughs Wellcome group has

now resolved 13b and has determined the absolute configurations of the
enantiomers of 13b and 13c by degradation.'!? Studies of binding, 117
inhibition of prolactin secretion,!18 stimulation of adenylate cyclase,119
and renal vasodilation’® all confirm that the more active enantiomer is
(+)-2R—l§§. This corresponds to an absolute configuration which is
opposite to those of the more active enantiomers of 13c and APO. This
observation was used to form a hypothesis about the mode of binding of
such agonists to DA receptors, in which the required configuration at

the chiral center is controlled by the particular location of a hydroxyl
group "meta" to the aminoethyl fragment.!!? This proposal may account

13 a. X=5,6-(0H)y, R=Pr
b. X=6,7-(0H),, R=H
c. X=5-0H, R=Pr
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for the inactivities of iso-APO and a related structurel2? which was
recently reported.

Ergots. The ergot alkaleoids have generally complex pharmacological pro-
files,2871219122 pyt some with DA agonist properties are therapeutically
useful. The best studied of these are lergotrile (l4a) and bromocriptine
(CB 154; 15a),29°122-124 ypjch are effective in treatment of Parkinson's
disease.1Z57126 Bromocriptine is used to treat excessive secretion of
prolactin (e.g., galactorrhea) and growth hormone (acromegaly).!27 It

is also an effective antihypertensive agent,!2%12% though its locus of
action is unclear.

a‘\‘\d' d\\‘\d’
N-CHs [ NCHs
N2 Me
N N
H a. 2-Cl, (8)-CHCN H a. 2-Br, (B)-peptide
14 b. (a)-NHSOpN(CH3) 9 15 b. (B)—CHZ*S@

N\
c. (a)-CHZCN c. (3)-CH2—N\_/N—©— OCH3

The dopaminergic activities of some newer ergolines (14) and ergolenes
(15) have been studied. Compound 14b (CH 29-717) is potent (10 x 15a)
in suppression of hyperprolactinemia in rats.!3® In behavioral and
biochemical models l4c (CM 29-712) is generally bromocriptine-like in
its DA agonist effects.131°132 The ergolene 15b (CF 25-397) induces
contralateral turning in rats with nigral 6-OH-DA lesions,!32 but exhibits
few other central DA agonist effects.2821213131 Ap extensive study of
15c (MPME; PTR 17402) shows that in rat brain it is a DA agonist which
is selective for subcortical limbic structures.133
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Chapter 3. Anti-Anxiety Agents, Anticonvulsants,
and Sedative-Hypnotics

Joel G. Berger and Louis C. lorio :
Schering-Plough Research Division, Bloomfield, N. J. 07003

Benzodiazepines and Related Compounds

The nature of the benzodiazepine receptor has been characterized
further by the demonstration that a single class of binding sites exists
in rat brain for a structurally diverse series_of benzodiazepines.1 The
population size, as measured by the number of 3H—diazepam (3H—D la)
binding sites, was decreased by chronic treatment with flurazepam (1j).2
Binding of 34-D and 3H-flunitrazepam (1b) to theilr receptors was shown
to occur in vivo as well as in vitro-3 Regions of the rat brain contain-
ing the highest number of 3H-D binding gsites were the cerebral cortex,
hippocampus, and cerebellum.” On a cellular level, studies on bovine
cortical preparations indicate that the benzodiazepine receptor is local-
ized largely on the astroglial plasma membrane. However, studies with
"nervous" mutant mice suggest that in this species the receptors also
reside on cerebellar Purkinje cells.® Ontogenetic studies indicate that
benzodiazepine receptors are already present in rat brain at birth, and
reach maximal concentration one week later.

Several recent studies indicate that some interaction may exist be-
tween the benzodiazepine and GABA rece tors.**8 It has been found that
GABA2>10 or the GABA-agonist muscimoll cause an increase in the affinity
of 3H-D for its binding site which is markedly dependent on the presence
of NaCl »10 yhile the GABA~-antagonist bicuculline decreased affinity.
Inosine and hypoxanthine have been identified as endogenous ligands for
34-p binding sites in bovine brain,!! as has a heat-stable protein of
M.W.>15,000 isolated from rat brain.!? The latter was found to inhibit
GABA binding, and hence the benzodiazepines may enhance the effects of
GABA by displacing this endogenous ligand from its receptor. Recent work
in this area has been comprehensively reviewed.!

The finding that physostigmine is a highly potent antidote in acute
diazepam intoxication!" raises the possibility that benzodiazepine ac-
tivity may also involve cholinergic systems.

Studies on the pharmacokinetics of flunitrazepam (lb) in man,15
clonazepam (lh) in rhesus monkeys,16 and triazolam (9a) in dogs 17 have
appeared. The metabolism of bromazepam (1li) in rodents has been stud-~
ied, and the major metabolic pathway is cleavage of the benzodiazepine
ring at the N -C and N -C bonds with subsequent reduction and hydroxy-
lation of the resulting pr;mary metabolite 2-(2-amino-5-bromobenzoyl)
pyridine. 18

The subject of benzodiazepine dependence has been exhaustively re-
viewed, 19 and the risk factor appears to be low.

A correlation between blockade of pentylenetetrazole (leptazole)-

Copyright © 1979 by Academic Press, Inc.
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induced convulsions in mice and rate constants for the NaBH, reduction
of 11 different l,4-benzodiazepinones has been demonstrated, sug-
gesting a possible involvement of the carbonyl group at the receptor
site, 20

Anxiolytic Agents - The animal pharmacology, metabolism, clinical pharma-
cokinetics, and clinical applications of lorazepam (Wy-4036 lg) in vari-
ous anxiety states has been reviewed.?l! Halazepam (Sch 12041, 1le) in
controlled clinical studies has been shown to be an effective anxiolytic
agent at 40-600 mg/day with relatively minor side effects.?? In a dou-
ble-blind trial vs. chlordiazepoxide, clazepam (ld) at 30 mg daily was
only moderately effective in decreasing anxiet:y._i_51 ID-540 (le) was

shown to increase peak latency of the photopalpebral reflex in man, a
test which may constitute a useful method for assessing potential anxio-
lytic activity in the clinic. 2" Pinazepam (1f) appeared to have a
greater anxlolytic effect in rats than diazepam.2 In two double-blind
clinical trials, clobazam (2a) at 20-30 mg daily was found half as potent
as diazepam in the relief of anxiety. Its neuropharmacological profile
in animals has been established,27 and its effects on psychomotor per-
formance in man have been studied.?® The structurally related ORF-8063
(2b) at 66.5 mg daily was judged to be an effective antianxiety agent
with energizing properties in an uncontrolled st:udy.29 Controlled
studies in normal subjects showed clotiazepine (BAYg 5633, 3) at 10 mg to
be an effective anxiolytic.
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In double-blind placebo controlled studies, ketazolam (4) at about
8 mg appeared to be of significant benefit in relieving anxiety and was
well-tolerated.3! The 2,3-benzodiazepine, tofisopam (5), was claimed to
exert anxiolytic effects in man without muscle-relaxant or sedative ef-
fects.
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Although the pyrrolobenzodiazepine 6 was active in several animal
tests indicative of anxiolytic activity, it was considerably less active
than diazepam in preliminary tests in man. Metabolism studies suggested
inactivation via hydroxylation at the 3 and lla-positions. Attempts to
increase potency and duration of action by blocking these positions with
alkyl groups gave much less active compounds.

The thienodiazepine Y-7131 (AHR-3219, 7a) was found to have potent
anti-anxiety, anti-convulsant, muscle-relaxant, and sedative properties
in several animal species.3l+ Pharmacodynamics§5 and effects of this
compound on biogenic amine metabolism3 have been described. Syntheses
and SAR have also been described.

Imidazobenzodiazepine §g38 and the related pyrrolobenzodiazepine
§§39 were the best members of their respective series, having taming and
sedative/muscle relaxant properties similar to diazepam in rodents.

