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the Ministry of Education, Culture, Sports, Science and Technology, 
Japan. 
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of this volume of scientific research articles for the advancement of 
knowledge on brain function and morphology. 

Akiyoshi Hosoyamada, M.D., Ph.D. 
President 
Showa University, Tokyo, Japan 
January 2009 



Preface 

The 5th Showa International Symposium was hosted by Showa 
University at the university's Kamijo Auditorium on September 2, 2008. 
This symposium titled Transmitters and Modulators in Health and 
Disease, brought together various areas of neurosciences under a number  
of research themes. Six prominent researchers invited from overseas and 
eight speakers from Showa University gave lectures, which were fol- 
lowed by lively and productive discussions. 

This volume includes a description of the effects of neuropeptides 
and biogenic amines on feeding, respiration, and other autonomic func- 
tions as well as behavior. It also considers the future use of b i t - imaging 
tools for clinical use with patients, especially children, with neurodegen- 
erative diseases. In the first chapter, we focus on the regulation of the 
blood-brain barrier function by several kinds of neuropeptides and pro- 
teins, receptors, and transporters, and in addition, on the regulatory 
mechanisms underlying feeding behavior and metabolism. The second 
chapter is concerned with the modulation of higher brain functions by 
neuropeptides and biogenic monoamines. Furthermore, the b i t - imaging 
methods, using new and powerful brain-imaging techniques, also reveal 
human brain functions, which are presented in detail. The neuronal infor- 
mation processed within the brain via the auditory system and various 
examples of sensory information can be studied in depth with this method. 
The third chapter deals with the nervous system and ischemic neuronal 
damage by brain ischemia, as well as with hippocampal neurogenesis in 
the adult mouse brain. The functional significance of pro-inflammatory 
cytokines, pituitary adenylate cyclase-activating polypeptide (PACAP), 
and free radicals are also included. The results of animal experiments as 
well as the results of research on human tissues and organs are described. 
Moreover, the topic of neuroregeneration in adults, associated with 
regenerative medicine, is also discussed. In addition to the above-men- 
tioned research presentations, eight poster announcements were made at 
the same event, generating good discussions. 

The effects of employing morphological or physiological techniques 
to study neuropeptides and neuromodulators influencing higher-order 
functions or the brain stem functions, particularly of the hypothalamus, 
were spelled out clearly at the symposium. There was also discussion of 
the potential for human brain function to be investigated and for special- 
ized medical treatment to be provided (as in the case of a vascular 
obstruction) by using such tools as brain navigation systems and fMRI 
to achieve normal higher brain function. 



VIII Preface 

It would not have been possible to host the symposium without the 
cooperation and assistance of Showa University, for which we express 
our sincere gratitude. 

Seiji Shioda, M.D., Ph.D., Professor of Anatomy 
Ikuo Homma, M.D., Ph.D., Professor of Physiology 
Nobumasa Kato, M.D., Ph.D., Professor of Psychiatry 
Showa University School of Medicine 
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Color Plates 

Kageyama et al. Fig. 2. 

Strategy for analysis of GALP function. 



Masaoka et al. Fig. 3 

Results of dipole analysis during odor stimulation and adaptation period. 



Inoue et al. Fig. 2 

Dipole estimation of ground averaged MRCP of all the subjects incorporate with 
MNI standard brain by left pinching movements and typical example of dipole 
localization estimated from MRCP of single subject incorporate with individual 
head model. Regions in brain are also shown and the * stands for subjects' numbers 
whose dipoles appeared in each regions. Dipoles greater than 98% were indicated 
pre 250 to post 50 ms in order of 50 ms. Modified from Neuroscience Letter 2008, 
Inoue et al. 
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Evolution of neuropeptide concepts illustrated by 
MIF-1 and MSH 

Weihong Pan, Abba J. Kastin 

Blood-Brain Barrier Group, Pennington Biomedical Research Center, Ba- 
ton Rouge, LA 70808, USA 
<e-mail> weihong.pan@pbrc.edu 

Summary. Melanocyte-stimulating hormone (MSH) release-inhibiting 
factor (MIF)-1 is a tripeptide mainly produced by the hypothalamus. Since 
its discovery in 1968, MIF-1 has invoked a rich body of literature elucidat- 
ing its biochemical properties, cellular actions, effects on animal behavior, 
and therapeutic potential in the human disorders Parkinson's disease and 
mental depression. The chemical synthesis of MIF-1 analogs and isolation 
of naturally occurring peptides with potent biological activities have 
yielded a family of Tyr-MIF-1 peptides. Among these, endomorphin-1 and 
endomorphin-2 show selective agonistic activity for the p-opiate receptor 
and therapeutic potential in pain and addiction. Overall, the structural- 
functional analyses of MIF-1 and other members in this peptide family 
during the past four decades clearly demonstrate the evolution of the con- 
cepts of peptides during our lifetime. This review will summarize some of 
the concepts, from their initial controversy to widely accepted facts nowa- 
days. 

Keywords: peptide, concepts, MIF-1, MSH, Parkinson's disease, mental 
depression, antiopiate 

Introduction 

Melanocyte-stimulating hormone (MSH) release-inhibiting factor (MIF-1, 
Pro-Leu-Gly-NH2,or PLG) was the first hypothalamic peptide shown to act 



on higher centers in the brain. It is effective in animal models of  mental 
depression and Parkinson's disease, as well as in some patients suffering 
from these disorders. Many of the pharmacological studies have been re- 
viewed recently (Pan and Kastin 2007b). In addition, a team of  neurolo- 
gists in Shanghai, China also performed a series of  brain distribution stud- 
ies of MIF-1. After intraperitoneal injection, 3H-MIF-1 was rapidly 
distributed to rat brain, with the highest concentration in the pituitary, fol- 
lowed by the striatum, hypothalamus, and midbrain (Cai et al. 1989). In 
rats with unilateral substantia nigra lesions induced by 6-OHDA, intraperi- 
toneal injection of MIF-1 (2 ng/kg) potentiated the effect of L-Dopa on 
apomorphine-induced mining. MIF-I also reduced endorphin levels in the 
caudate nucleus at a dose of  20 mg/kg (Pan et al. 1985). In patients, MIF-1 
reduced the side-effects and prolonged the efficacy of  Madopar (levodopa 
+ benserazide). The effect lasted 2 - 6 weeks after drug cessation (Pan 
1982;Xu et al. 1986;Wang et al. 1992). The significant potentiation of the 
effects of  Madopar by MIF-1 to reduce dyskinesia, rigidity, and tremor in 
these studies is consistent with what has been reported in other studies, 
particularly by Barbeau (1975). In his small-scale case study, "The im- 
provement obtained in almost all (5/6) cases was of  such magnitude that it 
far surpassed the clinical effect of  any of  the numerous antiparkinson drugs 
which we have tested in our laboratory over the past 15 years, including 
levodopa itself." 

The isolation of MIF-1 from brain tissue was accomplished almost 
four decades ago. Five thousand bovine hypothalamic tissue fragments 
were concentrated 11,000-fold, and underwent thin layer chromatography 
(Schally and Kastin 1966; Nair et al. 1971). Extracts of cerebral cortex 
were less active than those from the hypothalamus in inhibiting MSH re- 
lease. Recently, we applied a sensitive and specific triple quadrupole mass 
spectrometry system with Q Jet ion guide that clearly showed the presence 
of  MIF-1 in the hypothalamus as well as in the striatum and elsewhere in 
the mouse brain (Kheterpal et al., unpublished data}. Signaling studies and 
biochemical analyses of synaptosomal preparations further indicated re- 
gion- and cell-type specific regulation of  the action ofMIF-1 (Yu C, Khan 
R, et al., unpublished data). 

1. Hypothalamic peptides can act "up" as well as "down" 

The classical hypothalamic-pituitary-target organ axis involves the produc- 
tion of  a hypothalamic releasing or inhibiting hormone, its transport to the 
anterior pituitary via the hypophyseal portal circulation, the release of  pi- 



tuitary hormone to the circulating blood where it affects its target gland, 
and a negative feedback on the production of pituitary and hypothalamic 
hormones by the target gland hormone. This pathway, although important, 
appears to be somewhat limited. It was shown that the same hypothalamic 
hormone can act on other brain regions "higher up" than the hypothalamus. 
This was first shown with MIF-1 (Plotnikoff et al. 1971;Kastin et al. 
1978a). Many peptides can cross the blood-brain barrier (BBB) and reach 
brain regions other than the hypothalamus or circumventricular organs 
(CVOs). The anti-Parkinson's, anti-depression, and anti-opiate effects of  
peptides in the MIF-1 family showed that the effects of these peptides are 
not confined to the hypothalamus. These points will be further elaborated 
upon in the subsequent text. 

2. Peptides in the periphery can act on the brain 

It is difficult to believe that there was a time when the prevailing dogma 
insisted that peptides in the periphery could not have any effect whatsoever 
on the brain. This was not limited to those investigators who were sure that 
peptides couldn't cross the BBB, but extended to those who could not con- 
ceive of even indirect effects on the brain. It didn't help that some early 
studies using adrenocorticotropin (ACTH) or vasopressin failed to con- 
sider the secondary effects of these pituitary hormones (e.g., on adrenal 
steroid release and blood pressure) or the vehicle itself (Ley and Corsen 
1970). The first unconfounded studies used the pituitary hormone MSH 
(melanocortin) to show effects on behavior and electrophysiological (EEG) 
responses in rats as well as human beings (Kastin et al. 1968, 1971b, 1973, 
1975; Sandman et al. 1969, 1971, 1975, 1977). Many supporting studies 
came from the Utrecht group headed by DeWied (De Wied et al. 1974). 
We then dissected the effects on learning and memory to show that the 
process of attention was a key component (Sandman et al. 
1972,1974;Miller et al. 1974). Unfortunately, Organon chose to pursue an 
MSH analog whose efficacy was determined by the conditioned avoidance 
response, rather than testing the native MSH itself which has broader ef- 
fects. They failed to consider that different analogs of MSH can have dif- 
fering dose-related responses in different behavioral paradigms (Miller et 
al. 1977;Sandman et al. 1980). 



3. One peptide can exert more than one action 

Two articles in Nature (Kastin et al. 1965, 1971a) and one in Lancet 
(Kastin et al. 1968) were the first to use the term 'extra-pigmentary' to de- 
scribe the effects of MSH. Besides the behavioral and EEG effects in rats 
and human beings for both MSH and MIF-1, both these peptides can exert 
antiopiate effects, as discussed below. Moreover, luteinizing hormone- 
releasing hormone (LHRH) is now sometimes called gonadotropin- 
releasing hormone (GnRH) because of  its ability to release both LH and 
FSH (Schally et al. 1971, 1973). Whereas MIF-1 exerts antiopiate activity, 
addition of a single amino acid to this tripeptide yields peptides like Tyr- 
MIF-1 (Tyr-Pro-Leu-Gly-amide) that can exert both opiate and antiopiate 
actions (Zadina et al. 1992), as does Tyr-W-MIF-1 (Tyr-Pro-Trp-Gly- 
amide) (Erchegyi et al. 1992;Yang and Chiu 1997). Clearly, the one hor- 
mone-one action theory died a long time ago. 

4. Peptide actions can persist longer that their half-lives 
in blood 

Although there is a general correlation of  the biological action of a sub- 
stance with its half life in blood, this is less applicable to peptides. Peptides 
in blood maintain their integrity for only a few minutes, whereas the ac- 
tions mentioned above for MIF-1 and MSH can persist for several hours. 
This also is true for LHRH (Pfaff 1973;Moss and McCann 1973). Surpris- 
ingly, the half-life of MIF-I in human plasma is 5 days although in rat 
plasma it is only a few minutes, like other small peptides including the re- 
lated Tyr-MIF-1 and endomorphins (Kastin et al. 1994;Walter et al. 
1975;Redding et al. 1973, 1974). Moreover, unlike many peptides, MIF-1 
is active orally in rodents (Plotnikoff et al. 1973, 1974;Plotnikoff and 
Kastin 1974; Sharma et al. 2003) and human beings (Kastin and Barbeau 
1972; Ehrensing and Kastin 1974, 1978; Barbeau et al. 1976; van der 
Velde 1983). Apparently the actions of  a circulating peptide on the CNS 
are initiated very early, triggering signals that may take longer to be mani- 
fest. 



5. Increased peptide doses can result in decreased 
effects 

When we submitted our first papers showing the CNS effects of  MIF-1, 
some referees insisted that only the linear dose-response relationship 
known for most substances at that time must apply to peptides. Although 
the mechanism for inverted-U, bell-shaped dose-response relationships 
remains elusive, it has become so generalized a phenomenon that 
Calabrese recently published 14 papers in Crit Rev Toxicol (volume 38, 
2008) ably summarizing its occurrence in a variety of experimental and 
clinical situations, to which we added our commentary (Kastin and Pan 
2008). He has applied the term "hormesis" to such a phenomenon. One of  
the examples of  this phenomenon with important clinical implications is 
the use of MIF-1 to treat mental depression. MIF-1 exerts maximal effects 
in less than a week, usually 3-5 days, and these effects can persist for 
months, but larger doses may be less effective (Ehrensing and Kastin 1974, 
1978;Ehrensing et al. 1994), as also seen in animal studies (Kastin et al. 
1978b, 1984;Pan and Kastin 2007b). 

6. The brain contains antiopiate peptides 

Many of the concepts we have introduced into the peptide field were based 
on the simple idea of  the efficiency of the organism. It obviously is more 
efficient of the body to use a peptide for more than one action than it is to 
create a new peptide for each desired function. This is implicit in some of  
the concepts discussed above. It is consistent with the multiple controlling 
systems involving negative and positive feedback known to occur 
throughout the body. Therefore, it seemed reasonable that endogenous an- 
tiopiates might exist, particularly in the brain, to modify the opiates there. 
The term opioid was originally introduced to indicate endogenous peptides 
with opiate activity, but it has been used in so many different ways that 
this distinction is now moot. MIF-1 was the first peptide to show antiopiate 
activity and introduce the concept (Kastin et al. 1979). Although it did not 
completely duplicate all the effects of naloxone in every situation, it func- 
tioned as an antiopiate by itself and in reversing the effects of  morphine in 
many experimental conditions reviewed elsewhere (Pan and Kastin 2007b), 
as well as in a clinical study (Ehrensing et al. 1984). The concluding sen- 
tence of the abstract of  the original paper predicted that antiopiate activity 
would be found for other endogenous peptides (Kastin et al. 1979). This 
prediction was later validated for peptides already known to exist, like 



CCK-8, MSH, somatostatin, hemorphins, and morphiceptin, as well as for 
peptides such as members of the NPFF family, nociceptin/orphanin FQ, 
and enterostatin discovered after the antiopiate concept was established. 

7. Perinatal administration of peptides exerts long-lasting 
effects 

Most of the concepts mentioned above that we introduced into the scien- 
tific literature were met with great skepticism if not derision. Fortunately, 
as happens in science, they are universally appreciated now. The concept 
that perinatal administration of peptides can exert long-lasting effects was 
relatively easily accepted without much of the difficulty encountered by 
the other concepts. It didn't require an imaginative leap since the precedent 
had already been established with perinatal administration of sex steroids. 
It did, however, surprise some investigators who had not accepted concept 
number 4, above, that a peptide's half-life in blood does not necessarily 
correlate with its biological actions. This concept for peptides was first 
shown with MSH ( Beckwith et al. 1977a, 1977b) and TRH (Stratton et al. 
1976), and then with endorphin (Sandman et al. 1979;Moldow et al. 1981), 
Met-enkephalin (Kastin et al. 1980), MIF-1 (D'Amore et al. 1990), and 
Tyr-MIF-1 (Zadina et al. 1985, 1987), even affecting the BBB transport 
system for Tyr-MIF-1 (Harrison et al. 1993;Banks et al. 1996). 

8. There is a specific mu-opiate receptor peptide ligand 

With endogenous peptides already known to selectively bind to the delta 
and kappa opiate receptors in the brain, it was anticipated that there would 
be a peptide selectively binding to the mu site, the main receptor for the 
actions of morphine, since endorphin was relatively non-selective. Tyr- 
MIF-1, consisting of the MIF-1 tripeptide with a tyrosine at the N-terminus 
had some affinity for the mu-opiate site, as well as high affinity for its own 
site, in contrast to the lack of such binding by MIF- 1. The related tetrapep- 
tide Tyr-W-MIF-1, was isolated from bovine (Hackler et al. 1993) and 
human (Erchegyi et al. 1992) brain tissue and shown to be identical to Tyr- 
MIF-1 except for substitution of tryptophan in the third position. This 
tetrapeptide has about 200-fold selectivity for mu over delta and kappa 
opiate receptors (Zadina et al. 1994). Additional single amino acid substi- 
tutions resulted in endomorphin-1 (Tyr-Pro-Trp-Phe-amide) and, unex- 
pectedly, endomorphin-2 (Tyr-Pro-Phe-Phe-amide), isolated from bovine 



(Zadina et al. 1997) and human (Hackler et al. 1997) brain tissue with the 
highest affinity and selectivity for the mu opiate receptor. About 500 pa- 
pers with the endomorphins have substantiated their role. 

9. A peptide's name does not restrict its actions 

Perhaps some of  the reason why these concepts were not introduced earlier 
may involve the bias toward thinking of  the functions of  a peptide by the 
action by which it was first described. For example, MSH obviously does 
more than stimulate melanocytes, especially in mammals, LHRH releases 
FSH as well as LH, orexin affects sleep and food ingestion, and soma- 
tostatin inhibits more peptides than just growth hormone (somatotropin). It 
is unfortunate that some young investigators seem to be so intimidated by 
the name of the peptide that they are not inclined to think "out of  the box" 
concerning its other possible roles. 