Sedative Hynotics - Sleep laboratory studies with benzodiazepines have de-
fined the phenomenon of "rebound insomnia” which occurs on abrupt with-
drawal of drug. This phenomenon seems to be associated only with the
short-acting triazolam (9a), flunitrazepam (lb) and nitrazepam {(1k) but
not with the longer acting flurazepam (l1j) or diazepam (la).
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Triazolam {9a)(0.125-1.0 mg) was an effective sleep-inducer in
controlled studies in iusomniac:s;,‘*l’“2 presurgical patients,“3 and
geriatrics.“” At equieffective hypnotic doses in man, triazolam
(0.5 mg) caused less performance deficits than flurazepam (30 mg) when
tested the following morning. An open, multi-center study indicated
that temazepam (11) at 10-30 mg was an effective, well-tolerated hyp-
notic. However, sleep laboratory studies with insomniacs indicated
no effect on sleep induction or maintenance.”

Oxazepam (lm) at 15-30 mg was judged a useful hypnotic in control-
led studies in normal subjects 8 and in geriatrics-l‘9 Flunitrazepam (1lb)
at 2 mg was an effective hypnotic with few side-effects in psychiatric in-
patients.50 Controlled clinical studies indicate that fosazepam (ln) at
60 mg is an effective sedative-anxiolytic.s1 Midazolam (10) appears to
be useful as an i.v. induction agent in anaesthesia. °? WE 941 (7b) at
0.1-0.5 mg was sedative-tranquilizing in normal volunteers.

The oxazolobenzodiazepine CS-430 (l1) showed sedative~anxiolytic ef-
fects in animal studies.>* A study on tissue distribution of nitrazepam
(1k) in rats has appeared.55

Anticonvulsants — Clobazam (2a) blocked convulsive seizures in mice and
baboons. °>® The 7-bromobenzodiazepine lo was the best of a series in
protection against PTZ and maximal electroshock (MES)-induced convulsiouns

in mice. 37
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The triazole 12 derived from the corresponding triazolobenzodiaze-
pine by fission of the Cj-Ng5 bond was typical of a series of such com-
pounds in antagonizing convulsions due to thiosemicarbazide, PTZ, or MES
in mice, but not in rats. °8 The 4-hydroxylated metabolites of triazolam
9b and alprazolam Sc possess a low order of anticonvulsant activity in
contrast to the hydroxylated metabolites of diazepam.59

Non-Benzodiazepines

Anxiolytic Agents - The use of anxiolytics in clinical practice has been
reviewed. 50 Several clinical strategies designed to distinguish anxio-
lytics from neurole tics,61 and to differentiate true anxiolysis from
sedative properties30,62 have been described. The use of animal models
for the identification,63 delineation of mechanism,su and clinical prog-
nosis®5 of anxiolytic drugs has been described.
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Fenobam (McN-3377, 13), which had a pharmacological profile in ani-
mals indicative of anxlolysis, showed EEG effects in man more typical of
psychostimulants.66 0f the related pyrrolidinylureas, l4a was the most
interesting potential anxiolytic 1in evaluations in rodents.t7

AHR-6134 (15a) at 1-8 mg,68 lenperone (15b) at 6-40 mg,69 brofoxine
(16) at 60-150 mg,’0 and nabilone (17) at 0.5-5 mg daily’! doses were
effective anxiolytics. Sch 12679 (18) at 75-225 mg daily was effective
after 2-4 weeks of administration in the treatment of anxiety neurosis.
Centazolone (Q)73 was found to have potent tranquillosedative, hypno-
tic, muscle relaxant and anticonvulsant properties in animals. In nor-
mal subjects, the drug lacked undesirable side effects in single doses
(40 mg) and was sedating at 20 mg.75 The endocrine-inactive L-norgestrel
(20) showed an EEG pattern typical of sedat:ive-anxiolytics.76
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Sedative-Hypnotics - The sedative-antihistamine trimeperazine (21) at 20
mg was_Inferior to nitrazepam (5 mg) as a sleep inducer in a double-blind
study.77 Clinical trials indicate that zopiclone (RP-27,267, 22) is
useful as a hypnotic and is as active as nitrazepam. The compound was
active in a variety of animal tests with a profile similar to the benzo—
diazepines-7B The pyrazole 23, triazole 24a and imidazole gﬁg all
potentiated hexobarbital-induced sleep time.
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Anticonvulsant Agents - Compounds reported to block PTZ and/or MES-induced
convulsions in mice include the benzenesulfonamide derivatives 25, 81

26,82 27,83 and 28;8% pyranothiophenes and the related pyranothienopyri-
midines, the best of which were 29 5 and 30; oxadiazoles, the best of
which were 31 87 and 32 , semicarbazide 3§§ and thiosemicarbazide §i9°'

phenothiazine 35;91 quinazolone 3692; novel structures 37,93, 38,9% 39,95

40, and 41 7j_énd the non-nitrogen containing compounds 42, |98, 43 gg—and
44

Xilobam (McN 3113, 14b) was described as a centrally acting muscle
relaxant without anxiolytic or sedative properties.l0!
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Chapter 4. Analgetics, Endorphins and the Opioid Receptor

R. J. Kobylecki and B. A. Morgan, Reckitt & Colman Limited,
Pharmaceutical Division, Hull, U.K.

Introduction - The increased intensity of research stimulated by the dis-
covery and characterization of the endorphins has been maintained through-
out 1978. Significant advances in knowledge of the biosynthesis and neuro-
physiology of endorphins have been made and the first reports of clinical
studies have appeared. In the non-peptide field, exciting discoveries on
approaches to novel narcotic antagonists have been reported. The proceed-
ings of several symposial‘4 have been published, as well as reviews>5-8 on
research related to processes involving opioid receptors.

Endorphins

Biosynthesis - The biosynthesis of endorphins has been the subject of in-
tensive investigation. Pulse-chase methodology has been used to show that
in rats pars intermedia,9 and mouse pituitary tumor cell line AtT20/D-16v,10
radio-labelled amino acids are incorporated into an ACTH/endorphin precursor
(31K precursor). This molecule then degrades to an endorphin-containing
molecule and an ACTH-containing molecule; both B-endorphin and f-lipotropin
(B-LPH) were identified in the endorphin series. Similar processes have
been characterized in mouse anterior pituitary,11 rat pituitary,12 and
human non-pituitary tumors.13 No trace of Leuo-B-endorphin was detected
during these studies.12,14 Studies in rhesus monkeys have shown that the
breakdown of the 'stem hormone' (31K precursor) can change with age, giving
rise to different relative amounts of metabolites.l3 The finding that
there is a striking increase of B-endorphin in neonate (12 hrs postpartum)
monkey pituitary, possibly rendering the fetus insensitive to the assault
of parturition, may prove to have great physiological importance. The in-~
duction of a withdrawal-like phenomenon in fetal guinea-pig ileum upon
naloxone challenge also points to a physiological role for endorphins in
pregnancy.l6 Experimental evidence to support the hypothesis that the
primary biosynthetic route to MetJ-enkephalin is R~LPH to B-endorphin and
eventually to Met3-enkephalin is still awaited. Recent evidence supports
the existence of two separate opioid receptor systems in brain; using a
combination of anatomical, biochemical and immunological methods, several
groups have differentiated enkephalin neuronal systems from R-LPH/B-endor-
phin/ACTH positive systems.l7,18