10. Peptides can cross the blood-brain barrier 

This concept is listed last because it is a subject of continuing interest to so 
many investigators since we introduced the concept about three decades 
ago. Initially controversial, like so many of the concepts listed above, it 
succeeded relatively rapidly to overcome the existing dogma. Skepticism 
about the ability of  peptides to cross the BBB was related in part to the 
concept (number 4) discussed above. Even the "blue-ribbon" advisory 
panel to NIH stated, "Since the half-life of (peptides) is short, it is unlikely 
that significant entry occurs into brain" (1981). MIF-1 is rapidly trans- 
ported into brain from blood by a partially saturable system whereas Tyr- 
MIF-1 only enters slowly by passive diffusion. By contrast, Tyr-MIF-1 has 
a saturable transport system out of the brain that is not shared by MIF-1 
but is shared by Met-enkephalin (Banks and Kastin 1984;Banks et al. 
1986,1987). 

The proton-dependent peptide transporters PEPT 1 and PEPT2 mediate 
cellular uptake of  di- and tripeptides as well as a variety of drug molecules. 
It is known that PEPT2 is present and functional at the blood-cerebrospinal 
fluid barrier. The transport kinetics of  a model dipeptide glycylsarcosine 
(GlySar) in primary culture of  choroid plexus epithelial cells show inhibi- 
tion by di/tripeptides, carnosine and alpha-amino cephalosporins, but are 
unaffected by amino acids, cephalosporins lacking an alpha-amino group, 
and organic anions and cations (Shu et al. 2002). It is not clear whether the 
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MIF-1 peptides use PEPT2. Nonetheless, it seems that P-glycoproteins (P- 
gp) play no role in the effiux transport of  Tyr-MIF- 1 or the endomorphins, 
shown by use of knockout mice deficient in P-gp or in the presence of  cyc- 
losporin A, an inhibitor of the P-gp system (Kastin et ah 
2002;Somogyvari-Vigh et ah 2004). 

The pharmacokinetic studies of  the MIF-1 family of  peptides crossing 
the BBB illustrate that a peptide may permeate the BBB to exert potent 
biological actions. Following this, there have been a series of  studies with 
bioactive peptides (Pan and Kastin 2004b, 2007a;Yu et ah 2004;Pan et al. 
2005; 2006b). Besides pharmacokinetic analyses of  the permeability, there 
are mechanistic studies on the intracellular trafficking and transcytosis. 
The peptide studies also led to characterization of  the permeation of larger 
proteins, especially the polypeptide neurotrophins and cytokines (Pan et al. 
1998, 2006a;Pan and Kastin 2004b). 

The BBB interfaces the parenchyma of  brain and spinal cord and its 
supplying capillary vessels. The structural components are microvessel en- 
dothelial cells, pericytes, astrocytic endfeet, and extracellular matrix. The 
endothelial cells are joined by tight junctions, lined by a continuous base- 
ment membrane, and have reduced pinocytic vesicles and increased meta- 
bolic and enzymatic activity. These structural features are involved in the 
relative impermeability of  the BBB to large proteins in the circulating 
blood. However, there are many instances in which peptides and proteins 
produced in the periphery have CNS effects, and most of such actions are 
mediated by the BBB. Many peptides cross the BBB by passive diffusion, 
based on physicochemical properties such as lipophilicity, hydrogen bond- 
ing, and conformation. However, some peptides cross the BBB by satur- 
able transport systems that may or may not involve receptor mediated 
transport. Moreover, some effiux systems from brain to blood are also 
saturable. There are two principal ways by which cytokines interact with 
the BBB: (a) their transport or transcytosis across the endothelial cells that 
are the structural backbone of the BBB (Banks et al. 1991; Gutierrez et ah 
1993; Pan and Kastin 2004a; Pan et al. 2007a; Yu et ah 2007b) and (b) 
their actions on these endothelial cells which result in altered endothelial 
function, cytotoxicity, or cell proliferation (Yu et al. 2007a, 2007c, 2007d). 

Besides the BBB, peptides, polypeptides, and proteins are also known 
to interact with the blood-cerebrospinal fluid barrier and the circumven- 
tricular organs. Nonetheless, in the case of  MIF-1, there appears to be 
more CNS activation shown by c-Fos immunoreactivity in mouse brain af- 
ter intravenous delivery of  MIF-1 than after intracerebroventricular deliv- 
ery (Yu C et ah, unpublished data). 

Recent progress with understanding of  the BBB has involved interac- 
tions between MSH and leptin within the BBB endothelial cells. Cerebral 
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endothelial cells, the main constituent of the BBB, show co-expression of  
the receptors for leptin and melanocortin, suggesting possible interactions 
between leptin and MSH signaling. In cellular models in which mouse 
ObRb, MC3R or MC4R were expressed at high levels after transient trans- 
fection, we measured leptin-induced activation of signal transducers and 
activators of  transcription (STAT)-3. Reciprocally, we also measured 
aMSH-induced production of  cAMP. For central effects of feeding, ObRb, 
not a G-protein coupled receptor, is the main signaling receptor for leptin 
while MC3R and MC4R, G-protein coupled receptors, are the main recep- 
tors for aMSH. In the endothelial cell model, aMSH potentiated the 
STAT3 activation induced by leptin, while leptin had only a minor effect 
in increasing ~MSH-initiated cAMP production downstream to MC3R. 
The interaction between leptin and melanocortin receptors is similar to that 
shown between ObRb and corticotropin-releasing hormone receptors for 
urocortin (Pan et al. 2007c). This suggests a possible generalized coopera- 
tion of ObRb and G-protein coupled receptors (Zhang Ye t  al., unpublished 
data). Such novel potentiation in cellular signaling may have considerable 
biological implications. 

11. Philosophical musings 

All these concepts are clear now, but some lessons can be gleaned from 
them. As Richard Conniff stated in the June 2008 issue of the Srnithsonian, 
"Ideas that seem obvious in retrospect are anything but, in real life". An 
adaptation of  Schopenhauer's evaluation of discovery has it going through 
three stages of  being ridiculed, opposed, and finally accepted as self- 
evident. Considering how difficult it was for some of these concepts to 
gain acceptance, investigators, especially young ones, might benefit from 
heeding the recommendation attributed to Alexander Fleming: "Don ' t  let 
your mind be cluttered up with prevailing doctrine". Similarly, Kiekegaard 
gave this admonition: "There are two ways to be fooled: one is to believe 
what isn't so; the other is to refuse to believe what is so." 
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Increased leptin supply to hypothalamus by gene 
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Summary. Leptin insufficiency in the hypothalamus is causally linked to 
increased fat accrual, diseases of the metabolic syndrome, skeletal abnor- 
malities and shortened life-span. We show that leptin sufficiency attained 
with hypothalamic leptin gene therapy (i) suppressed food intake, the age- 
related and energy enriched diet-induced fat accrual, and dyslipidemia, (ii) 
attenuated episodic insulin secretion and enhanced insulin sensitivity, (iii) 
enhanced glucose tolerance and maintained euglycemia by concurrently 
stimulating glucose metabolism and non-shivering thermogenesis, even in 
the absence of circulating insulin, and (iv) augmented ghrelin secretion. 
Aside from these metabolic benefits, similar optimal leptin sufficiency in 
the hypothalamus (i) decreased risks for cardiovascular diseases as indi- 
cated by suppression of circulating levels of the systemic pro- 
inflammatory markers, C-reactive protein and interleukin-6, and hypergly- 
cemia-induced risk factors for cardiomyopathy, (ii) improved bone health 
by promoting growth of long bones and reduction of cancellous bone vol- 
ume in association with increased release of osteoblast-specific osteocal- 
cin, and (iii) reduced early mortality and doubled the life-span of obese 
ob/ob mice. On the basis of these global long-lasting health benefits, we 
advocate clinical testing of central leptin gene therapy or of long acting 
leptin mimetics to prevent life-threatening pathophysiologic sequalae at- 
tending the worldwide epidemic of obesity and the metabolic syndrome. 

Key words. Gene therapy, Hypothalamus, Obesity, Metabolic syndrome, 
Skeleton, Life-span 
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1 Historical 

The potent appetite stimulating effects of hypothalamic neuropeptide Y 
(NPY) were discovered in the mid 1980s (Clark et al. 1984). Subse- 
quently, a concerted effort led to deciphering of a distinct circuitry in the 
hypothalamus that regulates energy intake and expenditure on a moment- 
to-moment basis (Kalra et al. 1999, 2003). This interconnected network, 
primarily driven by the NPY expressing pathway, is composed of orexi- 
genic and anorexigenic peptidergic circuitries that span the arcuate nucleus 
(ARC), medial preoptic area (MPOA), paraventricular nucleus (PVN), 
ventromedial hypothalamus (VMH) and lateral hypothalamus (LH) in the 
diencephalon (Kalra et al. 1999, 2003). Disruption in signaling in any 
component of this NPY regulatory network invariably leads to unremitting 
hyperphagia, abnormal rate of fat accumulation and the attendant disease 
cluster of metabolic syndrome and shortened life-span (Dube et al. 2007; 
Kalra 2008b; Kalra et al. 2003). 

A further insight into the working of the NPY circuitry in maintaining 
energy homeostasis was gained after isolation and characterization of the 
anorexigenic hormone leptin produced by adipocytes, and the orexigenic 
hormone ghrelin produced by the stomach (Friedman and Halaas 1998; 
Kalra et al. 2003; Otukonyong et al. 2005b). That a dynamic minute-to- 
minute interplay of these two afferent signals to the hypothalamic NPY 
network sustain energy homeostasis was then uncovered (Kalra 2008b; 
Kalra et al. 2003, 2009; Otukonyong et al. 2005a; Ueno et al. 2004). The 
current view holds that leptin is a primary peripheral signal that imposes a 
stable tonic restraint on hypothalamic circuitry by a three prong control: 
one, by regulating the release and action of orexigenic and anorexigenic 
hypothalamic peptides, two, by directly countering the appetite stimulating 
action of ghrelin in the hypothalamus and, three, by restraining ghrelin 
synthesis and release into the peripheral circulation from oxyntic glands of 
the stomach (Kalra 2008b; Kalra et al. 2003, 2005; Ueno et al. 2004). 

Finally, deeper understanding of the hypothalamic control of energy 
homeostasis was sparked by comprehensive new information on dynamic 
changes in leptin transport to hypothalamic targets across the blood brain 
barrier (BBB) enforced on a daily basis by aging, metabolic and nutritional 
imbalance (Banks et al. 1999; Kalra 2008a; Kastin and Pan 2006). 

This fundamental new knowledge of the brain-body dialogue coupled 
with global health benefits observed after application of leptin gene ther- 
apy in the hypothalamus (Kalra and Kalra 2005), was recently synthesized 
into a "Central Leptin Insufficiency Syndrome" formulation to explain the 
underlying causality of the worldwide pandemic of obesity and attendant 
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disease cluster of metabolic syndrome, and early mortality (Fig. 1, Bog- 
hossian et al. 2007; Kalra 2008a; Olshansky et al. 2005). 

Consequently, this article presents a brief collation of results obtained 
after application of hypothalamic leptin gene therapy in wild type (WT), 
obese young and aging rodents, and transgenic mice afflicted with excess 
fat accretion, dyslipidemia, type 1 and 2 diabetes, cardiovascular diseases 
and bone growth abnormalities and, thereby, faced with the impending 
shortened life-span. 

2 Obesity Burden 

Epidemiological reports have amply affirmed that a major contemporary 
challenge for the scientific and medical communities worldwide is to dras- 
tically curb the accelerating rate of obesity and to curtail the escalating 
medical costs of treating obesity-dependent diseases. A disease cluster of 
the metabolic syndrome, notably, dyslipidemia, type 2 diabetes, hyperten- 
sion, kidney and liver dysfunction on one hand, and neural diseases, drug 
addiction, Alzheimer's disease, infertility, sleep apnea, some cancers, and 
early mortality on the other, encompass the obesity burden (Boghossian et 
al. 2007; Briley and Szczech 2006; Brownlee 2005; Correia and Rahmouni 
2006; Kalra 2008a; Olshansky et al. 2005). Changes in lifestyle, voluntary 
caloric restriction and diverse ways to expend energy at accelerated rate on 
a daily basis, are the current interventional therapies advocated to forestall 
the rapid diet-induced and progressive age-related obesity (Kalra 2008a,b; 
Kalra and Kalra 2005; Olshansky et al. 2005). Pharmacological ap- 
proaches available to reliably curb obesity on a long-term basis are ex- 
tremely limited (Kalra and Kalra 2005; Olshansky et al. 2005). An evalua- 
tion of the impact on energy balance and multiple risk factors of obesity 
after modification of the crosstalk between fat and hypothalamus with the 
aid of leptin gene therapy, has identified a novel therapeutic modality ca- 
pable of remedying the environmentally-induced imbalance in energy in- 
take and expenditure and, thereby, successfully impede the obesity scourge 
(Kalra 2008a,b; Kalra and Kalra 2005). 

3 Impact of Central Leptin Gene Therapy 

We have employed gene transfer technology to introduce leptin gene in 
hypothalamic targets in attempts to circumvent hypothalamic leptin insuf- 
ficiency that develops either gradually or rapidly due to aging, life-style 
and nutritional modifications (Dhillon et al. 2000, 2001; Kalra and Kalra 
2005). Since recombinant adeno-associated virus (rAAV), a non- 
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pathogenic and non-immunogenic vector, has multiple advantages over 
other viral vectors, including its ability to transduce expression selectively 
in neurons for the lifetime of cells, this vector was engineered to encode 
leptin gene (rAAV-lep, Dhillon et al. 2000, 2001; Kalra and Kalra 2005). 
Although systemic injection of rAAV-lep was found to be effective in re- 
instating homeostasis in leptin mutant ob/ob mice, this procedure was con- 
sidered unsuitable because of the attending hyperleptinemia, the plei- 
otropic nature of leptin, and development of imperviousness of BBB to 
leptin in response to hyperleptinemia (Banks et al. 1999; Dhillon et al. 
2000, 2001; Kalra and Kalra 2005; Kastin and Pan 2006). Therefore, we 
undertook to enhance leptin expression selectively in the hypothalamus af- 
ter a single intracerebroventricular (icy) injection or microinjection into 
discrete hypothalamic sites of rAAV-lep (Bagnasco et al. 2002; Beretta et 
al 2002; Dhillon et al. 2000, 2001). The outcome of these series of ex- 
periments conducted in our laboratory are presented below. 

3.1 Energy Homeostasis 

A single icv injection of rAAV-lep to stably deliver biologically active 
leptin selectively at leptin-target sites in prepubertal and adult WT rodents, 
consuming either normal rodent chow diet or calorie-enriched diet, rapidly 
decreased food intake (FI) and contemporaneously, augmented non- 
shivering thermogenic energy expenditure for the duration of the experi- 
ment, lasting from weeks to lifetime. This combined impact on energy in- 
take and expenditure of central leptin gene therapy prevented the age- 
related and energy-enriched diet-induced obesity and maintained reduced 
body weight (BW) for the entire duration of the experiment (Bagnasco et 
al. 2002; Beretta et al. 2002; Boghossian et al. 2007; Dhillon et al. 2001; 
Kalra and Kalra 2005). Indeed, the efficacy of the central leptin gene ther- 
apy on weight homeostasis persisted through various phases of reproduc- 
tion, lactation and post-lactation and, intriguingly, it was apparent in the 
F 1 generation (Lecklin et al. 2005). Additionally, existence of those leptin 
hypothalamic neuronal targets that specifically regulate energy expenditure 
were found in the MPOA, and were distinct from those involved in control 
of  energy intake located caudally in the ARC-PVN axis, VMH and LH 
(Bagnasco et al. 2002). 

3.2 Adiposity, Hormonal and Metabolic Variables 

Sustenance of reduced BW in rAAV-lep treated rodents was found to be 
primarily due to reduced rate of fat deposition, a response that also con- 
tributed to decreases in circulating adipokines, adiponectin, tumor necrosis 
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factor-f3, cholesterol, free fatty acids and triglycerides (Bagnasco et al. 
2002; Beretta et al. 2002; Boghossian et al. 2006, 2007; Dhillon et al. 
2001; Kalra 2008a; Kalra and Kalra 2005). In marked contrast, icv rAAV- 
lep injection reliably augmented gastric ghrelin secretion, a stimulatory re- 
sponse attributable to diminution in leptin restraint on ghrelin secretion at 
the level of gastric oxyntic glands, and blockade by leptin of  ghrelin- 
induced appetite through a hypothalamic action (Bagnasco et al. 2002; 
Kalra 2008b; Kalra et al. 2003; Lecklin et al. 2005; Ueno et al. 2004). It is 
highly likely that this increased ghrelin secretion may play a prominent 
role in life-span extension by rAAV-lep (Boghossian et al. 2007; Riga- 
monti et al. 2002). 

4 Diabetes type 1 and type 2 

Since etiological sequalae that underlie the pathophysiology of type 1 and 
type 2 diabetes are distinct, the therapeutic modalities available to amelio- 
rate hyperglycemia for these two diseases are distinct and diverse (Bog- 
hossian et al. 2006; Kalra 2008a,b; Kalra and Kalra 2005; Ueno et al. 
2006). Our investigation of the dynamic working of the pancreatic insu- 
lin-glucose axis in response to hypothalamic leptin gene therapy has, quite 
unexpectedly, uncovered the therapeutic ability of stable optimal leptin 
supply to impel euglycemia in rodents afflicted with either type 1 or type 2 
diabetes (Bagnasco et al. 2002; Boghossian et al. 2006, 2007; Kalra 
2008a). The efficacy of central leptin gene therapy was tested in two non- 
obese models of type 1 diabetes (Boghossian et al. 2007; Hidaka et al. 
2002; Kalra 2008b; Kojima et al, 2009; Ueno et al. 2006; Yoshioka et al. 
1997). A single icv injection of rAAV-lep maintained euglycemia in hy- 
perglycemic diabetic mice with insulitis induced by streptozotocin (Hidaka 
et al. 2002; Kojima et al. 2009). Furthermore, sustenance of euglycemia 
by one rAAV-lep injection completely blocked the early mortality seen 
normally in streptozotocin-pretreated mice (Hidaka et al. 2002; Kojima et 
al. 2009). Central leptin gene therapy in the transgenic diabetic mice also 
imposed euglycemia (Ueno et al. 2006; Yoshioka et al. 1997). Akita mice 
are severely insulinopenic due to a dominant mutation in the Ins2 gene, 
and suffer from an early onset of hyperglycemia and diabetes mellitus 
(Ueno et al. 2006; Yoshioka et al. 1997). In addition to abrogation of hy- 
perglycemia, central rAAV-lep treatment also enhanced insulin sensitivity 
and glucose tolerance, and augmented the rate of glucose disposal in these 
two type 1 diabetes paradigms (Ueno et al. 2006). 

A single icv rAAV-lep injection also abolished hyperglycemia and 
diabetes mellitus for the lifetime in WT mice and rats fed high fat, and 
obese ob/ob mice (Boghossian et al. 2006; Kalra 2008a; Kalra and Kalra 
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2005; Ueno et al. 2004). In addition to conferring euglycemia, central 
leptin gene therapy simultaneously abolished hyperinsulinemia by sup- 
pressing episodic insulin release from pancreatic p-cells, and enhanced in- 
sulin sensitivity and the rate of glucose disposal. It became apparent that 
central leptin gene therapy corrected type 2 diabetes by a two-pronged ac- 
tion, by suppressing hyperinsulinemia through a neurally mediated re- 
straint on insulin effiux from pancreatic p-cells and, independently enhanc- 
ing glucose metabolism in the periphery (Boghossian et al. 2006; Kalra 
2008a,b; Ueno et al. 2004). Cumulatively, these findings identify, for the 
first time, the therapeutic potential of central leptin gene therapy to amelio- 
rate etiologically disparate type 1 and type 2 diabetes. 

5 Cardiovascular Disease Risk 

5.1 Systemic Inflammation 

The effect of augmenting hypothalamic leptin signaling on cardiovascular 
disease risks was investigated by assessing low grade systemic inflamma- 
tion and cardiomyopathy (Boghossian et al. 2007; Brownlee 2005; Dube et 
al. 2008; Kalra 2008a). Although it is well known that diabetes increases 
the risk of cardiovascular diseases, a strong causal relationship between 
chronic systemic low grade inflammation and increased risk of cardiovas- 
cular disease has recently been uncovered (Dube et al. 2008; Kalra 2008a: 
Olshansky et al. 2005). We observed that concomitant with suppression of 
adiposity the circulating levels of two markers of systemic low grade in- 
flammation, the C-reactive protein (CRP) and interleukin-6 (I1-6) de- 
creased markedly after an icv injection of rAAV-lep. Blood levels of 
CRP, released from hepatocytes under the transcriptional control of inter- 
leukins, including I1-6, were significantly elevated in obese ob/ob mice, 
but normalized in association with abrogation of fatty liver in response to 
increased leptin signaling in the hypothalamus (Boghossian et al. 2007; 
Dube et al. 2008). It is highly plausible that a direct neural link between 
leptin responsive hypothalamic targets and liver normally operates to re- 
strain hepatic CRP effiux (Dube et al. 2008). 

Circulating levels of I1-6, the other marker of low grade systemic in- 
flammation, were also elevated, but fell dramatically to control range after 
leptin signaling was instituted in the hypothalamus of ob/ob mice (Dube et 
al. 2008). We suspect that this diminution in I1-6 levels is a consequence 
of  depletion of adipose tissue, a major source of I1-6 (Dube et al. 2008; 
Kalra 2008a; Kalra and Kalra 2005). Furthermore, since I1-6 is implicated 
in amplifying the inflammatory cascade response of several acute-phase 
reactants, such as CRP, we propose that an outflow of leptin signaling 
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from the hypothalamus along the descending neural pathways to adipo- 
cytes first reduces I1-6 release which, in turn, leads to a drop in CRP secre- 
tion from hepatocytes. It is obvious that leptin insufficiency in the hypo- 
thalamus augments the rate of fat deposition and the resultant morbid 
obesity culminates in systemic low grade inflammation and increased risks 
of  cardiovascular diseases. Furthermore, these findings lead one to sug- 
gest that increased leptin supply to the hypothalamus has the potential to 
reliably alleviate these cardiovascular disease risks on a long-term basis. 

5.2 Cardiomyopathy 

Besides arteriosclerosis, deterioration in heart function due to oxidative 
stress and apoptotic myocyte cell death, are the manifestations of  diabetic 
cardiomyopathy (Brownlee 2005; Fiordaliso et al. 2001; Malhotra et al. 
2009; Migliaccio et al. 1999). Since central leptin gene therapy reversed 
hyperglycemia, even in the absence of circulating insulin (Malhotra et al. 
2009), we recently observed that sustenance of euglycemia decelerated 
diabetic cardiomyopathy in Akita mice by contemporaneously decreasing 
the impact of oxidative stress and protecting the heart from increased 
apoptosis (Malhotra et al. 2009). 

6 Bone Remodeling 

Leptin deficient ob/ob mice display a mosaic of  abnormalities in bone ar- 
chitecture, such as decreased bone length, decreased overall bone mass, 
but site-specific increases in cancellous bone volume (Hamrick et al. 2004; 
Iwaniec et al. 2007, 2009). Increased supply of leptin, either by systemic 
administration or by hypothalamie leptin gene therapy, decreased cancel- 
lous bone volume (Iwaniec et al. 2007, 2009). In addition, leptin gene ther- 
apy restored all measurements, i.e. increased femur length and total femur 
bone volume, decreased cancellous bone volume/tissue volume, trabecular 
numbers and trabecular thickness in distal femur and lumbar vertebrae and 
increased trabecular spacing. Thus, leptin gene therapy in ob/ob mice 
normalized cortical as well as cancellous bone volume to that in WT mice, 
a response that persisted for the 30 weeks duration of  the experiment 
(Iwaniec et al. 2007, 2009). 

For the first time a role of  osteocalcin, an osteoblast-specific hormone, 
in correcting skeletal abnormalities by central leptin gene therapy in ob/ob 
mice and in facilitation of  bone remodeling via bone formation in WT ro- 
dents, was recently reported (Kalra et al. 2009). Enhanced leptin signaling 
in the hypothalamus augmented circulating levels of osteocalcin in asso- 
ciation with improved skeletal architecture (Iwaniec et al. 2007; Kalra et 
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al. 2009). Seemingly, increased hypothalamic relay of information propa- 
gated by hypothalamic leptin receptors stimulates osteocalcin efflux from 
osteoblasts, a necessary step in bone remodeling for retention of normal 
skeletal phenotype (Iwaniec et al. 2007; Kalra et al. 2009). 

7 Biomarkers of Aging and Life-span 

That morbid obesity due to environmental and genetic causes invariably 
engenders a variety of life-threatening complications is well known (Fig. 
1). According to clinical surveys (Kalra 2008a,b; Kalra and Kalra 2005; 
Olshansky et al. 2005), the disease cluster of metabolic syndrome, charac- 
terized by glucose intolerance, hyperglycemia, hyperinsulinemia, insulin 
resistance, hypertension, cardiovascular and renal failure and fatty liver 
disease, is a major risk factor for shortening life-span. Also, decreases in 
circulating ghrelin, a growth hormone secretagogue, and insulin-like 
growth factor-1, have been shown to be the endocrine biomarkers of early 
aging and mortality. Obese ob/ob mice, an example of monogenic obesity, 
display these biomarkers of aging and early mortality (Boghossian et al. 
2006, 2007; Kalra 2008a). We observed that a single icv rAAV-lep injec- 
tion more than doubled the life-span of ob/ob mice (Boghossian et al. 
2007). Presumably, increased availability of optimal amounts of bioactive 
leptin within the hypothalamic targets, but insufficient to leak into cerebro- 
spinal fluid for transfer into peripheral circulation, drastically reduced vis- 
ceral fat, blood levels of glucose, insulin, and IGF-1 and augmented ghre- 
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lin levels (Fig. 1, Kalra 2008a; Kalra and Kalra 2005; Lecklin et al. 2005; 
Otukonyong et al. 2005a). Thus, introduction of ectopic leptin gene into 
the hypothalamus to ameliorate various life-threatening biomarkers for 
life-span extension is apparently a durable and safe therapy. 

8 Concluding Remarks 

Collectively, these findings affirm the hypothesis that it is possible to avert 
the onset of obesity and attendant disease cluster of metabolic syndrome, 
skeletal abnormalities, and early mortality by maintaining adequate leptin 
signaling in the hypothalamus (Fig. 1). Furthermore, bioavailability of 
leptin with gene therapy selectively in the hypothalamus is apparently safe 
and durable therapy to ameliorate type 1 and type 2 diabetes and normalize 
life-span. Therefore, we advocate clinical testing of central leptin gene 
therapy or of long-acting leptin mimetics to decelerate life-threatening 
pathophysiologic sequalae attending the worldwide epidemic of obesity 
and the metabolic syndrome. 

Acknowledgment. Research summarized in this article was supported by 
grants from the National Institutes of Health (DK 37273). 

References 

Bagnasco M, MG Dube, et al. (2002) Evidence for the existence of distinct 
central appetite and energy expenditure pathways and stimulation of 
ghrelin as revealed by hypothalamic site-specific leptin gene therapy. 
Endocrinology 143 (11): 4409-4421 

Banks WA, CR DiPalma, et al. (1999) Impaired transport of leptin across 
the blood-brain barrier in obesity. Peptides 20(11): 1341-1345 

Beretta E, MG. Dube, et al. (2002) Long-term suppression of weight gain, 
adiposity, and serum insulin by central leptin gene therapy in prepu- 
bertal rats: Effects on serum ghrelin and appetite-regulating genes. 
Ped. Res. 52:189-198 

Boghossian S, MG Dube, et al. (2006) Hypothalamic clamp on insulin re- 
lease by leptin-transgene expression. Peptides 27(12): 3245-3254 

Boghossian S, N Ueno, et al. (2007) Leptin gene transfer in the hypo- 
thalamus enhances longevity in adult monogenic mutant mice in the 
absence of circulating leptin. Neurobiol Aging 28(10): 1594-1604 

Briley LP and LA Szczech (2006) Leptin and renal disease. Semin Dial 
19(1): 54-59 



28 

Brownlee M (2005) The pathobiology of diabetic complications: a unify- 
ing mechanism. Diabetes 54:1615-1625 

Clark JT, PS Kalra, et al. (1984) Neuropeptide Y and human pancreatic 
polypeptide stimulate feeding behavior in rats. Endocrinology 115(1): 
427-429 

Correia MLG. and K Rahmouni (2006) Role of leptin in the cardiovascular 
and endocrine complications of metabolic syndrome. Diabetes, Obe- 
sity, and Metabolism 8(6): 603-610 

Dhillon H, Y Ge, et al. (2000) Long-term differential modulation of genes 
encoding orexigenic and anorexigenic peptides by leptin delivered by 
rAAV vector in ob/ob mice. Relationship with body weight change. 
Regul Pept 92(1-3): 97-105 

Dhillon H, SP Kalra, et al. (2001) Central leptin gene therapy suppresses 
body weight gain, adiposity and serum insulin without affecting food 
consumption in normal rats: A long-term study. Regul Pept 99(2-3): 
69-77 

Dube MG, SP Kalra, et al. (2007) Low abundance of NPY in the hypo- 
thalamus can produce hyperphagia and obesity. Peptides 28:475-479 

Dube MG, R Torto, et al. (2008) Increased leptin expression selectively in 
the hypothalamus suppresses inflammatory markers CRP and IL-6 in 
leptin-deficient diabetic obese mice. Peptides 29:593-598 

Fiordaliso F, A Leri, et al. (2001) Hyperglycemia activates p53 and p53 
regulated genes leading to myocyte cell death. Diabetes 50:2363-2375 

Friedman JM and JL Halaas (1998) Leptin and the regulation of body 
weight in mammals. Nature 395(6704): 763-770 

Hamrick MW, C Pennington, et al. (2004) Leptin deficiency produces con- 
trasting phenotypes in bones of the limb and spine. Bone 34:376-383 

Hidaka S, H Yoshimatsu, et al. (2002) Chronic central leptin infusion re- 
stores hyperglycemia independent of food intake and insulin level in 
streptozotocin-induced diabetic rats. Faseb J 16(6): 509-518 

Iwaniec UT, S Boghossian, et al. (2007) Central leptin gene therapy cor- 
rects skeletal abnormalities in leptin-deficient ob/ob mice. Peptides 
28(5): 1012-9 

Iwaniec UT, MG Dube, et al. (2009) Body mass influences cortical bone 
mass independent of leptin signaling. Bone 44:404-412 

Kalra SP (2008a) Central leptin insufficiency syndrome: An interactive 
etiology for obesity, metabolic and neural diseases and for designing 
new therapeutic interventions. Peptides 29:127-138 

Kalra SP (2008b) Disruption in the leptin-NPY link underlies the pan- 
demic of diabetes and metabolic syndrome: New therapeutic ap- 
proaches. Nutrition 24:820-826 



29 

Kalra SP, M Bagnasco, et al. (2003) Rhythmic, reciprocal ghrelin and 
leptin signaling: new insight in the development of obesity. Regul Pept 
111(1-3): 1-11 

Kalra SP, MG Dube, et al. (2009) Leptin increases osteoblast-specific os- 
teocalcin release through a hypothalamic relay. Peptides 
doi: 10.1016/j.peptides.2009.01.020 

Kalra SP, MG Dube, et al. (1999) Interacting appetite-regulating pathways 
in the hypothalamic regulation of body weight. Endocr Rev 20: 68-100 

Kalra SP and PS Kalra (2005) Gene transfer technology: a preventive neu- 
rotherapy to curb obesity, ameliorate metabolic syndrome and extend 
life-expectancy. Trends Pharmacol Sci 26(10): 488-495 

Kalra SP, N Ueno, et al. (2005) Stimulation of appetite by ghrelin is regu- 
lated by leptin restraint: peripheral and central sites of action. J Nutr 
135(5): 1331-1335 

Kastin AJ and W Pan (2006) Intranasal leptin: blood-brain barrier bypass 
(BBBB) for obesity? Endocrinology 147(5): 2086-2087 

Kojima S, A Asakawa, et al. (2009) Central leptin gene therapy, a substi- 
tute for insulin therapy to ameliorate hyperglycemia and hyperphagia, 
and promote survival in insulin-deficient diabetic mice. Peptides 
doi: 10.1016/j.peptides.2009.01.007 

Lecklin AH, MG Dube, et al. (2005) Perigestational suppression of weight 
gain with central leptin gene therapy results in lower weight F 1 gen- 
eration. Peptides 26:1176-1187 

Malhotra A, H Vashistha, et al. (2009) Inhibition of p66ShcA redox activ- 
ity in cardiac muscle cells attenuates hyperglycemia-induced oxidative 
stress and apoptosis. American Journal of Physiology-Heart and Circu- 
latory Physiology 296:380-388 

Migliaccio E, M Giorgio, et al. (1999) The p66Shc adaptor protein con- 
trols oxidative stress and life span in mammals. Nature 402:309-313 

Olshansky S J, DJ Passaro, et al. (2005) A potential decline in life expec- 
tancy in the United States in the 21st century. N Engl J Med 352(11): 
1138-1145 

Otukonyong EE, MG Dube, et al. (2005a) Central leptin differentially 
modulates ultradian secretory patterns of insulin, leptin and ghrelin in- 
dependent of effects on food intake and body weight. Peptides 26(12): 
2559-2566 

Otukonyong EE, MG Dube, et al. (2005b) High fat diet-induced ultradian 
leptin and insulin hypersecretion and ghrelin is absent in obesity- 
resistant rats. Obesity Research 13:991-999 

Rigamonti AE, AI Pincelli, et al. (2002) Plasma ghrelin concentrations in 
elderly subjects: comparison with anorexic and obese patients. J Endo- 
crinol 175(1): R1-R5 



30 

Ueno N, MG Dube, et al. (2004) Leptin modulates orexigenic effects of 
ghrelin and attenuates adiponectin and insulin levels and selectively 
the dark-phase feeding as revealed by central leptin gene therapy. En- 
docrinology 145(9): 4176-4184 

Ueno N, A Inui, et al. (2006) Leptin transgene expression in the hypo- 
thalamus enforces euglycemia in diabetic, insulin-deficient nonobese 
Akita mice and leptin-deficient obese ob/ob mice. Peptides 27: 2332- 
2342 

Yoshioka M, T Kayo, et al. (1997) A novel locus, Mody4, distal to 
D7Mit189 on chromosome 7 determines early-onset NIDDM in nono- 
bese C57BL/6 (Akita) mutant mice. Diabetes 46(5): 887-894 



Feeding regulation in the brain" Involvement of 
Neuropeptide W 

Fumiko Takenoya 1'2, Haruaki Kageyama l, Yukari Date 3, Masamitsu 
Nakazato 4, Seiji Shioda 1 

1Department of Anatomy I, Showa University School of Medicine, 1-5-8 
Hatanodai, Shinagawa-ku, Tokyo 142-8555, Japan 
<e-mail>haruaki@med.showa-u.ac.jp, shioda@med.showa-u.ac.jp 
2Department of Physical Education, Hoshi University School of Pharmacy 
and Pharmaceutical Science, 2-4-41 Ebara, Shinagawa, Tokyo 142-8501, 
Japan 
<e-mail>kuki@hoshi.ac.jp 
3Department of Frontier Science Research Center, University of Miyazaki, 
5200 Kiyotake, Miyazaki 889-1692, Japan 
<e-mail> dateyuka@med.miyazaki-u.ac.jp 
4Department of Division of Neurology, Respirology, Endocrinology, and 
Metabolism, Department of Internal Medicine, Faculty of Medicine, 
University of Miyazaki, 5200 Kiyotake, Miyazaki 889-1692, Japan 
<e-mail>nakazato@med.miyazaki-u.ac.jp 

Summary .  Orphan G protein-coupled receptors (GPCRs) as targets to 
identify new transmitters have led over the last decade to the discovery of at 
least twelve novel neuropeptide families. Interestingly, several of these 
novel neuropeptides have physiological effects that include the modulation 
of food intake and energy expenditure. Neuropeptide W (NPW) is a novel 
neuropeptide which was recently isolated from the porcine hypothalamus 
and shown to be an endogenous ligand for the GPR7 and GPR8 orphan G 
protein-coupled receptors. NPW is widely distributed in the brain. Infusion 
of NPW is known to increase food intake in the light phase but inhibit intake 
in the dark phase. In spite of numerous morphological studies on NPW, its 
function has yet to be fully elucidated. Moreover, as the distribution of 
NPW-positive cell bodies in the hypothalamus has not been described, a 
detailed examination of NPW's distribution and localization in this brain 
region is required. The expression ofNPW mRNA was demonstrated in the 
hypothalamic paraventricular nucleus (PVN), arcuate nucleus (ARC), 
ventromedial nucleus (VMH) and lateral hypothalamus (LH). NPW-like 
immunoreactivity (LI) was dramatically enhanced in animals pretreated 
with colchicine. At the light microscopic level, NPW-LI cell bodies have 
been identified in the preoptic areas (POA), PVN, ARC, VMH, LH, 
periaqueductal gray (PAG), lateral parabrachial nucleus (LPB) and 
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prepositus nucleus. NPW-LI axon terminals have also been observed in the 
POA, bed nucleus of the stria terminals, amygdala, PVN, ARC, VMH, LH 
by electron microscopy. In addition, at the electron microscopic level, 
NPW-LI cell bodies and dendritic processes were often observed receiving 
inputs from other unknown neurons in the ARC, PVN, VMH and amygdala. 
Moreover, double immunostaining experiments showed that NPW-LI axon 
terminals were in close apposition to orexin-, MCH-, and NPY-containing 
neurons in the hypothalamus. These morphological and physiological 
findings strongly suggest that NPW participates in the regulation of feeding 
behavior in harmony with other feeding-regulating neurons in the 
hypothalamus. 