Metabolism - It has been shown that aminopeptidase-induced enkephalin deg-
radation proceeds at the same rate whether or not the peptide is bound to
its receptors.l The degradation rate, however, is a linear function of
substrate concentration regardless of the degree of receptor occupancy.
It is suggested that these results indicate that enkephalin binding to
opioid receptors is coupled to subsequent degradation. The presence has
been reported of a high-affinity peptidase in a particulate fraction of
mouse striatum which cleaves Leu5—enkephalin to yield the N-terminal tri-
peptide (Tyr-Gly-Gly).20 The selective increase in the activity of this
peptidase in mouse striatum after chronic morphine treatment suggests that
it might be associated with enkephalinergic transmission. Cleavage of the
Gly3—Phe4 bond of the enkephalins has also been demonstrated on incubation
Copyright © 1979 by Academic Press, Inc.
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with kidney peptidyl dipeptidase (angiotensin converting enzyme).21 The
specific inhibitor SQ 14225 blocked this process. The metabolism of
D-Ala2, MetJ-enkephalinamide has been investigated in the mouse.22 Anal-
gesic activity (tail flick) correlated with brain concentration following
i.v. administration of the pentapeptide. It has been shown that D-
phenylalanine (250 mg/kg, i.p.) gives rise to significant naloxone-
reversible antinociception (mouse hot plate test). It is suggested that
this effect is due to the inhibition of endogenous enkephalin or endorphin
metabolism. 23

Pharmacology of Endorphins - The potencies of enkephalin analogs in inhib-
iting neurotransmission in the cat nictitating membrane, 24,25 and the rab-
bit ear artery,24 have been investigated. The rank order of potency of
most analogs on the cat nictitating membrane corresponded with that ob-
tained on the guinea-pig ileum, while results with the rabbit ear artery
gave a rank order similar to that obtained on the mouse vas deferens. It
has been reported that the histamine-H; antagonist cimetidine at high con-
centrations can antagonize the actions of opiates such as LeuS-enkephalin
and morphine on the guinea-pig ileum.26 An approach to studying the func-
tional role of enkephalin in the nervous system using tissue cultures of
mouse spinal cord neurone has been reported.27 The results obtained sug-
gest that Leud-enkephalin is capable of acting as a neurotransmitter,
neurohormone or neuromodulator.

The effects of endorphins on a wide range of pharmacological and
physiological processes have been investigated. The finding that endor-
phins induce a range of cardiovascular effects after central administration
suggests their involvement in central control of cardiovascular function.?28
The reversal of endotoxin-induced hypotension by naloxone implies that en-
dorphins may have a role in the physiology of shock.29 The detection of
large amounts of enkephalin in the gut has initiated studies of their ef-
fects on gastro-intestinal processes.30 Both Met5—enkephalin and morphine
have been shown to increase histamine-induced gastric secretion and gastric
mucosal blood flow,3l and to inhibit induced pancreatic bicarbonate secre-
tion in dogs.32 The reversal of these effects by naloxone suggests a
mechanism involving opioid receptors. It has been found that morphine and
B-endorphin exert similar effects on the endocrine pancreas.33 These re-
sults indicate the presence of opioid receptors on the islets of Langerhans.
The observation that naloxone selectively abolishes over—eating in geneti-
cally obese mice and rats, and of elevated B-endorphin concentrations in the
pituitaries of these strains, suggests a relationship between B-endorphin
and obesity. Whether this effect is centrally mediated or is a consequence
of interaction with gastrointestinal opioid receptors is unclear.34 Various
aspects of the endocrinology of the endorphins have been investigated. A
variety of enkephalin analogs have been shown to stimulate prolactin,35‘37
and growth hormine, 35 secretion in vivo. The function of enkephalin in the
transmission of nociceptive stimuli has received much attention. The strik-
ing similarity between the anatomical distributions of opioid receptor
sites, enkephalin and substance P in brain stem and spinal cord, as well as
the naloxone-reversible inhibition of substance P release from rat spinal
trigeminal nucleus by a variety of opiloid agonists, has led to the hypothe-
sis that enkephalin acts as a presynaptic neuromodulator on substance P
terminals.38 This hypothesis is supported by the report that the spontaneous
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firing frequency of nociceptive neurones in cat nucleus caudalis was ex-
cited by substance P and decreased by Met5—enkephalin, and that the ef-
fects of enkephalin were in most cases blocked by naloxone.39 Similar ef-
fects have been observed in cat spinal dorsal horn.%40 As a corollary to
this hypothesis, substance P should possess analgesic properties. Recent
work has shown that substance P could have a dual action on nociception;41
at low doses substance P (1.25-5 ng/mouse, intracerebroventricularly
(i.c.v.)) causes naloxone-reversible antinociception, whereas at higher
doses (>50 ng/mouse i.c.v.) this effect is lost. However, at these higher
doses substance P produced hyperalgesia when combined with naloxone (this
effect being greater than in the naloxone control). These rather complex
actions may be explained by substance P releasing endorphins at low doses,
and, at higher doses, directly exciting neuronal activity in nociceptive
pathways. Injection of substance P into the periaqueductal gray matter of
rats produces naloxone-reversible analgesia.42 The hypothesis that acu-
puncture produces analgesia through the release of endorphins has received
much attention. This view has been supported by the demonstration that
CXBK mice that are deficient in opioid receptors show poor electroacupunc-
ture analgesia%43 and by the suppresion of naloxone-precipitated withdrawal
symptoms in morphine-dependent mice by electroacupuncture.44 It has been
reported that rats trained to discriminate morphine from saline will respond
to D-AlaZ-enkephalinamide similarly as to an internal cue of morphine.45

Studies in Man - Many reports have appeared on the actions of endorphins in
man. The enkephalin analog FK 33-824 (1) has been used in two studies. In
a single blind volunteer study, 1 (0.1-1.2 mg, i.m.) was found to be free

of effects on respiratory rate and blood pressure but gave rise to a feeling
of muscular 'heaviness', and in 50-60% of the subjects, 'anaphylactoid' and
gastrointestinal symptoms were reported. Dose-dependent stimulatory effects
on the secretion of prolactin and growth hormone were also observed; the
effect on prolactin apparently was not abolished by pretreatment with nalor-
phine. Classical morphine symptoms such as changes in emotional behavior

or nausea were not observed.46 The hormonal and metabolic responses to 1
were measured in a double-blind trial.#7 Again the analog had a pronounced
endocrine effect, raising prolactin and growth hormone levels and lowering
LH, FSH and ACTH levels. Low doses of naloxone partially blocked these
effects. The metabolic effects evoked by 1 were similar to those reported
for morphine.

Since the discovery of the endorphins, there has been much speculation
concerning their significance in psychiatric disorders.#8,49 1If increased
levels of endorphins are related to abnormal behavior, then it is conceiva-
ble that this behavior might be effected by narcotic antagonists. Naloxone
was without effect on mood in normal human volunteers.30 However, recent
results suggest that it may attenuate symptoms in a subpopulation of pa-
tients with bipolar depression.?l The results of a double-blind cross-over
study suggest that naloxone is effective in reducing auditory hallucinations
in 'some' schizophrenic patients.l103 Preliminary studies with (des-Tyrl)-
§-endorphin (B-lipotropin 62-67) in schizophrenic patients have indicated
that this material has neuroleptic activity.sz’53 Various aspects of the
role of endorphins in human pain perception have been investigated. Both
endorphin-like54 and enkephalin—like55 material have been shown to increase
in the cerebrospinal fluild of patients undergoing electrical stimulation
procedures for the relief of intractable pain. Although naloxone was
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without effect on perception of experimentally produced pain, enhancement

of clinical pain perception by naloxone in patients responding to 'placebo
analgesia' suggests that this effect is produced by the action of endor-
phins.56’57 However, the interpretation of these data has been criticized.>8

H-Tyr-D-Ala-Gly-Me Phe-Met (0)-o0l 1
H-Tyr-D-Ala-Gly-Phe N-MeMet-NHy; 2
B-Arg-Tyr-Gly-Gly-Phe-Met—-OH 3

Endorphin Analogs - D—Alaz, N—MeMetS—enkephalinamide (2) has been found to
be a potent parenteral analgesic.39 It was 238 times as potent as normor-
phine in the mouse vas deferens assay, and four times as potent as morphine
in the mouse hot plate assay (jump response) after subcutaneous administra-
tion. It is claimed that 2 has relatively little respiratory depressant
properties or tendency to cause tolerance or physical dependence. A series
of Met5-enkephalin analogs extended at the amino terminus with amino acid
residues corresponding to B-LPH have been described, 60 Using the guinea-
pig ileum~myenteric plexus assay, potency was found to decrease dramati-
cally on further extension of the B-LPH 60-65 sequence 3.

The Opioid Receptor

Conformation Studies of Enkephalins - Investigation of the conformation of
the enkephalins and comparisons with non-peptide opiates has continued. In
a review of earlier work, it was noted that several groups have assigned
incorrect absolute configurations to morphine and enkephalin.b6l An X-ray
crystallographic study of Leud-enkephalin has indicated that the peptide
adopts a B-bend conformation with hydrogen bonds between the tyrosine
nitrogen and the carbonyl oxygen of phenylalanine, and, between the phenyl-
alanine nitrogen and the carbonyl oxygen of tyrosine.62 Good correlation
between the structural features of Metd-enkephalin and a wide variety of
non-peptide opioid drugs is obtained when the peptide is assigned a B-II'
conformation,.63 Empirical and quantum mechanical methods have been used to
identify low-energy conformations of Met5-enkephalin and its D-ala2 analog
which may be related to rigid opioids.64

Receptor Models - Conformational analyses of several non-peptide opioid
agonists and antagonists offers supportive evidence for the assumption that
the essential difference between them arise from subtle conformational
changes in the piperidine ring, leading to different interactioms with the
amine binding site.65 Quantum-mechanical calculations of six oxymorphone
derivatives showed that a multiplicity of low energy conformations exists
for various N~substituted derivatives, possibly explaining essential dif-
ferences between agonists and antagonists.66 Experimental observation of
changing agonist/antagonist ratios in some N-alkyl morphines goes some way
towards supporting these studies.67 X-ray examination of seven-membered
C-ring homologs 4a-4c, and an N-positional isomer 4d, showed that the lone
electron pair on the nitrogen of 4b and 4c projects away from, and that of
4a and 4d projects toward the benzene ring;65 As these four compounds have
potencies between those of morphine and codeine, it must be concluded that
N-lone pair orientation does not necessarily account for all structurally
induced variations of pharmacological properties.
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Opioid Receptor Multiplicity - The investigation of the concept of multiple
opioid receptors has received further attention. Structure-activity
studies with enkephalin analogs have provided support for the hypothesis
that analgesia is mediated by the p-receptor.69 It has been found that
analgesia without EEG change is observed after injection of Met5—enkephalin
into caudal midbrain periaqueductal gray matter, and that seizures and
other EEG changes, without analgesia, are seen following injections into
the dorsomedial thalamus. It is suggested that seizures are mediated by
§-receptors in the dorsomedial thalamus and analgesia by u-receptors in

the periaqueductal gray matter.’0 The finding that D-Ala2 Leud-enkepha-
linamide binding sites are more numerous than those of dihydromorphine
binding sites supports the hypothesis of multiple opioid receptors.’l

Analgetics

Novel Antagonist Effects - There have been a number of very interesting
developments in this area. A further study has been reported on antagonist
activity in the 4-(3-hydroxyphenyl)-3-methylpiperidine series of structure
§,72 Classical antagonist pharmacophores did not increase antagonist ac-
tivity. Thus, 5, R=CHp-c-C3H5, (AD5p 0.72 mg/kg s.c.) is a less potent
antagonist than 5, R=CH3, (AD50 0.24 mg/kg s.c.) (rat tail heat against
morphine), but slightly more potent in the Straub tail test. Both diaster-
eoisomers of the propiophenone analog 5, R=PhCOCH2CH) were antagonists, the
(+)-isomer being 206 times the potency of the (-)-isomer. The racemate was
without measurable narcotic agonist effect in the guinea-pig ileum, and
completely antagonized the effects of morphine at 10 ng/ml. Similarly,
3-B-methyl substitution in ketobemidone, gave a partial agonist of weak
antagonist character (ADsg 21 mg/kg (rat)). Antagonism has been detected
in a fentanyl analog similarly substituted at the 3 position.73 R 34995,
(-)-6, is a very potent agonist (ED5g 0.0006 mg/kg (rat tail flick)),
whereas the (+)-isomer, R 34994, is only a weak agonist (EDsg 2.2 mg/kg)
which shows significant but short acting (<5 min.) antagonism of fentanyl-
induced respiratory depression. R 34995, (-)-6, shows a long duration of
activity, apparently due to long lasting opioid receptor binding.74 Very
potent pure antagonists are also seen in a substituted metazocine series. />

HO

HO

CH NE

‘CHB
2
a, B! = 0H3,32 - H, RB-R4=-CH20H2N(CH3)- C(I’{HBOzc N CH,CH,Ph
b, R' = H,R? - &, rO-rA- -CHQN(CH3)0H2- ‘1}1-@
c, R = CHS,R2 = CHB,RB—R4 = -CHZN(CHB)CH[ coc,, 5
, R = CH3,R2=H, R3-R4 = -N(CH,)CH,~ 6
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a, R =C0 (CH,),CH
274773 1
b, R = CO (CH,).CH (CH,) | R = CH
272 34 3
¢, R=CO (CH2)2Ph
d, R =00 (CH2)-c-C?H9
e, R =/C\C(CH3)3’R = CH2-0-03H5

CH3 oy
(#)-Win 42156, 7a, is equipotent to naloxone as a phenazocine antagonist
(AD5g 0.008 mg/kg), the (-)-isomer being twice as potent. (-)-Win 42964,
7b, has a similar profile to buprenorphine but was slightly more potent
(0.088 vs 0.11 mg/kg) in the acetylcholine test (mouse), and slightly less
potent (0.026 vs 0.0043 mg/kg) in the bradykinin test (rat). (2)-Win 43632,
7c, and (#)-Win 4441, 7d, are potent pure antagonists, supported by their
binding behavior, their in vitro antagonism of ethylketocyclazocine, and
their inactivity in the bradykinin test. Resolution of the cyclazocine
analog, 7e, of buprenorphine showed that only the (-)-series had antagonist
activity, N-methyl analogs also had some antagonist character.’6 Tropanes,
8, were found to be narcotic antagonists devoid of demonstrable analgesic
activities.’7

Tolerance-Dependence ~ Antagonists such as naloxone?8 and naltrexone’9
inhibited the development of acute dependence to morphine. Adminstration
of morphine alone, or in combination with naloxone, in doses producing
differing degrees of antinociception, indicates that the physiological
stress leading to tolerance/dependence is proportional to the degree of
analgesia experienced and not to the amount of morphine present.’8 Studies
on the narcotic cue may lead to understanding of mechanisms of tolerance.80
It is shown that the response to narcotics in rats changes with age.81-82
Nociceptive stimulation (rat tail clip) 1s reported to prevent development
of tolerance to fentanyl (0.04 mg/kg) given twice daily over 4 consecutive
days.