Key words. Neuropeptide W (NPW), hypothalamus, feeding, neuronal 
network, Rat, 

1 Introduction 

It is well known that G protein-coupled receptors (GPCRs) form the largest 
family of membrane proteins that recognize extracellular messengers 
(Bockaert and Pin 1999). GPCRs are also known to mediate a variety of 
intracellular responses leading to the regulation of numerous physiological 
functions. GPCRs provide enormous potential for new drug development 
given that they are already the targets of nearly 50% of all prescription 
drugs including antihistamines, neuroleptics and antihypertensives (Howard 
et al. 2001). Interestingly, novel neuropeptides such as orexin, ghrelin, 
melanin-concentrating hormone (MCH), galanin-like peptide (GALP), 
neuropeptide B (NPB) and neuropeptide W (NPW) have had a strong 
impact on our understanding of the mechanisms that regulate obesity and 
energy homeostasis. In this chapter, I will focus on NPW, which is a newly 
identified GPCR ligand, and review its structure, function, distribution and 
localization in the brain. 

2 NPW as a ligand for GPR7 and GPR8 

O'Dowd and colleagues originally identified endogenous ligands of the 
GPCRs GPR7 and GPR8 that were originally identified by cloning the 
opioid somatostatin-like receptor genes from human genomic DNA 
(O'Dowd et al. 1995). GPR7 and GPR8 are thus quite closely related to 
opioid receptors. While GPR7 is found both in humans and rodents, GPR8 
is apparently expressed only in humans (Lee et al. 1999). By using RT-PCR 
analysis, both GPR7 and GPR8 mRNA were detected at abundant levels in 
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human tissues in the central nervous system (CNS) (Fujii et al. 2002). In 
particular, high levels of  GPR7 mRNA were found in the hippocampus and 
amygdala (Brezillon et al. 2003). However, in the human brain, GPR7 and 
GPR8 mRNA is not found in many regions. On the other hand, in the rat, 
strong GPR7 mRNA expression was detected by RT-PCR analysis in the 
hypothalamus and amygdala (Fujii et al. 2002). In addition, in si tu 
hybridization studies have revealed that GPR7 mRNA is present in the rat 
hypothalamus, including the ARC, VMH, PVN, dorsomedial nucleus 
(DMH) and supraoptic nucleus (SON) (Jackson et al. 2006; Lee et al. 1999). 
These nuclei in the hypothalamus are well known to be involved in feeding 
regulation and energy homeostasis. However, a detailed study to compare 
the distributions of  both GPR7 and GPR8 in brain has not yet been done. It 
was reported that GPR7 mRNA is expressed in the hippocampus (Lee et al. 
1999), but radio-ligand binding assays were unable to demonstrate the 
presence of  its protein in this region (Singh et al. 2004). 

3 Identification of neuropeptide W (NPW) 

Fig.1. Amino acid sequences of NPW-23 and NPW-30. Shaded areas show 
similarities in amino acid sequence identities between human, porcine, rat and 
mouse. 

The search for endogenous ligands for GPR7 or GPR8 led to the 
characterization of  new peptides consisting of  23- and 30-amino acid 
residues (Fig. 1). These neuropeptides, termed neuropeptide W-23 (NPW23) 
and neuropeptide W-30 (NPW30), were isolated from the porcine 
hypothalamus as endogenous ligands for GPR7 and GPR8 (Shimomura et al. 
2002;Tanaka et al. 2003). NPW is named for tryptophan residues at the N 
and C termini of  NPW30. Synthetic NPW23 and NPW30 were shown to 
bind and activate both GPR7 and GPR8 at similar effective doses 
(Shimomura et al. 2002; Tanaka et al. 2003). In in vitro experiments, human 
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NPW23 and NPW30 were shown to have a similar potency to activate 
human GPR7. NPW mRNA expression in the human CNS was strongest in 
the substantia nigra, amygdala and hippocampus (Fujii et al. 2002). In the 
mouse brain, NPW mRNA was not detected in the amygdala and 
hippocampus, whereas moderate expression was detected in the dorsal 
raphe nuclei (DRN), periaqueductal grey (PAG), and Edinger Westphal 
nuclei (EW). In situ hybridization studies have revealed NPW mRNA in the 
PAG, ventral tegmental area (VTA) and DRN in the mouse CNS (Tanaka et 
al. 2003), and in the PAG, EW and VTA in the rat brain (Kitamura et al. 
2006). 

4 Distribution of NPW in the brain 

In immunohistochemical studies, we first tested the effect of  colchicine 
treatment of  animals prior to brain fixation. We demonstrated that NPW-LI 
was dramatically enhanced when animals were pre-treated with colchicine 
compared to untreated controls (Takenoya et al. 2008). Dan et al have 
already reported that NPW-LI was dramatically enhanced in 
colchicine-treated rats (Dun et al. 2003). They and we have reported that 
NPW-LI cell bodies are widely distributed in the brain, including the POA, 
PVN, SON, ARC, dorsal and lateral hypothalamic areas and anterior and 
posterior pituitary gland (Dun et al. 2003; Takenoya et al. 2008) (Fig. 1). 
However, Kitamura et al. reported that NPW-LI cell bodies were 
identifiable in the PVN in rats and mice, but, for two separate reasons, this 
was probably due to non-specific staining. First, NPW-LI in the PVN is still 
observed in NPW gene-deficient mice when different commercially 
available antibodies are used. Second, NPW mRNA is not detected in the 
PVN of rats or mice by in situ hybridization (Hondo et al. 2008; Kitamura et 
al. 2006). In contrast, using RT-PCR, we identified NPW-LI cell bodies in 
the PVN as well as in the ARC, LH and VMH (data not shown). Recently, 
we observed NPW-LI axon terminals have also been observed in the POA, 
bed nucleus of the stria terminals (BST), amygdala, PVN, ARC, VMH, LH 
by electron microscopy. We also found that NPW-LI cell bodies were 
present in the EW, PAG, lateral parabrachial nucleus (LPB), medial 
parabrachial nucleus (MPB) in the rat brain as reported by Kitamura et al. 
(Kitamura et al. 2006). 
In contrast, we observed NPW-LI processes in several other regions such as 
the lateral septum, BST, dorsomedial and posterior hypothalamus, central 
amygdaloid nucleus (Ce), hippocampus, interpeduncular nucleus, inferior 
colliculus, lateral parabrachial nucleus, facial nucleus and hypoglossal 
nucleus. 
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Fig. 2. Photomicrographs showing the distribution of NPW-LI in the rat brain. 
NPW-LI processes are seen in the bed nucleus of the stria terminalis (BST) (A), and 
the central amygdaloid nucleus (Ce)(C). NPW-LI cell bodies are seen in the 
anterodorsal preoptic nucleus (ADP)(B), posterior part (PaPo) of the 
paraventricular nucleus (D), arcuate nucleus (ARC)(E), and lateral hypothalamic 
area (LH)(F). ac: anterior commissure; f: fornix; 3V: 3rd ventricle. 

In addition, we found that many NPW-LI processes could be observed in 
the central amygdaloid nucleus and BST (Fig2-A, C). Given the location of  
neurons with NPW-LI, these findings strongly suggest that NPW is 
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involved in the emotive responses and regulation of reproduction in addition 
to feeding regulation. Interestingly, a high density of  NPW-LI processes 
was found around the fornix in the anterior part of  the LH region. At this 
level, very few NPW-LI cell bodies were detected. However, many 
NPW-LI cell bodies were observed in the region where the mammillary 
recess of  the 3rd ventricle appears. NPW-LI cell bodies in the LH were thus 
observed within a narrow space in the caudal hypothalamus (Fig2-F). In 
addition, large numbers of neurons containing feeding regulating peptides 
such as orexin (Sakurai et al. 1998) and MCH (Kawauchi et al. 1983) have 
been shown to be present in the LH. We have also observed, at the electron 
microscopic level, NPW-LI cell bodies and dendritic processes were often 
observed receiving inputs from other unknown neurons in the ARC, PVN, 
VMH and amygdala (data not shown). In addition very close interactions 
between NPW-containing nerve processes and orexin- and 
MCH-containing neuronal cell bodies and processes by double 
immunostaining (Takenoya et al. 2008). Furthermore, we have identified at 
the light and electron microscope level, NPY-positive axon terminals in 
close apposition to NPW-LI neurons in the PVN (data not shown). These 
morphological findings suggest that NPW has neuromodulatory functions 
in feeding behavior in conjunction with other feeding regulating peptides in 
the brain. 

5 Feeding regulation induced by NPW 

In rat, GPR7 is expressed in the hypothalamus, including its feeding centers, 
suggesting it probably has a modulatory role for NPW in the control of  
feeding regulation. Some physiological studies have shown that the 
intracerebroventricular (icv) infusion of  NPW affects food intake. For 
example, Shimomura et al. (Shimomura et al. 2002) reported that icv 
administration of  NPW23 induced acute food in take on the light phase. On 
the other hand, in the dark phase, the icv infusion of  NPW decreases food 
intake in the first 48 h (Mondal et al. 2003) even though the first 2 h 
following NPW injection is characterized by a hyperphagic state (Tanaka et 
al. 2003). GPR7 is expressed in the suprachiasmatic nucleus which is 
considered to control the circadian rhythm (Lee et al. 1999; Singh et al. 
2004), hence the effect of the light/dark cycle in modulating NPW's action. 
It has also been suggested that chronic infusion of  NPW reduces body 
weight and increases body temperature, heat production and oxygen 
consumption. Furthermore, by using GPR7 knockout mice, administration 
of  NPW has hyperphagic and decreased energy expenditure effects. These 
results suggest that NPW is an anorexigenic peptide. It should be noted that 
these effects are evident in males but not on females, so the effects of  NPW 
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on energy balance may be sexually dimorphic (Ishii et al. 2003). In addition, 
icv infusion of NPW in rats initially provokes acute food intake (Mondal et 
al. 2003), while icv infusion of NPW in free-feeding rats suppresses feeding 
for an extended time (Shimomura et al. 2002). 

Other reports have shown that administration of NPW increases c-Fos 
expression in the LH and PVN (Levine et al. 2005). These data suggest an 
appetite-regulating function of NPW in the hypothalamus and other brain 
regions. Interestingly, NPW is expressed in the stomach in addition to the 
CNS. The presence of NPW has been demonstrated in rat stomach antral 
cells and a decreased level of NPW has been reported in fasted animals; 
upon re-feeding, levels of NPW increase to normal in these animals 
(Mondal et al. 2006). NPW has been reported to lower blood leptin 
concentrations, with this mechanism possibly inferring the existence of an 
NPW-mediated regulation of energy homeostasis (Rucinski et al. 2007) 
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Summary. Galanin-like peptide (GALP), a 60-amino acid peptide that 
influences feeding behavior and energy metabolism, is produced in the 
hypothalamic arcuate nucleus (ARC). GALP-containing neurons send 
outputs to orexin-, melanin-concentrating hormone (MCH)-, and tyrosine 
hydroxylase (TH)-containing neurons, and receive inputs from orexin- and 
neuropeptide Y-containing neurons. In addition, some GALP-containing 
neurons have been shown to co-localize with a-melanocyte-stimulating 
hormone (c~-MSH), which is an anorexigenie peptide derived from 
proopiomelanocortin (POMC). c-Fos experiments have shown that GALP 
activates neurons in the lateral hypothalamus (LH), a feeding center where 
orexin- and MCH-containing neurons are known to be located. Moreover, 
c-Fos expressions have been observed in orexin- but not MCH-containing 
neurons in the LH. To determine whether GALP regulates feeding behavior 
via orexin neurons, the feeding behavior of rats was studied following the 
intracerebroventricular (icv) injection of GALP with or without anti-orexin 
A and B immunoglobulin (IgG) pretreatment. The anti-orexin IgGs mark- 
edly inhibited GALP-induced acute hyperphagia. These results strongly 
suggest that orexin-containing neurons in the LH are targeted by GALP, and 
that GALP induces feeding activity through orexin-containing neurons in 
the LH. To clarify the neural network and the function of GALP neurons, we 
have generated a transgenic mouse strain which expresses enhanced green 
fluorescence protein (eGFP) under the control of a promoter of the GALP 
gene. Using confocal laser microscopy techniques, eGFP fluorescence was 
detected in the ARC of colchicine-treated GALP-eGFP transgenic mice. 
These transgenic animals could serve as  a powerful tool in the morpho- 
logical and electrophysiological analysis of GALP-containing neurons. 
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1 Introduction 

Galanin-like peptide (GALP) is 60 amino acid peptide which was discov- 
ered in porcine hypothalamus extracts using a binding assay for galanin 
receptors (Ohtaki et al. 1999). This peptide shares amino acid sequence 
homology with galanin (1 - 13) in position 9-21. The intracerebroventricular 
(icv) injection of GALP increases food intake in rats in the first 2 h after 
injection, but does not alter food intake in mice 2 h after injection (Krasnow 
et al. 2003; Lawrence et al. 2003; Matsumoto et al. 2002). However, in both 
species GALP decreases food intake and body weight gain 24 h after in- 
jection (Krasnow et al. 2003; Lawrence et al. 2002; Lawrence et al. 2003). 
These results suggest that GALP influences feeding behavior and energy 
metabolism in rodents. 

2 Neuronal circuits involving GALP in the hypothalamus 

GALP mRNA is expressed in the hypothalamic arcuate nucleus (ARC) of 
rodents (Fujiwara et al. 2002; Jureus et al. 2000; Kerr et al. 2000; Larm and 
Gundlach 2000; Shen and Gundlach 2004; Takatsu et al. 2001). The in- 
traperitoneal injection of leptin increases the expression of GALP mRNA, 
which contrasts with the fasted state in which low plasma levels of  leptin 
parallel that of decreased GALP mRNA expression. It has been demon- 
strated immunohistochemically that GALP-containing cell bodies are pre- 
sent in the ARC, and that more than 85% of  GALP-containing neurons ex- 
press leptin receptors on their surface membranes (Takatsu et al. 2001). 
These results suggest that the expression of  GALP is controlled by leptin. 

We have determined immunohistochemically some aspects of  neuronal 
circuits involving GALP. GALP-containing fibers are present in several 
regions: the lateral hypothalamus (LH), the paraventricular nucleus (PVN), 
the bed nucleus of the stria terminalis (BST) and the medial preoptic area 
(MPA) (Takatsu et al. 2001; Takenoya et al. 2006; Takenoya et al. 2005). 
GALP-containing neurons send outputs to orexin- and mela- 
nin-concentrating hormone (MCH) in the LH, as well as tyrosine hydoxy- 
lase-containing neurons in the ARC (Kageyama et al. 2008; Takenoya et al. 
2005). GALP-containing neurons receive inputs from orexin-containing 
neurons in the LH and from neuropeptide Y-containing neurons in the ARC 
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(Takenoya et al. 2003; Takenoya et al. 2002). GALP-containing neurons 
co-localize with or-melanin stimulating hormone (c~-MSH), which is derived 
from proopiomelanocoltin (POMC) (Fig.l) (Yakenoya et al. 2002). Fur- 
thermore, GALP-containing neurons also express orexin receptors (Ta- 
kenoya et al. 2003). On this basis, it can be seen that GALP-containing 
neurons form neural circuits that involve several types of feeding-regulating 
peptide-containing neurons. 

Fig. 1. Neuronal circuits involving GALP in the hypothalamic region. MCH, 
melanin-concentrating hormone; DA, dopamine; NPY, neuropeptide Y; 
POMC, proopiomelanocortin; LH, lateral hypothalamus, VMH, ventrome- 
dial hypothalamus; ARC, arcuate nucleus; 3V, third ventricle; +, physio- 
logical stimulating action; -, physiological suppressing action; ?, unknown. 