Other Chemical Entities — Morphines-Morphinans - A study of the effect of
morphine on castor oil induced increase in intestinal transit shows that
the antidiarrheal action of morphine has both central and peripheral com-
ponents.84 (+)-Naloxone has been prepared,85 and in rat brain binding,
guinea-pig ileum, neuroblastoma-x-~glioma, and hybrid cell adenylate cyclase
assays, it had no more than 10-3 - 104 x the activity of (-)-naloxone, and
can therefore be used to test the stereospecificity of the effects of the
latter, Pellets composed of cholesterol, glyceryl stearate and naltrexone
implanted s.c. in rats were found to confer blockade of the analgesic ef-
fects of morphine for up to 2 months, offering an improved long-term de-
livery system for antagonists.86 A 6 B-N mustard analog of naltrexone, 9,
covalently binds to the opioid receptor, conferring narcotic antagonist
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activity, detectable up to 3 days, without agonist effects. 3-Methoxy-8-
oxamorphinans, 10, show pharmacological properties essentially similar to
9-OH benzomorphans. 83
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Benzomorphans - The activities of N-alkoxyalkylnormetazocines, 11 a-b,
show large variations,89 and the SAR suggests interactions of high stereo-
specificity for the receptor environment around the N-substituents. The
activity of NIH 8933, llc, is shown not to be due to an impurity or to
metabolic hydroxylation in vitro, indicating that an oxygen atom is not
essential for interaction of an agonist with the opioid receptor.90 In-
teresting previously-reported 3-benzazocines possessing nitro groups have
been shown to be long-acting antagonists, partially antagonizing up to
about 507 of the antinociceptive effect of ,20 mg/kg of morphine, for over
48 hrs.91

Substituted Piperidines - The pharmacokinetics of fentanyl have been de-
termined by using radioimmunoassay.92,93 Tn man, at effective analgetic
doses, the action of fentanyl may be sufficiently prolonged to cause a de-
layed respiratory depression, after apparent recovery from anesthesia.9%
Phenobarbitone has been shown to enhance the demethylation of meperidine,
to the toxic normeperidine, by enzyme induction.95 Some 2,3-dimethyl-3-
arylpiperidines, 12, with allyl, CHg-c-C3Hs5, and dimethylallyl N-substitu-
ents show a range of antagonist potencies. The B-2-methyl derivatives
showed antagonism of the effects (respiration, righting reflex, rigidity
and analgesia) of fentanyl (0.63 mg/kg, s.c.), with a potency similar to
that of nalorphine. Substitution of a para hydroxyl for the meta hydroxyl
led to a fall in antagonist activity. Isomers 12a and 12b acted in the
single dose suppression test as potent pure antagonists. Aromatic esters
of l-methyl-4-piperidinol have a wide range of activity in the range 0.2-1
x codeine (hot plate).97 One derivative, 13 (0.33 x codeine), is reported
to be free of morphine-like physical dependence liability in momnkeys.

Miscellaneous — Several 5-aryl-2-azabicyclo (3.2.1.) octanes, 14, are
partial agonists with potencies comparable to morphine, the phenethyl de-
rivatives being the most potent.98 Antagonist pharmacophores (CHy-c-C3Hs,
dimethylallyl) resulted in little increase in agonist or antagonist potency,
while the furylmethyl derivative was a good antagonist without much increase
in analgesic potency. The derivative, l4a, at 50 and 100 mg/kg/day, fails
to substitute for morphine in rats infused with morphine at 50, 100, 4 x

200 mg/kg/day.
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An aryloxazine derivative, 15, is reported to be more potent than
morphine in the hot plate and phenylquinone writhing tests, and about equi-
potent with morphine in blocking acetic acid writhing. It did not lead to
tolerance or dependence in rats.99 Two examples, 16a, and 16b, from a
series of 1,2,3,4,5,6-hexahydro-1,6-methano~3~benzazocines have shown
potencies greater than codeine in the hot plate test, while a third exam-
ple, 1l6c, was somewhat less potent.100 Antagonist pharmacophores (CH2-c-
C3H5,C3H7, allyl, dimethylallyl) did not give antagonists. It 1is reported
that 16a and 16b will neither support morphine dependence in single dose
suppression studies, nor precipitate withdrawal symptoms in morphine ad-
dicted non-withdrawn rhesus monkeys. Spiro (tetralin-2,2'-pyrrolidine)
and spiro (indan-2,2'-pyrrolidine) derivatives of structure 17 showed some
activity.10l The best derivatives, Rl=H, R2=H, Me, n=2, were less potent
than morphine. Some long-acting piperidinospiro derivatives of methadone
have potencies up to 212 x methadone and durations of action of up to 20.5
hours. 102

g /_O NR? 0/1?
]
14

12 16
a, B! <H,R? = PhOH,CH, CF; M RoE
s R =
b, R = CH3
¢, R = CHQCHzPh
R cH)MT B! - m, 0CH,, OF
a1 R2 = H, CH3
References
1o "Centrally Acting Peptides", J.Hughes, Ed., Macmillan Press , London, 1978,
26 "ihe Endorphins®, Advances in Biochemigal Psychopharmacology Vol,18, E.Costa and M.Trabucei,
Eds., Raven Press, New York, 1978,
3, "Characteristics and Function of Opioids", JM, van Ree and L.Terenius, Eds., Elsevier/North
Holland, 1978,
4, "Factors effecting the action of narcotics", M.W. Adler , L.Manara and R.Samanin, Eds.,

Raven Press , Mew York 1978,

5. SMH. Snyder, An.J,Psychiat,, 135 , 645 (1978).

ba L, Terenius, Ann.Rev. Pharmacol. Toxicol., 18, 189 (1978).

7. Drug Metab, Rev., 1, 255 {1978), -

8, R. Guillemin, Science, 202 , 390 (1978),

9. P, Crine, C, Gianoulakis, NG, Seidah , F. Gpssard, P.D. Pezalla,M.Lis,and M, Chretien,
Proc. Natl, Acade Sci. USA, 75 , 479 (1978),

10, R.EMains and B.AEipper, J.BTol, Chem,, 253, 651 (1978) «

1. R.G. Allen, E.Herbert, M HinnianH, Shibuya and C.8, Pert, Proc. Natl. Acad.SciJUSA., 15,4972 (1978) ¢

124 Me Rubinstein, S.Stein and S. Udentriend, Proc, Natl, Acad. Sci, USA, 75, 669 {1978)«

13, X.Ys Bertagne, W.E. Nicholson, G,D. Sorenson, 0,S. Pettergill, C.D. Mount and 0N, Orth,
Proc, Natl, Acad. Sci. USA, 75 , 5160 (1978),

1hy  N.G. Seidah, C.Gianculakis, P, Crine, M. Lis, S. Benjannet, R. Routhier and M.Chretien,
Proc. Natl, Acad. Sci. USA., 75, 3153 (1978).



Chap. 4 Analgetics, Endorphins Kobylecki, Morgan

15,

160
17.
18.

19,
20.
21-
22,
23,
2k,
25,
26,
21,
28,
29.
30,
31«

32,

33,
34,
35,
36,

3.

38,
39,
50.
L1.
k2,
43,
IJ‘.

L5,
46,
41,
48,

49,
50,
.
524
53,

5l
55,
5.
51,
58,
59,
60,
61,
624
63,
6o
65,
66a

R.E. Silman, D, Holland, T. Chard P.J. Lowry, J. Hope, J.S. Robinson, and G.D. Thorburn,
Nature, 276, 526 (1978).
W, Kramer and H, Teschemacher, Eur. J. Pharmacol., 49, 445 (1978),
SeJ, Watson, H. Akil, C.M, Richard Il and J.D, Barchas, Nature, 275, 226 (1978),
F598l20m78§. Battenberg, J. Rossier, N,Ling and R, Guillemin, Proc, Natl, Acad, SciUSA., 15,
1591 (1978}
M.Knight and W.A. Klee, J.Biol,Chem., 253 , 3843 (1978)s
B, Malfroy, J.P. Swerts, A. Guyon, B.F, Roques and J.C. Schwartz, Nature, 276, 523 (1978).
E.G. Erdos, A.R. Johnson and N,T. Boyden, Biochem, Pharmacol., 27 , 843 119753.

P.F. von Voigtlander and R.A. Lewis, Res. Commun, Chem. Pathol, Pharmacol., 20 , 265 (1978).
S. Ehrenpreis, J.E. Comaty and S.B. Miles in ref. 3, po 417,
AoZ, Ronai, 1, Berzetei, J.l, Szekely and S, Bajusz in ref. 3, page 493.
J. Knoll, B, Illes and K. Medzihradszky, J. Pharn, Pharmac., 30 , 3% (1978;.
|, Takayanagi, Y. Iwayama, and Y. Kasuya, J. Pharm, Pharmac., 30 , 519 (1978 ).
J.L. Barker, D,L, Gruol, LM, Huang, JH. Neale and T.G. Smith in ref. 3, p. 87.
P. Bolme, KFuxe, L,F, Agnati, R, Bradley and J. Smythies, Eur. J. Pharmacel. 48, 319 (1978),
J.M, Holaday and A.l, Faden, Nature, 275, 450 21 978§
S.Je Konturek, Scand., J. Gastroent., T3 , 257 (1978).
S.J. Konturek, W. Panlik K.M. Walus, T.H. Coy and A.V. Schally, Proc. Soc. Expt, BiolMed.,
158, 156 (1978),
5. Konturek, J. Tasler, M, Geszkowski, J. Jaworek, D,H. Coy and A.V. Schally,
Gastroenterology, 74 , 851 l1978).
E. Ipp, R. Dobbs and RMH, Unger, Nature, 276, 190 (1978).
D.k. Margules, B, Moisset, M.J, Lewis, i Shibuya and C.B. Pert, Science, 202, 988 (1978).
C.Je Shaar, R.C.A. Frederickson, N.B. Dininger and L, Jackson. Life Sciences, 21, 853 (1978).
HV, Meltzer, R.J. Miller, R.G, Fessler, M, Simonovic and V.S, Fang, Life Sciences, 22,
1931 (1978).
B.Brown, P.W. Dettmar, P.R. Dobson,A.G.Lynn,G.Metcalf and B.AMorgan, J. Pharm, Pharmac.,30,
6hk (1918),
T.M. Jessell and L.L. Iversen, Nature, 268, 549 (1977).
R.K. Anderson, JJP, Lund and E, Puil, Can. J. Physiol, Pharmacol., 56, 216 (1978).
J.L. Henry in ref, 3 pe 103.
R.C.A. Frederickson, V. Burgis, C,E. Harrell and J.D, Edwards , Science, 199, 1359 (1978).,
J.B. Malick and J.M, Goldstein, Life Sciences, 23, 835 (1978),
JM. Peets and B, Poneranz, Nalure, 273 , 675 (1978),
Y.M. Choy, W.K. Tso, K.P, Fong, K.C. Teung, Y.F. Tsang, C.Y. Lee, D. Tsang and H.L. Wen,
Bicchen, Biophys. Res. Commin., 82 , 305 ?1 978).
R.E.zgthk;g) J.M. Steward, D,H. Morris and T.J, Crowiey, Pharmacul. Biochem. and Behaviour,
9, 129 (1978).
B, von Graffenried, E. Del Pozo, J. Roubicek, E. Krebs, W. Poldinger, P. Burmeister
and L, Kerp, Nature, 272, 729 (1978).
W.A. Stubbs, A.Jones,'C:k.w. Edwards, G. Delitala, W.J. Jeffcoate, S.J. Ratter, G.M. Besser,
RoS. Bloom and K.GMM, Alberti, The Lancet, 1225 (1978).
LH. Lindstrom, E, Widerlov, LM, Gunne A, Wahlstrom and L. Terenius, Acta. Psychiat.
Scands, 57, 153 (1978).
L. Terenius in ref, 3 p, 143,
P, Grevert and A, Goldstein, Science, 199, 1093 (1978).
LA, Judd, D,S. Janowsky, D.S. Segal, T.R. Huey in ref, 3 p, 173,
JM. Van Ree, W.M.A, Verhoeven, HM. van Praag and D, De Wied, in ref, 3 p, 181.
W.M.A. Verhoeven, HM, van Praag, P.A. Botter, A. Sunier JM. van Ree and D.De Wied.
The Lancet, 1046 (1978),
Ho Akil, D.E, Richardson. J.D. Barchas, and C.H.Li.Proc, Natle Acad.Sci. USA, 75,5170 (1978).
H. Akil, D,E, Richardsun, J, Hughes and J,D, Barchas Science, 201, 463 (1978),
J.D. Levine, N.C. Gordon,R,T.Jones, and H.L, Fields, Nature, 272, 826 (1978),
J.D. tevine, N.C. Gordon, and H,L.Fields, The Lancet, 654 (1978).
A, Boldstein and P, Grevert, The Lancet, 1385 (1978),
R.C.A, Frederickson, E,L. Smithwick and R, Shuman in ref. 3 pe 215
N. Ling, S, Minick and R, Guillemin. , Biochem. Biophys.Res. Commun. 83, 656 (1978).
B.E. Maryanoff and M.J, Zelesko, J. Pharm. Sci. 67 , 590 (1978) .
6.0, Snith and JJF, Griffin, Science, 199, 1214 T1978),
FMHa Clarke, H. Jaggi and R.A. Lovell, J.Med. Chem., 24, 600 (1978).
G.H. Loew and S.K. Burt, Proc, Natl, Acad, Sci, USA, 75, 7 (1978).
VM. Kolb, J, Pharmaceutical Sci., 67 , 999 (1978). —
G.H. Loew and D.S. Berkowitz. JMed: Chen., 21, 101, (1978).

39



67,

68,
69.
70,

12,
13.
T,
.

76.
8.
19,
80,
82'
83,
85,

86.
87.

88,
8%
90.

92,
9.

%
%.
91,
984

100.
101,

103

Sect. I - CNS Agents Humber, Ed.

Jol. DeGraw, J.A. Lawson, JuL, Crase, H.L. Johnson, M, Etlis, E,T, Uyeno, G.H.Loew and
D.S. Berkotwitz, ibid., &1 , 45 (1978).
S. Shietani, T, Kometan1 “Y.litaka and A, [tai, ibid, gﬁ 153 (1978).
J.S, Shaw, M, Jo Turnbu[l AS, Dutta, JuJ. Gorm[ey, C. ﬁ ayward and G, J Stacey in refl.3. pe 189,
H, Frenk, B.CMcCarty and J.C. Liebeskind, Science, 200, 335 (1978).
M.6,C, Gillan, SJ Paterson and H.W, Kosterlitz in ref. 3 ps. 475.
DM, Z1mmennan . Nickander, J.S, Horng and D.T. WOng sNature, 275, 332 (1978).
J.E, Leysen, P. M Laduron and CoJoE. Neimegeers, in ref 3 p. 4 7§:
J.E. Leysen, and PM, Laduron , Arch. Int. Pharmacodyn,, 232, 243 (1978),
W.F. Michne, T.R. Lewis, S.J. Michalec, A.K. Pierson, M.GoC. Gillan, S.J. Patterson,
L.E. Robson and H.W. Kosterlltz in ref. 3, pe 197,
W.F. Michne, JMed, Chem,, 21 , 1322 (1978).
R.L, Clarke, A.J. Gambino, %K. Pierson and S,J, Daum, ibid., 21, 1235 (1978),
C.-L.Wong and G.A. Bentley, European J, Pharmacol., L7 TS5 (1978),
H.N, Bhargarva, ibids, 50, 193 (1978).,
F.C. Colpaert, "0 3L Niemegeers and PA. J. Janssen, Neuropharmac.logy, 17, 705 (1978).
L. Paul, J, Diaz and B, Bailey, ibids, 17, 655 (1978).
A. Auguy—VaLlette J. Cros , oh Gouarderes R. Gout and G. Pontonnier, Br.J. Pharmacol.,
63, 303 (1978).
F.C. Colpaert, C.J.E. Niemegeers and P.A.J. Janssen, European J, Pharmacol., 49, 335 (1978).
J.J. Stewart, N, Weisbrodt and T.F. Burks, J. Pharmacol., Expt. Ther., 20 “5u7 (1978).
le lijima, Jul, Minamikawa, A.E. Jacobson, A, Brossi, K.L. Rice, and H.A, Klee,
J. Med, Chems, 21 , 398 (1978).
A.L. Misra and R.B. Pontani, J. Pharm. Pharmacol., 30, 325 (1978).
P oS gggtzgg$g§ D.L. Larson, J.B. Jiang, A.E, Takemari and T «Po Caruso, JMed, Chenm.,
1
Y’ Lanbert, J.P. Davis, . Monkovic and A, Pircio, ibid,, 21, 423, (1978).
H. Merz and K. Stockhaus in ref. 3 p. 221,
h. Goldstein and A. Naidu , Biochem. Pharmacal, 1033 (1978).,
M.J. Strauss, R.R. Bard and D. S. Robinson, J.ﬂeﬂ' bhen., 21, 139 (1978),
GoJode Plomp, R.A.A, Maas, B. Kwakernaak and JM. van Ree, in ref 3, pe 231,
R. Schleimer, E. Benjam1n1 J. Eisele and G, Henderson, Cline Pharmacol. Ther.,23, 188 (1978),
AP, Adans and D.A. Pybus, Britded, J., 279, (1978),
J.E. Stambaugh, 1. Wainer ana |, Schwartz, J. Clin, Pathol., 487, (1978).
M.A. lorio and AJF. Casy, JMed. Chen., 21, 812 , (1978).
JoA, Waters, ibid., 21, 628 (1978),
HH.Ong, V, B Anderson and J.C. Wilder, ibid., 21 , 758 (1978).
J. Hache, W, Diamantis, D. Sofia and G. Stremhenberger Arzneim,.- Forsch, 28 , 642 (1978).
PH. Mazzoch1 and AM. Harrison, J.Med. Chem. 21 "(1978)
P.A. Crooks and H.E, Rosenberg, ibid., 21 , 55, (1978
J.M, Frincke, G.L. Henderson, P A, Janssen and C AM. Van der Eycken, ibid., 21 , 474 (1978).
SuJ. Watson, P.A, Berger, H. Ak1l M.J. Mills and J.0. Barchas, Science, 204, 73 (1978).