3 Neuronal feeding-regulating pathways involving GALP 

Icv injection of GALP activates many neuronal nuclei in the rat hypo- 
thalamus. The nuclei of neurons activated by GALP can be identified by 
their c-Fos expression, a marker of a neuronal activation, after central in- 
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jection of GALP (Cunningham 2004; Fraley et al. 2003; Fraley et al. 2004; 
Kageyama et al. 2006; Kauffman et al. 2005; Kuramochi et al. 2006; Law- 
rence et al. 2003; Man and Lawrence 2008; Matsumoto et al. 2001). When 
GALP is injected into the lateral ventricle of the rat brain, c-Fos-like im- 
munoreactivity can be identified in neurons located in the MPA, PVN, LH, 
ARC, supraoptic nucleus (SON) and dorsomedial nucleus of the hypo- 
thalamus (DMH), and the nucleus tractus solitarius in the brainstem (NTS) 
(Lawrence et al. 2003). Furthermore, GALP activates astrocytes but not 
microglia in the hypothalamus (Lawrence et al. 2003), and ependymal cells 
in the peri-third ventricle. However, c-Fos expression was hardly induced in 
the ventromedial hypothalamus. The exact location(s) of the main target 
area(s) of GALP in the brain or the kinds of cells affected in cases of in- 
creased food intake activity are yet to be fully identified. 

The LH is a recognized feeding-regulation center in the rat brain, and 
GALP has been shown to induce c-Fos expression in many neurons within 
this region. In order to identify the nature of c-Fos-expressing neurons in the 
LH, we focused on orexin- and MCH-containing neurons, and performed 
double immunostaining for both c-Fos and orexin or MCH. c-Fos-like 
immunoreactivity was found to be observed in many 
orexin-immunopositive but not in MCH-immunopositive neurons in the LH 
(Kageyama et al. 2006). We also made a quantitative analysis of c-Fos 
expression in neurons in the LH after icv infusion of GALP. The number of 
c-Fos-immunopositive neurons in the GALP-infused group was more than 
twice that of the control group. In orexin-immunopositive neurons, the 
number of neurons showing c-Fos-like immunoreactivity more than dou- 
bled after infusion of GALP (Kageyama et al. 2006). These morphological 
observations suggest that GALP simulates orexin neurons but has no effect 
on MCH-immunopositive neurons. Furthermore, at the EM level, dou- 
ble-labeling immunohistochemistry experiments showed that GALP im- 
munopositive axon terminals make synaptic contacts with orexin im- 
munopositive cell bodies and their dendritic processes. 

Although we have shown morphologically that GALP stimulates feeding 
behavior through orexin-containing neurons, it is not known whether en- 
dogenous orexin itself plays an important role in GALP-related feeding 
regulation. In order to determine whether GALP physiologically regulates 
feeding behavior via orexin-containing neurons, the feeding behavior of rats 
was studied following icv injection of GALP with or without anti-orexin A 
and B immunoglobulin (IgG) pretreatment. The anti-orexin IgGs markedly 
inhibited GALP-induced hyperphagia (Kageyama et al. 2006). These results 
suggest that orexin-containing neurons in the LH are targeted by GALP, and 
that GALP simulates feeding behavior through orexin-containing neurons 
in this brain region. Moreover, Kuramochi et al. (Kuramochi et al. 2006) 
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reported that GALP activates NPY-containing neurons in the DMH and that 
this promotes feeding behavior. Thus, it is suggested that GALP mediates 
feeding behavior via 2 different pathways. 

4 Generation of a transgenic mouse that ex- 
presses enhanced green fluorescent protein 
(eGFP) under the control of the GALP gene pro- 
moter 

We attempted to visualize the neural circuitry involving GALP neurons and 
to clarify the function of  GALP neurons using electrophysiological tech- 
niques such as patch clamp or intracellular calcium imaging experiments. In 
order to visualize GALP neurons without immunohistochemistry using 
anti-GALP antibody and to isolate GALP neurons for electrophysiological 
studies, we have generated a transgenic mouse that expresses enhanced 
green fluorescent protein (eGFP) under the control of the GALP gene 
promoter. We constructed a transgene in which a 12.6 kb of DNA fragment 
containing presumed regulatory region of mouse GALP was ligated to a 
fragment containing both cDNA encoding eGFP and a poly adenylate signal 
site o f  the rabbit  beta-globin gene. Transgenic mice were generated by 
microinjection of  the transgene into fertilized eggs. eGFP fluoresces in the 
ARC of colchicine-treated GALP-eGFP transgenic mice as visualized using 
confocal laser microscopy. The results were consistent with other studies 
showing that GALP is located in the hypothalamic ARC. These transgenic 
animals could serve as a powerful tool for the morphological and electro- 
physiological analysis of  GALP-containing neurons. 
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Fig. 2. Strategy for analysis of GALP function. Refer to color plates. 
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Summary: Neuropeptide Y (NPY) is one of the most abundant peptide in 
the brain and has been implicated in various biological functions. Pre- 
clinical and clinical investigations have suggested that NPY,  acting 
on specific receptors, has direct role in several psychiatric disorders, 
including depression and anxiety-related illnesses, which wil l  be re- 
viewed in this chapter. Increasing support for a role for NPY in mood 
disorders has been obtained over the past few years. The Y1, Y2 and Y4 re- 
ceptor subtypes have been particularly involved in these behaviours. For 
example, we reported that NPY Y2 knockout mice display anxiolytic-like 
phenotype as assessed in the elevated plus maze and open field tests, sug- 
gesting a role of this receptor subtype in anxiety-related behaviours. More- 
over, NPY Y2 knockout mice display memory retention deficits as evalu- 
ated in the Morris water maze and object recognition tests, while 
acquisition performance, swim speed and visible platform performance 
were not significantly different between knockout and wild-type mice. 
Additionally, young and old rats overexpressing NPY were found to be re- 
sistant to acute physical restrain stress, but rather surprisingly, no memory 
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deficit was observed in old transgenic rats, contrasting with data obtained 
in young transgenic animals. Aged NPY transgenic rats and NPY Y2 
knockout mice exhibit anxiolytic-like phenotypes, in accordance with re- 
sults observed in younger animals. Interestingly, the ontogeny of various 
NPY receptor subtypes suggest further that they may be implicated in the 
etiology of anxiety-like phenotype observed in maternally deprived ani- 
mals as important changes in NPY receptor distribution and levels occur 
during this critical period, especially for the Y2 receptor subtype. Taken 
together, these results support the hypothesis that NPY and its receptors 
may be involved in the regulation of anxiety-related behaviours and pro- 
vide evidence that this neuropeptide family is an attractive drug develop- 
ment target for these disorders, 

Key words: Anxiety, Neuropeptide Y, Behavioural tests, Sedation, On- 
togeny 

1 Introduction 

Anxiety is an emotion that reflects a state of cognitive and behavioural 
preparedness that an organism mobilizes in response to a potential threat. 
There are in fact two forms of anxieties, the non-pathological and the 
pathological one. The non-pathological form includes "'state anxiety", 
which is an acute adaptive response of heightened vigilance and arousal 
and "trait anxiety", a measure of an individual's baseline reactivity or 
tendency to generate anxious response (Leonardo and Hen 2008). Patho- 
logical anxiety conditions include panic disorder, post-traumatic stress 
disorder (PTSD), generalized anxiety disorder (GAD), social anxiety dis- 
order (SAD) or agoraphobia, obsessive-compulsive disorder (OCD), and 
specific phobias (Leonardo and Hen 2008; Mathew et al. 2008). Symp- 
toms are manifested at the psychological ,  behavioural and physio- 
logical levels, and are thought to involve both endogenous predis- 
posing factors (mostly genetic) and the ability o f  coping with stress 
(McEwen  2000; Southwick et al. 2005). These disorders are often as- 
sociated with serious disabilities, increased rate of chronic medical condi- 
tions, and high level of comorbidity and overlap with a variety of neuro- 
psychiatric conditions, such as depression and substance abuse (Mathew et 
al. 2008). 

Current therapeutic strategies for the treatment of anxiety disorders in- 
clude benzodiazepines, tricyclic antidepressants, monoamine oxidase A 
inhibitors, as well as monoamine uptake inhibitors (Nemeroff 2003). How- 
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ever, currently available anxiolytics possess various adverse side-effects 
including nausea, sexual dysfunction, anorexia, sweating, asthenia and 
tremor (Mathew et al. 2008). Additionally, the tolerability of benzodi- 
azepine anxiolytics is reduced by sedation, cognitive impairments and de- 
pendence (Mathew et al. 2008). These observations have given rise to a 
search for alternative therapeutic targets for the treatment of anxiety- 
related disorders. In that regard, several neuropeptides have been sug- 
gested as potential alternatives including cholecystokinin, eorticotrophin 
releasing factor (CRF), tachykinins and neuropeptide Y (Griebel 1999; 
Millan 2003). Data obtained using pharmacological or molecular tools as 
well as studies in human have consistently suggested a role for neuropep- 
tide Y and its receptors in anxiety-related disorders. 

Neuropeptide Y (NPY) is a 36 amino acid residues polypeptide isolated 
from porcine brain more than twenty five years ago (Tatemoto 1982). It 
belongs to a peptide family called the Y family, which includes peptide 
YY (PYY) and pancreatic polypeptides (PP). NPY is one of the most 
abundant brain peptides and is expressed in numerous regions where it is 
often colocalized with either noradrenaline, glutamate, GABA, soma- 
tostatin or the agouti-related protein (Kask et al. 2002). NPY is also one of 
the most highly conserved peptides from an evolutionary perspective 
(Larhammar 1996). Early studies have demonstrated that NPY is impli- 
cated in a broad range of biological effects including increased food and 
water intake (Stanley and Leibowitz 1984), facilitated learning and mem- 
ory processes (Flood et al. 1987), inhibited glutamatergic and noradrener- 
gic synaptic transmission (Colmers et al. 1987; Wahlestedt and Hakanson 
1986), as well as GABAergic activity (Acuna-Goycolea et al. 2005; Kash 
and Winder 2006), affected locomotor behaviours (Ekman et al. 1986), 
hypothermia (Esteban et al. 1989), decreased sexual behaviours (Clark et 
al. 1985), altered cardiorespiratory parameters (Edvinsson et al. 1984; 
Harfstrand 1986), shifts in circadian rhythms (Albers and Ferris 1984), 
regulated release of luteinizing hormone releasing hormone (LHRH) 
(Kalra and Crowley 1984) and induced release of corticotrophin releasing 
factor (CRF) (Tsagarakis et al. 1989). It has also been shown that NPY can 
induce anxiolytic-like (Heilig et al. 1993) and antidepressant-like (Redrobe 
et al. 2002a) effects, in addition to a role in alcohol consumption (Thiele et 
al. 1998), epilepsy (Klapstein and Colmers 1997; Vezzani et al. 1999) and 
pain processes (Wang et al. 2000). Several of these effects appear to be 
physiologically relevant, based on data obtained using pharmacological 
approches, knockout mice or transgenic animals (for review see: 
Blomqvist and Herzog 1997; Carvajal et al. 2006b; Carvajal et al. 2007; 
Dumont et al. 2000b; Inui 2000; Kalra and Kalra 2006; Kask et al. 2002; 
Lin et al. 2004; Redrobe et al. 2002b; Vezzani et al. 1999). 
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Table 1. Agonists and antagonists of the NPY famil~r 
NPY recep- Agonists with nM affinities 
tor subtype 

Antagonists with 
nM affinities 

Y1 

Y2 

Y4 

Y5 

NPY 
PYY 
[Leu 31, Pro34]Npy 
[Leu 31, Pro34]pyy 
[Arg 6, Pro34]NpY 
[Phe 7, Pro34]NpY 
[D-His26]NpY 

NPY 
PYY 
NPY3-36 
PYY3-36 
Truncated NPY 
C2-NPY 

Rat PP 
Human PP 
GR231118 
[Leu 31, Pro34]pyy 

NPY 
PYY 
NPY3-36 
PYY3-36 
[Leu 31, Pro34]NpY 
[Leu 31, Pro34]pyy 
[hPP 1-17, Ala 31, Aib32]Npy 
[cPP 1-7, NPY19-23, Ala 31, Aib 32, 
Gln34]hpp 
Human PP 

BIBP3226 
BIBO3304 
GR231118 
LY35789 
J-104870 
GI264879A 
J-115814 
H409/22 

BIIE0246 
JNJ-520778 

none 

CGP71683A 
JCF109 
NPY5RA 
GW438014A 
L-152,804 

The various physiological functions of NPY are mediated by the activa- 
tion of at least five receptor subtypes designated as Y1, Y2, Y4, Y5 and Y6 
receptors (Michel et al. 1998). These receptors have been cloned and be- 
long to the G-protein coupled receptor superfamily (Dumont et al. 2002). 
Each NPY receptor subtype exhibits a distinctive pharmacological profile 
(Table 1). To date, selective antagonists have been developed for the Y1, 
Y2 and Ys, but not Y4, receptor subtypes (Table 1). In the central nervous 
system, Y1 and Y2 receptors are broadly distributed, while Y4 and Y5 sub- 
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types have a more restricted localization and are expressed at lower 
amounts (Dumont et al. 1998b; Dumont et al. 2000c; Dumont et al. 2004). 
The Y6 receptor subtype is only expressed in few species such as the mouse, 
dog and rabbit, and is a pseudogene in primates and human; it is not ex- 
pressed in the rat (Michel et al. 1998). 

2 Tests used to measure anxious-like behaviours 

Fear and anxiety could be defined as the response of  a subject to real or 
potential threats that may impair its homeostasis. This response may in- 
clude physiological (increase in hearth rate, blood pressure, cortisol levels 
etc.) as well as behavioural (inhibition of  ongoing behaviours, scanning, 
avoidance of  the source of  danger etc.) parameters. Anxiety-like behav- 
iours in rodents have been mostly studied using few well established tests 
such as the elevated plus-maze, light/dark box and open-field tests. These 
procedures are based upon the exposure of  subjects to unfamiliar, aversive 
places. However, it is now evident that anxiety is not a unitary phenome- 
non but could be divided in various forms including 'state' and 'trait ' 
anxieties as well as 'normal '  and 'pathological' anxieties. These various 
forms have been shown to be differently sensitive to various pharmacol- 
ogical challenges. Therefore, when measuring anxiety in animals, it is use- 
ful to have information on the type of  anxiety processes involved in a 
given test (Belzung and Griebel 2001). Over 30 models are used in pre- 
clinical anxiety research and although some are based on physiological re- 
sponses and others on drug-induced states, the vast majority employs "be- 
havioural" approches. The type of  behaviour studied, however, varies 
considerably with the most obvious distinction being tests based on condi- 
tioned responses (Geller-Seifter, Vogel-punished and Fear-potentiated 
startle tests), versus those involving unconditioned behaviours (open field, 
elevated plus maze, light-dark box and social interaction tests). See a de- 
tailed review by File (2004) for a descriptions of  these tests. 

3 NPY and anxiety 

3.1 Exogenous effects of NPY in behavioural tests 

NPY, when administered intracerebroventricularly (icy) or into specific 
brain regions, induces anxiolytic activity in various behavioural tests 
widely used for the screening of  anxiolytic compounds. NPY is reported to 
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Table 2. Effects of administered NPY on anxiety-related behaviours 

Model Treatment Effect Reference 
Elevated plus NPY anxiolytic 1, 2, 3 
maze 

Open field 

PYY anxiolytic 4 
[ Leu31, Pro34] PYY ( Y 1 )  anxiolytic 4, 
NPY2-36 anxiolytic 4 
NPY3-36 (Y2) 6 
NPY13-36 (Y2) no effect 1, 
NPY 13-3 6 anxiogenic 5 
BIBP3226 (Y1) anxiogenic 6 

NPY anxiolytic 2, 
[D-HisZ6]NpY (Y1) anxiolytic 3 
C2-NPY (Y2) no effect 3 

Light-dark box NPY 

Social interac- NPY 
tion 

anxiolytic 2, 7 

anxiolytic 8, 9 

Vogel conflict NPY 
NPY13-36 

anxiolytic 1 
no effect 1 

Geller-Seifter NPY anxiolytic 10, 11 
[Leu31,Pro34] NPY ( Y 1 )  anxiolytic 10, 12 
NPY13-36 (Y2) no effect 10,12 
[Gly 6, Glu26,Lys26,Pro34] - anxiolytic 10 
NPY 
PP no effect 10 
PYY anxiolytic 10 

Fear- 
potentiated 
Startle 

Reference 

NPY anxiolytic 2 

[Leu 31,Pro34]NpY anxiolytic 4 
NPY 13-36 (Y2) no effect 4 

1, Heilig et al. 1989a; 2, Karlsson et al. 2005; 3, Sorensen et al. 2004; 4, Broqua 
et al. 1995; 5, Nakajima et al. 1998; 6, Kask et al. 1996; 7, Pich et al. 1993; 8, 
Kask et al. 2001; 9, Sajdyk et al. 1999; 10, Britton et al. 1997; 11, Heilig et al. 
1992; 12, Heilig et al. 1993 
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elicit anxiolytic-like effects in models of anxiety including exploratory be- 
haviour-based tests such as the open field, elevated plus-maze, light-dark 
compartment test, social interaction, punished responding tests including 
Geller-Seifter test ,  Vogel-punished drinking test and fear-potentiated star- 
tle (See Table 2). Furthermore, using agonists and antagonists of  the NPY 
family, it has been shown that the anxiolytic-like effects of  NPY are medi- 
ated by the NPY Y1 receptors (Britton et al. 1997; Broqua et al. 1995; Hei- 
lig et al. 1992; Nakajima et al. 1998; Sajdyk et al. 1999). Additionally, an- 
tisense inhibition of the NPY Y1 receptor expression produced anxiogenic- 
like effects (Wahlestedt et al. 1993) and blocked the anxiolytic-like effects 
of  NPY (Heilig 1995). However, as seen for traditional anxiolytics, seda- 
tive effects and suppressed locomotor activity have also been reported for 
NPY (Heilig et al. 1989a; Heilig and Murison 1987; Karlsson et al. 2005; 
Naveilhan et al. 2001), but these effects usually occur at higher doses. 
Overall, the robust anxiolytic-like effects observed with NPY and Y1 re- 
ceptor agonists in a variety of behavioural tests suggest that these com- 
pounds may have the potential to become an alternative to benzodiazepi- 
nes for the treatment of  anxiety-related disorders. 