Annual Reports in Medicinal Chemistry—14 41

Chapter 5. Amino Acid Neurotransmitter Candidates

S.J. Enna, Departments of Pharmacology and of Neurobiology
and Anatomy, Univ. Texas Medical School, Houston, Tx 77025

Biochemical, electrophysiological and pharmacological studies indi-
cate that certain amino acids may serve as neurotransmitters or neuromo-
dulators in the mammalian central nervous system (CNS). In spite of the
impressive amount of research conducted on this subject, the application
of this knowledge to the treatment of CNS disorders has been limited due
to the paucity of chemical agents which will, after systemic administra-
tion, act in a specific fashion on these neurotransmitter systems. A
major reason for the delay in the development of effective therapeutic
agents is that, of the sixteen electrophysiologically active amino acids
present in the mammalian CNS, there are only two, Y-aminobutyric acid
(GABA) and glycine, for which potent antagonists are known. Without po-
tent, relatively specific antagonists it is virtually impossible to fully
characterize the structure-activity requirements of a neurotransmitter
system since specificity of action cannot be demonstrated. Thus, much
work remains with respect to the chemistry of these transmitter systems.

The present communication is intended as a brief overview of the
literature pertaining to amino acid transmitter candidates. Intereasted
readers are urged to consult any of a number of excellent reviews. =7

Neurotransmitter candidates may be classified as inhibitory or
excitatory, depending upon the electrophysiological response to the agent.
Inhibitory transmitters cause hyperpolarization or partial depolarization
of nerve cells, inhibiting cell firing, whereas excitatory transmitters
cause depolarization sufficient to generate an action potential. With
regard to amino acid transmitter candidates, twelve substances have been
identified in the mammalian central nervous system which, based on elec-
trophysiological data, may be inhibitory, and four which appear to be
excitatory3 (Table 1). However, before a substance can be seriously con-
sidered as a neurotransmitter candidate, several criteria, relating to
the transport, storage, release and termination of action must be ful-
filled. Of the agents listed in Table 1, five--taurine, glycine, GABA,
glutamic acid and aspartic acid--have been studied sufficiently to indi-
cate the likelihood of a neurotransmitter action. These five will be
considered in more detail in the following paragraphs.

Inhibitory Amino Acids

Inhibitory amino acids are sometimes subdivided into GABA-like and
glycine-like since, at present, the action of only these two amino acids
can be pharmacologically differentiated from one another. Thus, strych-
nine (17) antagonizes glycine but not GABA, and bicuculline (18) anta-
gonized GABA but not glycine. However, the action of a number of other
amino acids is blocked by strychnine or bicuculline, while the action of
some, on certain cells at least, is blocked by both agents. Accordingly,
bicuculline and strychnine are referred to as GABA and glycine antago-
nists, respectively, because these two amino acids are the most sensitive

Copyright © 1979 by Academic Press, Inc.
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TABLE 1

ELECTROPHYSIOLOGICALLY ACTIVE AMINO ACIDS PRESENT IN

MAMMALTAN CENTRAL NERVOUS SYSTEM

Amino Acid Structure Reference
Inhibitory
L-g-Alanine CH3’CH(NH2)-COOH 1 8
R-Alanine H2N- (CHp) 5+ COOH 2 9
Y-Aminobutyric Acid (GABA) HoN- (CHp)3-COOH 3 10,11
Y-Amino-B-hydroxybutyric Acid HyN*CHy-CH(OH) : CHy - COOH 4 12
L-Cystathionine HOOC'CH(NH2)'CH2'S'(CH2)2'CH(NH2)'COOH 5 13
2,4-Diaminobutyric Acid (DABA) HZN‘(CHZ)Z'CH(NHz)'COOH 6 14
Glycine HyN-CHy - COOH 7 10,15,16
Hypotaurine HZN'(CHZ)Z-SOZH 8 5
Imidazole-4-acetic Acid % 12,17
HOOC'CHz_ﬂ:_;ﬂ 9
Proline H 3
ﬁj COOH 10
L-Serine HO"CH,-CH(NH,) - COOH 11 8
Taurine HzN'(CH2)2-803H 12 18
Excitatory
L-Aspartic Acid HOOC* CH °CH(NH2)'COOH 13 19
L-Cysteic Acid HO35 - CH,, - CH(NH,) - COOH 14 19
L-Cysteine Sulphinic Acid H028'CH2'CH(NH2)'COOH 15 20
L-Glutamic Acid HOOC'(CHZ)Z'CH(NHz)‘COOH 16 19,21

*309g
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to the action of these alkaloids.

Taurine - A glycine-like, sulphur containing amino acid, taurine (12) is
found in reasonably high concentrations throughout the mammalian central

nervous system and in heart.“<: 3 1In brain, taurine is formed as a re-
sult of the decarboxylation of cysteine sulphinic acid (15) to hypotau-
rine (8), which in turn is oxidized to form taurine. Like other trans-

mitter candidates, taurine is accumulated and released by brain tissue
and the accumulation can be inhibited by ouabain. Clinically, signifi-
cant alterations in taurine levelg _may be associated with retin§613 pig~

mentosa, 7 epilepsy, mongolism, and possibly heart disease.
Reports have suggested that systemic_administration of taurine may be
efficacious in treating epilepsy.~"? Like glycine, the action of tau-

rine is inhibited by strychnine,8 though in other
brain areas, such as the cerebral cortex, its
actiop is blocked by both strychnine and bicucul-
line. Thus, unlike glycine and GABA, there is
no antagonist for taurine which will differen-

N tiate taurine receptors from other inhibitory
o” 0 amino acid receptor sites.
17 HZN-(CH2)3-SOBH HO3S-(CH2)2'CH(NH2)-COOH
19 20

In this regard, it is interesting to note
that another sulphur containing amino acid rela-
ted to taurine, 3-amino~l-propanesulfonic acid
(19), is a potent, and relatively specific, (bicu-
culline-sensitive, strychnine-insensitive) GABA
receptor agonist,3 ’ which further suggests a
lack of specificity for this class of compounds.
Other derivatives such as N-methyltaurine, N-car-
bamoyltaurine, 4-aminobutanesulfonic acid and the
taurine metabolite isethionic acid are very weak
— or ineffective g%egSagglied to cortical neurones

or spinal cord.”7*~7? The structure-activity
relationship of the taurine receptor is further complicated by the fact
that two other structurally related amino acids, L-cysteic acid (l4) and
DL-homocysteic acid (20), are potent excitatory agents. Thus, further
pharmacological studies to characterize the putative neurotransmitter
receptor site for taurine must await the discovery of compounds capable
of specifically inhibiting the action of this substance.