3.2 NPY and anxiety in human 

Human studies have shown that acute, uncontrollable psychological stress 
significantly elevates plasma NPY levels, which were positively correlated 
with increased cortisol and norepinephrine concentrations. Enhanced NPY 
release was associated with less psychological dissociation suggesting that 
NPY exhibits anxiolytic activity during stress (Morgan et al. 2001). In- 
creased NPY levels were detected in patients with chronic panic disorders 
who were drug-free for at least one week and had several panic attacks 
within one week before the procedure (Boulenger et al. 1996). Addition- 
ally, human studies in special operation soldiers under going extreme train- 
ing showed that high NPY levels were associated with better performance 
(Morgan et al. 2000). Moreover, veteran patients with PTSD have been 
shown to have reduced plasma NPY levels as compared to veteran control 
subjects (Rasmusson et al. 2000). 

3.3 NPY knockout and transgenic animals 

Pharmacological studies consistently suggest that NPY is involved in the 
regulation of  anxiety. However, from a behavioural perspective, pharma- 
cological investigations can be complicated by the solubility of  the corn- 
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pound used, its side effects and issues associated with handling and neces- 
sary restrain during the injection process (acute stress). On the other hand, 
the phenotypic changes observed in knockout animals as well as transgenic 
NPY animals are not as dramatic as might have been expected on the basis 
o f  pharmacological and morphological studies, possibly due to compensa- 
tory mechanisms. Furthermore, it is crucial to use a comprehensive behav- 
ioural phenotyping strategy when characterizing a genetic animal model 
including handling stress, circadian rhythms, locomotor activity, pain re- 
lated phenotype, sedation and aggressivity in order to avoid false-positive, 
false-negative or fragmentary results. 

Early behavioural studies of  NPY-KO mice developed by two different 
groups reported inconsistent and confounding behavioural phenotypes. 
While Palmiter and collaborators reported increased anxiety-like behav- 
iours in the elevated-plus maze and increased learning abilities in the pas- 
sive avoidance task (Palmiter et al. 1998), Bannon et al. (2000) observed a 
wild-type (WT)-like performance for mice derived from the same line in 
both paradigms and an increase in anxiogenic-like behaviours in the open 
field test. Essentially, both studies were based solely on motor activity- 
dependent measures of anxiety rather than including a locomotion- 
independent parameter (i.e. ratio of  motor activity in an aversive area or 
risk assessment behaviour) (Karl and Herzog 2007). 

Most recently, Herzog and collaborators have developed new germline 
NPY-knockout mice which have been behaviourally characterized using a 
comprehensive multi-tiered phenotyping strategy (Karl et al. 2008). These 
newly developed NPY-KO mice consistently avoided aversive regions of 
the open field, light-dark box and elevated plus maze tests, as indicated by 
the time spent in these areas. Male NPY-deficient mice demonstrated a 
more potent and consistent anxiogenic phenotype than female NPY-KO 
mice, suggesting moderate sex-specific effects of  NPY's deficiency. The 
potent anxious-like phenotype of  NPY-deficient mice cannot simply be at- 
tributed to hypo-activity as the anxiogenic-like phenotype was confirmed 
by locomotion-independent parameters (i.e. ratio of  distance travelled in 
aversive areas of the open field and light-dark box). In that context it is 
important to note that hypoactive NPY mutants did not show a complete 
absence of exploratory behaviours (reduced to 40-50% as compared to the 
wild type levels). Furthermore, stress-dependent measurements such as 
risk assessment behaviour (i.e. stretch-attend postures) and defecation 
score in the elevated plus maze also support an anxiogenic-like phenotype 
in NPY-deficient mice. The increased anxiety levels seen at baseline in 
NPY mutants are consistent with the extensive pharmacological data 
showing that NPY is an anxiolytic. 
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Transgenic animals overexpressing NPY have also been developed. 
Transgenic mice display behavioural signs of anxiety and hypertrophy of  
adrenal zona fasciculata cells, but no change in food intake was observed 
(Inui et al. 1998). The anxiety-like behavior of  transgenic mice was re- 
versed, at least in part, by the administration of  CRF antagonists (alpha- 
helical CRF9-41) into the third ventricle. These results suggest that NPY 
plays a role in anxiety and behavioral responses to stress partly via the 
CRF neuronal system (Inui et al. 1998). Transgenic rat overexpressing 
NPY have also been developed by Michalkiewicz and his colleagues 
(Michalkiewicz and Michalkiewicz 2000) have been tested for anxiety-like 
behaviours. In this transgenic rat model, there is a central over-expression 
of  prepro-NPY mRNA and NPY peptide in the hippocampus and hypo- 
thalamus, and decreased Y1 binding sites within the hippocampus (Thorsell 
et al. 2000). These molecular and neurochemical events lead to altered 
anxiety profile and learning abilities in NPY-overexpressing rats. As ob- 
served in young NPY overexpressing rats, aged NPY-transgenic animals 
are resistant to acute physical restrain stress measured using the elevated- 
plus maze and demonstrate anxiolytic-like activity in the open field 
(Carvajal et al. 2004; Thorsell et al. 2000). These studies further support 
the role of  NPY as a neuromodulator in the regulation of  anxiety related 
behaviours throughout the lifespan. 

3.4 Neuropeptide Y receptors 

3.4.1 NPY Y1KO mice 

Pharmacological studies demonstrated the role of NPY Y1 receptor sub- 
type in anxiety related behavioural tests. Accordingly, the lack of  NPY Y1 
receptor signaling would predict an increase in anxiety-related behaviours. 
Several groups have generated NPY Y1 receptor deficient mice, but they 
did not investigated in details the levels of  anxiety in these animals until 
very recently. Early studies using NPY Y1 KO mice showed increased 
ethanol consumption and reduced sensitivity to ethanol induced sedation 
(Thiele et al. 2002) which could be interpreted as secondary to high levels 
of anxiety. Additionally, the NPY Y1 KO mice have an increase in loco- 
motor activity and a strong increase in territorial but not spontaneous ag- 
gressive behaviours (Karl et al. 2004). However, and rather surprisingly, 
mice lacking the NPY Y~ receptor subtype were found to be largely normal 
on tests of  spontaneous anxiety-related behaviours (Karlsson et al. 2008). 
On the other hand, altered anxiety-like behaviours in NPY Y1 KO mice 
appear to be highly dependent on the kind of  task, time of  testing within 
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the circadian cycle, and stress exposure (Karl et al. 2006). Additionally, al- 
though NPY Y~ KO mice do not show clear anxiogenic phenotype, they 
failed to respond to the anxiolytic-like effects of NPY (Karlsson et al. 
2008). 

3.4.2 NPY Y2 KO mice 

Studies using male mice deficient in the NPY Y2 receptor subtype re- 
vealed that they have an anxiolytic-like phenotype in the elevated plus- 
maze and open field test with no changes in locomotor activity (Redrobe et 
al. 2003b). These findings were confirmed independently using the open 
field, elevated plus-maze, and light-dark compartment tests (Tschenett et al. 
2003). However, an increase in locomotor activity was observed in the 
open field when mice were tested in light but not when tested in the dark 
(Tschenett et al. 2003). The anxiolytic-like profile of the Y2-deficient mice 
was confirmed in 2-yr-old Y2 KO mice using the elevated plus-maze and 
open field test (Carvajal et al. 2006a). In agreement with the second study, 
an increase in locomotor activity in the open field was observed in NPY Y2 
KO mice compared to WT controls (Carvajal et al. 2006a). This is most 
likely because NPY Y2 KO and WT control mice were tested in the open 
field with high light, rather than under low light conditions. More recently, 
another group has also shown that female NPY Y2 KO mice spend more 
time in the open arms in the elevated plus maze test and enter more often 
in the central area in the open field test (Painsipp et al. 2008a), confirming 
the anxiolytic-like phenotype of the NPY Y2 KO animals. However, they 
also demonstrated that the reduction of anxiety-related behaviour in Y2 re- 
ceptor KO animals were completely reversed by Escherichia coli lipopoly- 
saccharide (LPS) (Painsipp et al. 2008a), with the anxiogenic-like effects 
most likely resulting from a reduction in locomotor activities after LPS. 

3.4.3 NPY Y4 KO mice 

Male and female NPY Y4 KO mice show very aggressive behaviour with 
increased incidents of fighting causing injuries between littermates 
(Sainsbury et al. 2002c). More recently, it has been reported that female 
NPY Y4 KO display anxiolytic-like phenotypes similar to those seen with 
male NPY Y2 KO mice as evaluated in the elevated plus maze and open 
field tests (Painsipp et al. 2008a; Painsipp et al. 2008b). Additionally, in 
the social interaction test, female NPY Y4 KO mice had more contacts than 
wild type and NPY Y2 KO mice (Painsipp et al. 2008a). These data sug- 
gest that in addition to Y2 receptor antagonists, Y4 receptor antagonists 
should be considered as an alternative in the treatment of mood and affec- 
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tive disorders. Interestingly, in contrast to NPY Y2 KO mice (Redrobe et al. 
2003a), NPY Y4 KO mice did not show memory deficits (Painsipp et al. 
2008b), suggesting that Y4 receptor antagonists may be a more appropriate 
drug target for anxiety-related disorders as it may be less likely to induce 
memory deficits. 

NPY Y4, like Y2, receptors are involved in the presynaptic inhibition of  
neurotransmitter release (Acuna-Goycolea et al. 2005), a mechanism that 
could explain why Y4 receptor KO animals display similar alterations in 
emotional behaviours as Y2 receptor KO mice. Additionally, the anxiolytic 
phenotype of  NPY Y4 KO mice is consistent with the anxiogenic pheno- 
type observed in PP overexpressing mice (Ueno et al. 2007). Interestingly, 
icv injections of  PP failed to alter anxiety-related behaviours (Asakawa et 
al. 1999), while chronic peripheral administration of PP reduced anxiety 
(Asakawa et al. 2003). It is also worth mentioning that both NPY Y2 and 
Y4 KO mice exhibit increased levels of circulating PP (Sainsbury et al. 
2002a; Sainsbury et al. 2002c). 

3.4.4 NPY Y5 KO mice 

Very little information is currently available regarding the mood and emo- 
tional status of  NPY Y5 KO mice. Central administration of neuropeptide 
Y (NPY) causes both anxiety and sedation as revealed by a decrease of  lo- 
comotor activity in the open field (Heilig et al. 1989a; Heilig et al. 1989b; 
Heilig and Murison 1987; Redrobe et al. 2002a). Previous studies sug- 
gested that both effects are mediated via NPY Y1 receptors, but as the 
Y1/Y4/Y 5 receptor agonist, [Leu31,Pro34]pyY, causes sedation in the mouse 
open field test, it may suggest a role for Y4 and Y5 subtypes (Redrobe et al. 
2002a). More recently, using more selective NPY agonists such as [D- 
His26]NpY (Y1), C2-NPY (Y2), and [cPP1-7, NPY19-23, Ala 31 , Aib 32, 
Gln34] hPP (Ys) in the elevated plus maze and open field tests, it was shown 
that anxiolytic-like effects of  icv-administered NPY agonists in rats are 
mediated via both Y1 and Y5 receptors, whereas sedation mostly involves 
the Ys receptor (Sorensen et al. 2004). Further investigations based on 
more detailed behavioural phenotype of NPY Ys KO mice are required in 
order to clearly establish the role of  the Y5 receptor subtype in anxiety and 
sedation-related behaviours. 

There are also unexpected differences between findings obtained in 
knockout and transgenic models, and pharmacological studies (Lin et al. 
2004). Compensatory changes during development in knockout animals 
may explain the lack of  phenotype observed in these animals. The use of  
knock-in strategies, which allows for the modification rather than the com- 
plete inactivation of  receptor or ligand functions should be considered (Lin 
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et al. 2004). Similarly, conditional KO models will also allow for the se- 
lective deletion of  genes in a defined tissue or cell type of an adult animal, 
thereby avoiding compensatory mechanisms occurring during develop- 
ment. 

4 Mechanims of action 

In adult animals, exposure to stress was shown to alter NPY-related mark- 
ers in many brain regions such as the amygdale, hippocampus, cortex, nu- 
cleus accumbens and caudate putamen (Table 3). For example, acute 
physical restrain which generates anxiety-like behaviour in a wide range of 
behavioural tests (Heilig 2004), also down-regulates the expression of 
NPY mRNA in the amygdala as well as the expression of  NPY in this 
brain structure as well as in the frontal cortex (Thorsell et al. 1998). How- 
ever, when rats are subjected to chronic stress, the anxiogenic-like behav- 
iour was not observed and was accompanied by an up-regulation of  pre- 
pro-NPY mRNA in the amygdala (Thorsell et al. 1999). The up-regulation 
of  NPY mRNA following chronic stress suggests that NPY is involved in 
adaptive responses during exposure to stress. 

The brain circuitry involved in mediating anxiety-related behavioural 
responses is complex and implicates not only the amygdala, but also the 
locus coeruleus, dorsal periaqueductal gray matter, septum, hippocampus 
and various hypothalamic nuclei (Kask et al. 2002). 

The first anxiolytic drugs introduced on the market included benzodi- 
azepines such as diazepam which act on GABA receptors. The co- 
localization of NPY and GABA in the amygdala (McDonald and Pearson 
1989), hypothalamus (Horvath et al. 1997) and cerebral cortex (Aoki and 
Pickel 1989) and the existence of  direct synaptic connections between 
GABA and NPY-ergic neurons in the amygdala (Oberto et al. 2001) and 
nucleus accumbens (Massari et al. 1988) as well as the co-localization of  
NPY Y1 receptor subtype on GABA-ergic neurons in the amygdala 
(Oberto et al. 2001) all suggest that the anxiolytic properties of NPY could 
be mediated, at least partly, via GABA-ergic neurons. In support of  this 
hypothesis, diazepam was shown to block the anxiogenic effects of 
BIBP3226, a Y1 receptor antagonist (Kask et al. 1996). Moreover, alpro- 
zolam reduced anxiogenic-like behaviours induced by the Y2 receptor ago- 
nist, C2-NPY in the social interaction test (Sajdyk et al. 2002). Addition- 
ally, it has been reported that the administration of diazepam and 
buspirone, an anxiolytic acting on the 5HTIA receptor, in naive rats re- 
sulted in a decrease in NPY-like ir in the amygdala and nucleus accumbens 
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Table 3. Effect of  various stressors on NPY-related markers 

Model of  stress/fear Results Reference 

Amv~dala 
Restrain stress 

Conditioned fear 
produced in the pas- 
sive avoidance test 
Restrain stress 

Hypothalamus 
Restraint stress 

Conditioned fear 
produced in the pas- 
sive avoidance test 
Restraint stress 

Cerebral cortex 
Conditioned fear 
produced in the pas- 
sive avoidance test 
Restraint stress 

Nucleus accumbens 
Conditioned fear 
produced in the pas- 
sive avoidance test 

Hippocampus 
Restrain stress 

Striatum 
Res~aint stress 

50% increase NPY mRNA after 
3 days 
33% increase in NPY-like ir after 
the test 

(Swee~s 
2001) 
(Krysiak 
2000) 

30 and 25 % decreased in NPY (Thorsell 
mRNA and NPY-like ir after 1 1998) 
hr, respectively 

81 and 40 % increased in NPY 
mRNA after 1 and 3 days, re- 
spectively (Arcuate nucleus) 
19% increase in NPY-like ir 6 hr 
after the test 

(Sweerts 
2001) 

(Krysiak 
2000) 

23% increase in NPY-like ir 10 (Thorsell 
hr after , no change in NPY 1998) 
mRNA 

21% increase in NPY-like ir 6 hr (Krysiak 
after the test 2000) 

35 and 45 % decrease in NPY 
mRNA 2 and 4 hr after, respec- 
tively. No change in NPY-like ir 

(Thorsell 
1998) 

22% increase in NPY-like ir 6 hr (Krysiak 
after the test 2000) 

26 % decrease in NPY mRNA (Sweerts 
after 10 days 2001) 

29 % increase in NPY mRNA 2 
after. No chan~e in NPY-like ir 

(Thorsell 
1998) 
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(Krysiak et al. 1999). On the other hand, in rats subjected to conditioned 
fear, increases in NPY-like ir in the amygdala, nucleus accumbens and hy- 
pothalamus were blocked by diazepam and attenuated by buspirone 
(Krysiak et al. 2000). The effect of  diazepam on brain NPY-like ir levels is 
also inhibited by the benzodiazepine receptor antagonist flumazenil 
(Krysiak et al. 2000). Interestingly chronic, but not acute, treatments with 
either diazepam or abecarnil produced significantly increases in the ex- 
pression of  the NPY Y1 receptor subtype, while FG7142, an anxiogenic 
compound, decreased NPY Yl receptor expression (Oberto et al. 2000). 
Finally, the neurosteroid allopregnanolone demonstrates marked anxiolytic 
action by enhancing GABA-A receptor function and altered expression of  
the NPY Y1 receptor in a similar fashion as diazepam and abecarnil 
(Ferrara et al. 2001). 

Several lines of  evidence suggest that the stimulation of group II and III 
metabotropic glutamate (mGlu) receptors produces anxiolytic-like effects 
in rodents (Smialowska et al. 2007; Wieronska et al. 2004; Wieronska et al. 
2005). Interestingly, the anxiolytic effects of  mGluR agonists are abolished 
by BIBO3304, a Y1 receptor antogonist (Wieronska et al. 2005). More re- 
cently, it was reported that significant anxiolytic effects were induced by 
injection of  group II and III mGlu agonists injected into the dentate gyms 
and CA1 subfield of  the hippocampus, respectively (Smialowska et al. 
2007). NPY can also be anxiolytic following its injection into these struc- 
tures. In the CA1 area, the effect of  NPY is blocked by BIBO3304 (Y~ an- 
tagonist), while BIIE0246 (Y2 antagonist) was effective in the dentate 
gyms (Smialowska et al. 2007). Similarly, BIBO3304 blocked the anxio- 
lytic effect of group III mGlu agonists in the CA1 subfield while BIIE0246 
was effective against Group II mGlu agonists injected in the dentate gyms 
(Smialowska et al. 2007). Taken together, these data further demonstrate 
the complex neuronal circuitry implicated in anxiety-related behaviours 
and the possible role of  the NPY Y1 and Y2 receptor subtypes in that re- 
gard. 

CRF has been implicated in the coordination of  behavioural and endo- 
crine responses to stress (Koob and Heinrichs 1999). In contrast to NPY, 
central administration of  CRF produced anxiogenic effects in several anxi- 
ety-related paradigms including the elevated plus maze, social interaction, 
conflict test and acoustic startle paradigm (Sajdyk et al. 2004). The anxio- 
genic effects of CRF in the social interaction, elevated plus maze and con- 
flict test were all blocked by a pre-treatment with NPY (Britton et al. 2000; 
Kask et al. 2001). Additionally, deletion of  the NPY Y2 receptor induced a 
70% reduction in CRF mRNA expression that might contribute to the anx- 
iolytic-like phenotype observed in NPY Y2 KO mice (Sainsbury et al. 
2002b). Furthermore, thyroxine-treated adult animals displayed reduced 
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anxiety and a decrease in the number of CRF-like ir neurons, but increased 
NPY-like ir neurons in the amygdala (Yilmazer-Hanke et al. 2004). All 
these data support previously proposed hypothesis that the two systems are 
closely inter-related and that NPY is important for dampening the effects 
of  CRF under stressful conditions (Heilig et al. 1994). 

5 The developmental theory of anxiety and NPY 

There is increasing recognition that many psychiatric disorders including 
anxiety disorders could be, at least partly, of  neurodevelopmental origin 
(Leonardo and Hen 2008). Data obtained in human and animal models 
point to a critical period during which neuronal circuits that mediate anxi- 
ety-like behaviours develop (Leonardo and Hen 2008). It has then been 
postulated that this highly plastic critical period is a time of  heightened re- 
sponsiveness that is particularly susceptible to adverse events (Leonardo 
and Hen 2008). Thus both anxiety trait and anxiety disorders are likely to 
be determined by early developmental processes or events that affect the 
way in which an individual brain is wired. Interestingly, while the mean 
age of onset of  depression is 29, that of an anxiety disorder is 11 (Kessler 
et al. 2005). In fact, several studies in human indicated that exposure to 
early adverse life events can increase the vulnerability to both anxiety and 
depression into adulthood (Breslau et al. 1995; Ladd et al. 2000; Parker et 
al. 1995; Parker et al. 1999; Parker et al. 2000). The relationship between 
stressful events early in life and psychiatric disorders has been modeled in 
rats by subjecting them, for example, to early maternal deprivation. Mater- 
nal separation has been proposed as a potential experimental model for 
psychiatric conditions such as depression and/or anxiety disorders, and 
these animals exhibit increased anxiety "trait" in several paradigms (Caldji 
et al. 1998; Caldji et al. 2000; Huot et al. 2001; McIntosh et al. 1999). Ad- 
ditionally and in accordance with the potential role of  NPY in anxiety, ma- 
ternally-separated rats between postnatal days 2 -14 were shown to have 
lower NPY-like ir in the hippocampus, striatum, amygdala and cortex at 
three months of  age (Husum et al. 2002; Husum and Mathe 2002; Jimenez- 
Vasquez et al. 2001; Park et al. 2005). Moreover, if lithium treatment was 
administered on days 50-83, changes in NPY-like ir induced by maternal 
deprivation were not observed (Husum and Mathe 2002). It has also been 
shown in this model that acupuncture treatment at acupoint Shenmen 
(HT7) reduces anxiety-like behaviours in adult rats and increased NPY ex- 
pression in the amygdala (Park et al. 2005) and hippocampus (Lim et al. 
2003) following maternal separation. These data demonstrate that early 



66 

stressful events for a short period of time during development can have 
major and long lasting impacts on NPY contents in various brain regions 
as well as on anxiety-related "trait". 

6 Developmental profile of NPY receptors 

Considering the importance of brain development during the postnatal pe- 
riod, its role in psychiatric disorders and the evidence suggesting that NPY 
is involved in both anxious behaviours and brain development, we investi- 
gated the distribution of the NPY Y1, Y2, Y4 and Y5 receptor subtypes dur- 
ing brain development and maturation. Immunohistochemical studies have 
shown that NPY-immunoreactive materials are expressed in the embryonic 
rat brain as early as by day 13 (El3) with staining in perikarya being 
stronger prior to birth (Woodhams et al. 1985), suggesting that NPY may 
play a role during brain development. Furthermore, in situ hybridization 
studies have shown that the Y1 receptor mRNA can be detected as early as 
by embryonic day 12 with levels of Yt mRNA transcripts increasing until 
birth with specific [125I][Leu31,Pro34]pyY binding sites having a similar 
pattern but delayed by 2 days (Tong et al. 1997). Additionally, RT-PCR 
studies have shown that the Y1, Y2 and Y5 mRNAs are expressed very 
early in the brain, spinal cord and dorsal root ganglion of embryonic 
mouse (Naveilhan et al. 1998), and the Yl and Y2 mRNAs in rat embry- 
onic (E19) hippocampi (St Pierre et al. 1998). However, it is unclear if this 
is translated in the expression of their respective receptor protein since we 
failed for example, to detect specific [125I]PYY3-36 binding in cultured 
primary E18-19 hippocampal neurons (St Pierre et al. 1998). We hence de- 
cided to investigate the respective distribution of the Y~, Y2, Y4 and Y5 re- 
ceptor proteins in the brain from embryonic day 17 (El7) to postnatal day 
90 (P90). Receptor autoradiography was performed as described in details 
elsewhere (Dumont et al. 1996; Dumont et al. 1998a; Dumont et al. 2000b; 
Dumont et al. 2000a; Dumont et al. 2005; Dumont and Quirion 2000). 
Briefly, on the day of the experiments, adjacent coronal sections were pre- 
incubated for 60 min at room temperature in a Krebs Ringer phosphate 
(KRP) buffer at pH 7.4 and then incubated in a fresh preparation of KRP 
buffer containing 0.1% bovine serum albumin (BSA), 0.05% bacitracin, 30 
pM of either [~25I][Leu31,Pro34]pyY and [125I]GR231118 in the absence 
and presence of 100 nM BIBO3304 (Y1 and Ys-like receptors) (Dumont et 
al. 1998a; Dumont et al. 2000a; Dumont and Quirion 2000; Dumont and 
Quirion 2006), as well as [125I]PYY3-36 (Y2-1ike receptors) (Dumont et al. 
2000b; Dumont et al. 2004), and [125I]hPP (Y4-1ike receptors) (Dumont et 
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al. 2004; Dumont et al. 2005; Trinh et al. 1996). Following a 1 hr incuba- 
tion for [125I]GR231118 and 2.5 hr incubation for [125I][Leu31,Pro34]pyY, 
[1zSI]PYY3-36 and [125I]hPP, sections were washed four times, 1 min each 
in ice-cold KRP buffer, and then dipped in deionized water to remove salts 
and rapidly dried. Non-specific binding was determined in the presence of 
1 ~tM [Leu3~,Pro34]PYY, 1 ~tM PYY3-36, 100 nM GR231118 and 100 nM 
hPP for [125I][Leu31,Pro34]pyY, [125I]PYY3-36, [125I]GR231118 and 
[125I]hPP, respectively. Incubated sections were apposed against 3H- 
Hyperfilms for 4 to 12 days alongside radioactive standards. 

The NPY Y~ receptor protein is detected at embryonic age (E17-E18) in 
various rat brain structures that also express the Y~ receptor protein in the 
adult brain including the olfactory nuclei, cerebral cortex (especially in su- 
perficial layers), claustrum, thalamus, medial geniculate nucleus and vari- 
ous brainstem nuclei. The levels of specific [125I]GR231118 and 
[125I][Leu31,Pro34]pYY/BIBO3304-sensitive binding sites increase gradu- 
ally from El8 to reach adult levels by postnatal day P21 (Figs. 1 to 5). This 
pattern is seen for all brain structures including superficial layers of the 
cortex (Figs. 1-5), anterior olfactory nuclei, frontal (Fig. 1) and parietal 
(Fig. 2) cortices, striatum and lateral septum (Fig. 2), various thalamic and 
hypothalamic nuclei as well as the dorsal hippocampus and amygdala (Fig. 
3), medial geniculate nucleus, substantia nigra (Fig. 4) and cerebellum, nu- 
cleus tractus solitarius and area postrema (Fig. 5) with gradual increases in 
specific binding for both Y~ ligands from postnatal day P1 to adult levels 
by postnatal day P21. 

The NPY Y2 receptor protein is also detected at embryonic age (E17- 
El8) in rat brain structures that are distinct from those expressing the Y1 
receptor subtype. The most dramatic changes in distrubution and levels of 
expression occurring during ontogeny in the NPY family are seen with the 
Y2 subtype. In cortical areas for example, while in the adult brain low lev- 
els of specific [~25I]PYY3-36 binding sites are detected, high amounts are 
seen in deep layers of the cortex at postnatal day P1 (Figs. 1 -5). Moreover, 
levels of expression of Y2 receptors increased to reach maximal values at 
P7 followed by marked decreases of specific [12SI]PYY3-36 binding there- 
after to reach almost background levels by postnatal day P28 (Figs. 1-5). A 
similar pattern is also observed in the anterior olfactory nuclei (Fig. 1) as 
well as in the striatum and lateral septum (Fig. 2) and cerebellum (Fig. 5). 
However, in contrast to superficial cortical layers, in these brain regions 
significant amount of specific [125I]PYY3-36 binding is still seen by post- 
natal day 21 and at levels similar to those seen in the adulthood. This de- 
velopmental pattern is less pronounced in various thalamic and hypotha- 
lamic nuclei and hippocampus (Figs. 3-4). Interestingly, very high 
amounts of specific [125I]PYY3-36 binding sites are already detected at the 
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Fig 1. Photomicrographs of the autoradiographic distribution of [125I]GR231118, 
[125I] [LeuSl,Proa4]pyY, [125I] [Leu31,Proa4]PYY/BIBO3 3 04-insensitive sites, 
[125I]PYY3-36 and [125I]hPP binding sites between embryonic day 17 (E17) and 
postnatal day 90 (P90) in at the level of the olfactory nuclei of the rat brain. AO: 
anterior olfactory nucleus; Cg: cingulate cortex; Fr: frontal cortex; Orb/Ins: orbital 
and insular cortex; ne: neuroepithelium. 
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Fig. 2. Photomicrographs of the autoradiographic distribution of [125I]GR231118, 
[125I] [Leu31,Pro34]pyY, [125I] [Leu31,Pro34]pYY/BIBO3304-insensitive sites, 
[125I]PYY3-36 and [125I]hPP binding sites between embryonic day 17 (El7) and 
postnatal day 90 (P90) at the level of the striatum of the rat brain. Acb: accum- 
bens; BST: bed nucleus of the stria terminalis; Cg: cingulate cortex; CI: claustrum; 
CPu: caudate putamen; Fr: frontal cortex; LS: lateral septum; MPO: medial preop- 
tic nucleus; MS: medial septum; Par: parietal cortex; Pir: piriform cortex; SFi: 
septofimbrial nucleus; Spt: septum; Tu: olfactory tubercule. 
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Fig. 3. Photomicrographs of the autoradiographic distribution of [125I]GR231118, 
[125I][Leual,Pro34]pyY, [125I][Leu31,Proa4]pYY/BIBO3304-insensitive sites, 
[125I]PYY3-36 and [125I]hPP binding sites between embryonic day 17 (El7) and 
posmatal day 90 (P90) at the level of the dorsal hippocampus of the rat brain. CA: 
fields of Hammon's horn; DG: dentate gyms; Hb: habenula; Hip: hippocampus; 
HPT: hypothalamus; LD: laterodorsal thalamic nucleus; LG: lateral geniculate; 
Or: oriens layer of the hippocampus; Py: pyramidal cell layer of the hippocampus; 
Rad: stratum radiatum of the hippocampus; Th: thalamus; VM: ventromedial tha- 
lamic nucleus; ZI: zona incerta. 
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Fig. 4. Photomicrographs of the autoradiographic distribution of [125I]GR231118, 
[125I][Leu31,Pro34]pyY, [125I][Leu31,Pro34]pYY/BIBO3304-insensitive sites, 
[125I]PYY3-36 and [125I]hPP binding sites between embryonic day 17 (El7) and 
postnatal day 90 (P90) at the level of the thalamus and substantia nigra of  the rat 
brain. CG: central periaqueductal gray; Ent: entorhinal cortex; Hip: hippocampus; 
LG: lateral geniculate; MM: medial mammilary nucleus; MT: medial terminal nu- 
cleus of the accessory optic tract; Or: oriens layer of the hippocampus; Rad: stra- 
tum radiatum of the hippocampus; SNc: substantia nigra, compact part; SNL: sub- 
stantia nigra, lateral part; VTA: ventral tegmental area. 
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Fig. 5. Photomicrographs of the autoradiographic distribution of [125I]GR231118, 
[125I] [Leu31,Proa4]pyY, [125I] [Leu31,Proa4]pYY/BIBO3 3 04-insensitive sites, 
[125I]PYY3-36 and [125I]hPP binding sites between embryonic day 17 (El7) and 
postnatal day 90 (P90) at the level of the nucleus tracms solitarius of the rat brain. 
Amb: ambiguus nucleus; AP: area postrema; Cer: cerebellum; IC: inferior collicu- 
lus; IO: inferior olive; IRt: intermediate reticular zone; Sol: nucleus of the solitary 
tract; Sp5I: spinal trigeminal nucleus, interpolar part. 
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level of  the nucleus tractus solitarius and area postrema as early as just be- 
fore birth (E21) with levels remaining high after birth (Fig. 5). 

In contrast to the Y1 and Y2 receptors, the Y4 and Y5 subtypes are de- 
tected only in very few brain regions (Figs. 1-5). The Y4 subtype is seen 
only in the area postrema and nucleus tractus solitarius and is expressed as 
early as by embryonic day E21. Levels of specific [125I]hPP binding in- 
creased thereafter up to postnatal day P14 (Fig. 5). Early on, the Y5 recep- 
tor subtype is detected in the lateral septum (Fig. 2), nucleus tractus soli- 
tarius and area postrema (Fig. 5). The developmental pattern of  the Y5 
receptor subtype is similar to that of  the Y1 and Y4 receptor subtypes. Sig- 
nificant amounts of specific [125I][Leu31,Pro34]pYY/BIBO3304-insensitive 
binding were particularly seen at postnatal day 1, reaching maximal levels 
by postnatal day P 14-P21. 

Considering that the critical period for the development o f  anxiety- 
related behaviours has been established to occur between P4 and P21 
(Leonardo and Hen 2008), as well pharmacological data suggesting that 
NPY can decrease GABAergic transmission through the activation of  Y2 
receptors (Kash and Winder 2006), while increasing it via the Y1 subtype 
(see above), it will be of  interest to investigate the role of  NPY receptors in 
the maternal separation paradigm in order to study possible effects on the 
ontogenic profile of the NPY Y1 and Y2 receptor subtypes, and their ef- 
fects on the development of  anxiety "trait" in adulthood. 
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of aberrant brain development in a rat model of 
autism produced by prenatal exposure to 
valproate 

Tetsuo Ogawa,  Mak iko  Kuwagata,  and Seiji Shioda 

Depar tment  o f  A n a t o m y  1, Showa University, School  o f  Medic ine ,  
1-5-8 Hatanodai ,  Shinagawa-ku,  Tokyo 142-8555, Japan 

Summary. A variety of  animal models for autism have been used to inves- 
tigate autism, including models based on genetic manipulation (knockout) 
of candidate genes, and surgical lesions to specific brain regions. Most of  
these models have focused on the study of abnormalities observed in adult 
animals. We considered that the study of abnormalities at a fetal level 
might provide information concerning mechanisms underlying early de- 
velopmental alterations that give rise to autism. For example, prenatal ex- 
posure to chemicals such as Valproate (VPA) has been clinically associated 
with an increased risk of  autism in humans. Exposing pregnant rats to VPA 
has been reported to induce several behavioral and neurochemical anoma- 
lies associated with autism in offspring. Here, we have focused on devel- 
opmental changes in fetal rat brains shortly after VPA exposure. We treated 
pregnant Sprague Dawley rats with VPA orally on gestation day 9 or 11, 
and observed different brain regions at embryonic day 16. VPA treatment 
on either day impaired development of the cortical plate in the cerebral 
cortex. We also detected an abnormal formation of nerve tracts and im- 
paired migration and distribution of aminergic neurons in the hindbrain. 
These results suggest that the VPA-induced animal model of  autism can 
reproduce, at least in part, some anatomopathological findings reported in 
idiopathic autism, and that such changes are already apparent in the fetal 
brain. 

Key words. Autism, Valproate, Catecholamine, 5-HT, Fetal brain 
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1 Introduction 

Autism is a neurodevelopmental disorder characterized by impaired social 
interaction, verbal and nonverbal communication, and restricted, repetitive, 
and stereotyped patterns of behavior, interests, and activities. Despite sig- 
nificant efforts to elucidate the pathophysiology and etiology of  autistic 
disorders, their causes remain unknown. Epidemiological studies have 
demonstrated that some prenatal factors can increase the risk of autism. 
For example, maternal rubella infection (Chess, 1971), alcohol consump- 
tion (Nanson, 1992), thalidomide medication (Stromland et al., 1994), an- 
ticonvulsant medication (Moore et al., 2000), and misoprostol medication 
(Bandim et al., 2003), have been associated with an increased risk of  au- 
tism in offspring (Reviewed by Arndt et al. 2005). Rasalam et a1.(2005) in- 
vestigated clinical features and the frequency of  autism or Asperger syn- 
drome in children exposed to anticonvulsant medication in utero. They 
reported that VPA was the drug most commonly associated with autism, 
five of  56 (8.9%) children in their study who had been exposed to sodium 
valproate had either autistic disorder or Asperger syndrome (Rasalam et 
al.2005). These epidemiological studies and other case reports are useful to 
investigate the timing of autism's origins. Timing of  the impact which in- 
creases the risk can be obtained by interviewing mothers, or deduced from 
accompanying somatic defects in affected children. Children who have 
suffered prenatal exposure to VPA often exhibit dysmorphic features (e.g., 
neural tube defects, craniofacial abnormalities, abnormally shaped or pos- 
teriorly rotated ears, genital abnormalities, and limb defects) which are in- 
dicative of  injury around the time of  neural tube closure (Kozma 2001, 
Arndt et al. 2005). 