Glycine — The simplest amino acid, glycine (7) has a unique distribution
within the mammalian central nervous system, being highest in the medulla
and spinal cord.37 This finding, along with autoradiographic and elec-
trophysiological studies, have suggested that glycine may ser§e3§s a
neurotransmitter primarily in the spinal cord and brain stem.’ There
are three major pathways for glycine synthesis; glycine from glucose via
serine (11); glycine by way of a p285phorylated pathway; glycine by

way of a dephosphorylated pathway. Within the central nervous system
glycine does not appear to be catabolized as such, but rather the majority
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is incorporated into proteins and nucleotides. Glycine is accumulatz? 2¥
a high affinity transport system into spinal cord, pons and medulla, "**
and has bee23shown to be released from nervous tissue under appropriate
conditions. The majority of experimental evidence suggests that, in
the spinal cord, glycine is the predominating inhibitory neurotransmitter
at synapses on motor neurones, spinal intg neurones, in dorsal column
nuclei and medullary rg%icular formation. Also, glycine may serve as a
transmitter in retina. However, as yet, there is little evidence di-
rectly linking neurotransmitter glycine to any specific neurological or
psychiatric disorder, though a glycine abnormality may be associated with
spasticity.

Intracellular recording studies with gly-
cine indicate that it hyperpolaiizes neurones and
increases membrane conductance. A number of
compounds block the action of glycine, with

A strychnine being the most potent. Other glycine
0 antagonists include diaboline (21), thebaine (22),
gelsemine, dendrobine, brucine and 4-phenyl-4-
formyl—N—methylpiperidine.3 While these agents
- are useful for differentiating glycine from GABA
receptors, they will also antagonize the inhibi-
tion induced by other amino acids such as serine
(11), cystathionine (5), taurine ando and B-ala-
CH30 nine (2).
Studies have shown thgt, when incubated un-
der the proper conditions, “H-strychnine binds in
CHjy a selective fashion to spinal cord membranes and
this binding apg;ars to be associated with gly-
cine receptors. The potency of various amino
acids to inhibit “H-strychnine binding parallels
their electrophysiological potencies on strych-
nine sensitive receptors, with glycine and B-ala-
nine being the most potent. Also, binding studies
with strychnine have indicated that the receptor for the alkaloid may be
more related to the ion conductance mechanism of the glycine receptor
than to the receptor recognition site to which glycine attaches. If a
single ion channel can be activated by a number of different receptor
agonists acting at different recognition sites, this finding may explain
why strychnine is capable of reversing the action of a number of amino
acids. On the other hand, it is also possible that agents such as B-ala-
nine, proline (10) and taurine, while perhaps not neurotransmitters them-
selves, have some affinity for the glycine recognition site. The latter
explanation would seem most likely if the antagonism of glycine by
strychnine is a competitive phenomenon, as has been suggested by some
workers.

CH30

At present there are no specific glycine receptor agonists more
potent than glycine itself, and there are no agents which can specifically
alter the neuronal metabolism, uptake or release of this amino acid making
it difficult to selectively manipulate this system.
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GABA - Of all the amino acid neurotransmitter candidates, GABA (3) has
been the most comprehensively studied. Numerous reviews have been pub-
lished concerning the biochemical, physiological and pharmacoclogical
actions of Gﬁg%,58gg30f the most recent of which appeared in Volume 13 of
this series. ’ Thus GABA will be discussed only in terms of the
most recent findings.

Electrophysiological and biochemical studies have provided consider-
able evidence to suggest that GABA is an inhibitory neurotransmitter in
the mammalian central nervous system. 1In addition, studies have indicated
that alterations in GABAergic transmission may ungerlie the symptoms of
numerous neurological and psychiatric disorders.5 =57 Because of these
findings, and because the metabolic pathways for the synthesis and degra-
dation of GABA are well defined, numerous compounds have been synthesized
which can affect, quite selectively in some cases, GAEG_anthesis, degra-
dation, transport and postsynaptic receptor activity. Most of the
research in this area has been directed towards finding agents which will
enhance GABAergic transmission since agents which decrease GABA function,
such as the receptor blocker bicuculline, argoconvulsants. Other GABA
receptor blocking agents include picrotoxin, 66eg{amethylenedisulphote—
tramine”®? and some bicyclophosphate esters. ° In gddition, the GABA
receptor appears to be blocked by certain caprolactams, such as 4,6,6-
trimethyl-A3-caprolactam (23), and by the alkaloid shikimin (gﬁ).63

H C¢O With regard to direct acting GABA receptor
agonists, much work has been devoted over the past
few years to synthesizing and studying isoxazole
derivatives related to muscimol (25) and to cyclic
amino carboxylic acids, such as isoguvacine (26).
The reason for the interest in these structures is
that muscimol appears to be significantly morg5 66
potent than GABA as a GABA receptor agonist. ~?
As a result of these studies several new, rela-
tively potent and specific, GABA agonists have
been synthesized. However, while these compounds
have been invaluable in understanding the pharma-
cological specificity of the GABA system, there

is some question as to whether they will be useful
therapeutic agents, because of their low lipid
solubility and rapid metabolism after systemic

~ administration.

Recent experiments on the physicochemical
properties of the GABA receptor have revealed
25 that there is present on the nerve cell membrane
a triton-sensitive substance which interferes
with the attgghgsnt of GABA to its receptor recog-
nition site, "? Careful biochemical studies
C\O have suggested that this triton-sensitive sub-
// stance modifies the affinity of the GABA receptor
site in a non-competitive manner, suggesting that
this substance, or modulator, interacts with a
— membrane component to produce an allosteric change
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in the conformation of the receptor site.70 Further experiments indicate
that benzodiazepines, like triton, can remove this inhibitory substance,
with resultant enhanced attraction of the receptor for GABA. Thus, these
findings suggest the possibility that the mechanism of action of the
benzodiazepines may be to facilitate GABAergic transmission by removing
an endogenous modulator of GABA binding from the vicinity of the recogni-
tion site. These biochemical findings support earlier electrophysiolo-
gical_results indicating that benzodiazepines enhance GABAergic transmis-
sion.

Thus significant progress has been made with respect to the pharma-
cology of the GABA system. However, it should be pointed out that elec-
trophysiological and biochemical studies have shown that other endogenous
amino acids, such as Y-amino-f-hydroxybutyric acid (4), 2,4-diaminobuty-
ric acid (6) and imidazole- 4—acetic azld (9), can also interact with the
GABA receptor and transport sites! though they are less potent than
GABA. Clarification as to whether these substances, which are present in
only minute concentrations in the CNS, are neurotransmitters in their own
right must await the development of agents which will specifically anta-
gonize their actions.

Excitatory Amino Acids

Glutamic and Aspartic Acids - These two amino acids will be considered
together since they have a similar action and distribution in the central
nervous system and since there is as yet no antagonist which can totally
differentiate the action of these agents.

As opposed to the two other endogenous excitatory amino acid candi-
dates, cysteic acid and cysteine sulphinic acid (15), glutamate (16) agd
aspartate (13) are found in abundant quantities in the mammalian CNS. 76
Metabolically, aspartate and glutamate are related and their metabolism
is quite complex. Thus, there are undoubtedly several metabol