Following these reports in humans, several studies have reported using 
an animal model of  autism, obtained by exposing pregnant rats to VPA. 
This treatment has been reported to reproduce histological abnormalities in 
the brainstem nuclei and the cerebellum resembling those seen in human 
autistic cases (Rodier et al. 1997, Ingram et al. 2000). In addition, in utero 
exposure to VPA in rats has recently been demonstrated to induce behav- 
ioral alterations in offspring consistent with, or similar to, behavioral al- 
terations reported in autistic children (Schneider and Przewlocki 2005, 
Stanton et al. 2007, Schneider et al. 2008, Nakasato et al. 2008). These 
studies administered VPA on gestation day (GD) 11-12, which corresponds 
to the period shortly after neural tube closure. Since "hyperserotonemia", 
that is an increase in blood levels of  serotonin (5-HT), is typically exhib- 
ited by autistic children, some researchers have focused on the 5-HT nerv- 
ous system in rats, and reported increased 5-HT in the brain and blood of  
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offspring in response to exposure to VPA on GD 9 (Narita et al. 2002, Tsu- 
jino et al. 2007). All of above studies investigated offspring following pre- 
natal VPA exposure. In considering the fetal origins of autistic spectrum 
disorders, it is both important and interesting to examine aspects of  fetal 
brain development in the animal model of autism. 

2 Methods 

Pregnant Sprague-Dawley (Crl:CD, SD) rats were purchased on GD 3 or 
GD 4 from the Japan Charles River Laboratory (Atsugi, Japan). The rats 
were housed under conditions of controlled temperature and relative hu- 
midity, with a 12-12h light-dark cycle. Sodium valproate (VPA; Sigma, St. 
Louis, MO) was dissolved in saline immediately prior to use. VPA (800 
mg/kg) was administered orally via gavage to pregnant rats on GD 9 
(VPA9) or GD 11 (VPAll). As a vehicle control, saline (5 mL/kg) was 
administered. The dams were sacrificed on GD16. Preparation of fetal 
brains was followed as in our previous report (Ogawa, et al., 2005). Briefly, 
the fetal brains were fixed in 4 % paraformaldehyde in 0.1 M phosphate 
buffer. The brains were embedded in 10 % gelatin and coronal sections 
were cut with a vibratome at a thickness of 45 gm. For histopathological 
examinations, the serial sections in each group were stained with cresyl 
violet. In addition, serotonin (5-HT; polyclonal 5-HT antibody, 1:8000 di- 
lution; ImmunoStar, WI), tyrosine hydroxylase (TH; polyclonal TH anti- 
body, 1:1000 dilution; Pel-Freez, NA) and/or neuronal Class III beta- 
tubulin (monoclonal TuJ1 antibody, 1:2000 dilution; COVANCE, CA) 
immunohistochemistry was carried out following routine processes with 
the ABC method and visualization of the antigen using diaminobenzidine 
as a substrate. 

3 Results 

Images of sections showing the cerebral cortex of control and VPA-treated 
fetal brains at E 16 are given in Fig. 1. In the control group, the structure of 
the cortical plate (CP) at which immature neurons accumulate after leaving 
the neuroepithelium layer can be clearly observed (Fig. 1 A, arrow). How- 
ever, the structure of the CP was not as evident in the brain sections of 
animals exposed to VPA at E 9 or E 11. This result suggests that prenatal 
exposure to VPA induced cortical dysgenesis in thses animals. TuJ1 immu- 
nohistochemistry highlighted this abnormality as an irregular distribution 
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of  immunoreactivities around the CP (data not shown). In the VPAll  
group, an abnormally developed nerve tract, which was seen to have an ir- 
regular round structure in cresyl violet-stained sections, and was immuno- 
reactive for TuJ1, could be identified in the hindbrain. This abnormal 
structure was not seen in sections from control and VPA9 groups (Fig.2 
A,B,E,F). Further immunohistochemical observations revealed tyrosine 
hydroxylase- (TH-) immunoreactive neurons in the abnormally-developed 
nerve tract (Fig.2 G), and 5-HT-positive neurons around this structure 
(Fig.2 H), indicating that prenatal exposure to VPA caused an atypical mi- 
gration of  catecholaminergic neurons and an abnormal distribution of  5- 
HT neurons. These abnormalities were observed only in the VPA11 group, 
and in nearly 90% of animals in this group. 

Fig.1 Cerebral cortex at E 16 after VPA exposure at E 9 or E 11. Fetal brain ex- 
posed to saline (CONT) in (A), to VPA at E 9 (VPA9) in (B) and to VPA at E 11 
(VPA11) in (C). Arrow shows cortical plate. The structure of the cortical plate is 
less well-defined after VPA exposure at both E9 and E11. 

Fig.2 Nissl TuJ1 T H  5 - H T  

Hindbrain at E 16 after VPA exposure at E 9 or E 11. Fetal brain exposed to saline 
(CONT) in (A), (B), (C) and (D), and to VPA at E 11 (VeAl 1) in (E), (F), (G) and 
(H). Fetal brainsections stained with cresyl violet in (A) and (E), and stained im- 
munohistochemically for TuJ1 in (B) and (F), for TH in (C) and (G), and for 5-HT 
in (D) and (H). 
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4 Discussion 

Exposure of  the fetal rat to VPA on GD 9 and 11 affected development of  
the cortical plate in the cerebral cortex, suggesting that VPA inhibited pro- 
liferation of  the neural stem cells and/or migration of  the immature neu- 
rons in the cerebral cortex. This finding is consistent with a clinicopa- 
thologic study in which cortical dysgenesis was detected in post-mortem 
brains of  mentally handicapped, autistic subjects (Bailey et al., 1998). 

Abnormally formed nerve tracts, abnormally migrating 5-HT and cate- 
cholaminergic neurons in the hindbrain were also observed to be induced 
by prenatal VPA exposure, but only in animals exposed to VPA on G D l l  
exposure. This finding indicates that a critical window must exist for VPA- 
induced developmental abnormalities in the hindbrain which takes place 
around the time of  neural tube closure. Interestingly, as abnormal tracts 
running through the pontine tegmentum were reported in 
the Bailey et al. (1998) study, this VPA-induced rat model of  autism repro- 
duces, at least in part, the pathological findings reported in idiopathic au- 
tism. 

The present results demonstrate that VPA exposure on GD 9 induced 
cortical dysgenesis while VPA exposure on GD 11 induced both cortical 
dysgenesis and abnormal hindbrain development. These findings reveal 
that the extent o f  VPA-induced abnormalities varies depending on the tim- 
ing of  exposure to this compound. Further studies on developmental out- 
comes as a function of  the timing of  VPA exposure may provide details 
about why autistic disorders are characterized in terms of  a range o f  indi- 
cators rather than a single symptom. 
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Summary. The common features of autism-spectrum disorder (ASD), a 
highly-heritable pervasive developmental disorder with a significant het- 
erogeneity and multiple-genetic factors, are characterized by severe dys- 
function in social reciprocity, abnormalities in social-brain regions, and 
disproportionately low probability in females. On the other hand, a certain 
domain of mental function such as emotional memory and social reciproc- 
ity shows a significant sex-difference. In addition, recent neuroimaging 
studies have shown significant sexually-dimorphisms in neuroanatomical 
correlates of social cognition and behavior. Recently, some sexually- 
dimorphic factors such as oxytocin have been paid attention because of its 
possible contribution to mental development especially in social cognitive 
and behavioral domain. Taken together, it is hypothesized that a sexually- 
dimorphic factor associating with social function could affect dysfunction 
in social reciprocity, abnormalities in social-brain regions, and dispropor- 
tionately low probability in females of ASD. This review article over- 
viewed sexually-dimorphisms in clinical feature of ASD, in normal social 
cognition, and in social brain function and structure. The association of 
oxytocin with sexually-dimorphisms, social reciprocity, neural correlates 
of social congition, and the pathogenesis of ASD were further summa- 
rized. 
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1. Sex difference in social cognition 

A certain domain of mental function such as social interactive ability and 
social cognition are sexually-dimorphic in healthy human individuals. In 
healthy adults, females tend to show strong cooperativeness across nations 
and cultures (Cloninger et al., 1993; Brandstrom et al., 2001; Farmer et al., 
2003), although previous literature showed some inconsistency (Rapoport 
and Chammah, 1965). Baron-Cohen and his colleagues have revealed sex 
differences in the several psychometrical measures developed in their re- 
search group. Based on the findings, they suggested that the male brain is a 
defined psychometrically as those individuals in whom systemizing is per- 
formed significantly better than empathizing or friendship, and that the 
female brain is defined as the opposite cognitive profile (Brandstrom et al., 
2001; Soderstrom et al., 2002; Baron-Cohen, 2002; Farmer et al., 2003; 
Baron-Cohen et al., 2003; Baron-Cohen and Wheelwright, 2003; 2004; 
Lawson et al., 2004; Baron-Cohen et al., 2005). 

2. Sex difference in social brain circuit 

Regarding neural correlates of social cognition, significant sexually- 
dimorphisms have also been suggested. Recent functional-imaging studies 
have reported activations of posterior superior temporal gyms, posterior 
inferior frontal gyms, anterior medial prefrontal cortex, anterior insula, and 
fusiform gyms as neural correlates of human social reciprocity and related 
factors such as empathy, understanding other's emotion, and interpersonal 
interaction (McCabe et al., 2001; Rilling et al., 2002; Carr et al., 2003; 
Singer et al., 2004; Decety et al., 2004; Iacoboni et al., 2005). Further- 
more, a few studies have suggested sex differences in these activations 
(Leibenluft et al., 2004; Platek et al., 2005; Azim et al., 2005; Singer et al., 
2006). For example, Azim et al. (2005) revealed sex differences in brain 
activation elicited by humor. While both sexes share the temporal-occipital 
junction and temporal pole, structures implicated in semantic knowledge 
and juxtaposition, and the inferior frontal gyms, likely to be involved in 
language processing, females activate the left inferior frontal cortex and 
caudate more than males during comprehension of humor. Platek et al. 
(2005) also showed sex differences in the neural correlates of perception 
for child facial resemblance. They showed using functional-Magnetic 
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Resonance Imaging (f-MRI) that females revealed greater activation in 
fusiform gyrus to child faces than male when resemblance was not mod- 
eled. In contrast, males showed greater cortical activity than females in re- 
sponse to children's faces that resembled themselves. They explained these 
results with theories of  sexual selection. Furthermore, Singer et al. (2006) 
examined the modulation effect of perceived fairness on brain empathic 
responses induced by viewing other person's pain measured with f-MRI in 
males and females separately. Both sexes exhibited empathy-related acti- 
vation in pain-related brain areas (fronto-insular and anterior cingulate cor- 
tices) towards fair person, while these empathy-related responses were 
significantly reduced in males when observing an unfair person receiving 
pain. Based on the results, it was suggested that empathic responses are 
shaped by valuation of  other's social behavior, such that they empathize 
with fair opponents while favouring the physical punishment of  unfair op- 
ponents. 

In addition, sexually-dimorphisms in neuroanatomical substrates of  so- 
cial cognition might be extended at brain structural level. Human altruistic 
cooperativeness, one of  the most important components of our highly or- 
ganized society is, along with a greatly enlarged brain relative to body 
size, a spectacular outlier in the animal world. The "social-brain hypothe- 
sis" suggests that human brain expansion reflects an increased necessity 
for information processing to create social reciprocity and cooperation in 
our complex society. The author's research group reported that the young 
adult females (n=66) showed greater Cooperativeness as well as larger 
relative global and regional gray matter volumes than the matched males 
(n=89), particularly in the social-brain regions including bilateral posterior 
inferior frontal and left anterior medial prefrontal cortices. Moreover, in 
females, higher cooperativeness was tightly coupled with the larger rela- 
tive total gray matter volume and more specifically with the regional gray 
matter volumes in most of  the regions revealing larger in female sex- 
dimorphism. The global and most of regional correlations between gray 
matter volumes and Cooperativeness were significantly specific to female 
(Yamasue et al., 2008). Our results suggest that sexually-dimorphic factors 
may affect the neurodevelopment of these "social-brain" regions, leading 
to higher cooperativeness in females. 

3. Sexually dimorphism in social brain and autism 

Our morphological findings may also have an implication for the patho- 
physiology of  autism-spectrum disorders (ASD); characterized by severe 
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dysfunction in social reciprocity, abnormalities in social-brain, and dispro- 
portionately low probability in females (Folstein and Rosen-Sheidley, 
2001). Baron-Cohen (2002) proposed the extreme male brain theory of au- 
tism that the male brain is a defined psychometrically as those individuals 
in whom systemizing is performed significantly better than empathizing or 
friendship, and that the female brain is defined as the opposite cognitive 
profile (Brandstrom et al., 2001; Soderstrom et al., 2002; Baron-Cohen, 
2002; Farmer et al., 2003; Baron-Cohen et al., 2003; Baron-Cohen and 
Wheelwright, 2003; 2004; Lawson et al., 2004; Baron-Cohen et al., 2005). 
Using these definitions, autism can be considered as an extreme of the 
normal male profile. Recently, the hypothesis further suggests that specific 
aspects of autistic neuroanatomy may also be extremes of typical male 
neuroanatomy (Baron-Cohen et al., 2005). The our MR/results are consis- 
tent with this hypothesis. Previous studies using structural MR/ demon- 
strated smaller anterior cingulate (Haznedar et al., 1997; 2000), superior 
temporal gyms, prefrontal cortex (Boddaert et al., 2004; De Fosse et al., 
2004; Waiter et al., 2004; McAlonan et al., 2005; Yamasue et al., 2005; 
Hadjikhani et al., 2006), thalamus (Tsatsanis et al., 2003), posterior infe- 
rior frontal gyms (Hadjikhani et al., 2006) and enlarged amygdala, cerebel- 
lum (Howard et al., 2000; Sparks et al., 2002) in subjects with ASD. Our 
study revealed sex-dimorphism in brain anatomy at a similar location and 
in the same direction as these previous studies of individuals with autism. 
Thus, the study may add supportive evidence for Baron-Cohen's extreme 
male brain theory of autism at the level of brain structure (Yamasue et al., 
2008). 

4. Sex difference in neural substrates of ASD 

Previous studies have repeatedly demonstrated both functional and struc- 
tural brain abnormalities in individuals with ASD compared with individu- 
als with typical development. Briefly in this section, the previous func- 
tional neuroimaging studies, especially indicating abnormalities in so- 
called social brain regions such as amygdala, fusiform gyrus, medial pre- 
frontal cortices, superior temporal sulcus, and posterior inferior frontal cor- 
tices, were overviewed below. 

Several previous studies have reported neural substrates of face and 
gaze processing deficits in individuals with ASD (Schultz et al., 2000; 
Hubl et al., 2003; Pierce et al., 2001; 2004; 2008; Pelphrey et al., 2005; 
Dalton et al., 2005; 2007), although the potential confounds have recently 
been pointed out (Klin 2008). Schultz et al. (2000) reported that the sub- 
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jects with ASD showed less activation in the fusiform gyms and greater 
activation in the right inferior temporal gyms during face descrimination, 
the same activation pattern as the controls during object discrimination. 
Several studies also showed that subjects with ASD fail to activate fusi- 
form face area during a face perception task (Hubl et al., 2003; Pierce et 
al., 2001). Pierce et al. (2004; 2008) further examined the effect of  facial 
familiarity on the activation of  fusiform face area in individuals with ASD. 
They showed that viewing familiar face such as their mother's face elicited 
a significant activation in fusiform face area of children with ASD (Pierce 
et al., 2008) as well as adults with ASD (Pierce et al., 2004). Dalton et al. 
(2005; 2007) examined the effect of  gaze fixation on the aberrant activa- 
tion in fusiform face area of  individuals with ASD or in unaffected siblings 
of  subjects with ASD. Activation in fusiform face area was strongly and 
positively correlated with the time spent fixating the eyes in the autistic 
group, suggesting that diminished gaze fixation may account for the fusi- 
form face area hypoactivation to faces previously reported in subjects with 
ASD (Dalton et al., 2005). Furthermore, the unaffected siblings o f  subjects 
with ASD showed the similar pattern to subjects with ASD (Dalton et al., 
2007). 

Previous studies have suggested that medial prefrontal cortices and cin- 
gulate cortices seem to be implicated in the mentalizing and theory of  
mind, understanding other's intention and emotion (reviewed in Amodio 
and Frith, 2007). Several studies have reported the contribution of  these 
cortices to the deficits in these interactive processes with others in subjects 
with ASD (Castelli et al., 2002; Wang et al., 2007). For example, a recent 
study revealed that subjects with high-functioning ASD showed lesser ac- 
tivation in cingulate cortices during interactive trnst-game playing with a 
human partner than controls (Chiu et al., 2008). The diminished cingulate 
activation was associated with clinically assessed symptom severity. 

Among the temporal cortices engaging in processing multimodal per- 
ception such as auditory and visual information, previous studies have 
suggested superior temporal sulcus processed social perception with other 
persons such as human voice (e.g. Belin et al., 2000; Grandjean et al., 
2005) and biological motion (e.g. Bonda et al., 1996; Grossman et al., 
2000; Vaina et al., 2001; Grossman et al., 2002; Pelphrey et al., 2003; 
Thompson et al., 2005). Individuals with ASD showed dysfunctions in this 
brain region. Castelli et al. (2002) reported that the healthy adults showed 
increased activation in a previously reported mentalizing network (medial 
prefrontal cortex, temporal poles, and superior temporal sulcus ar the tem- 
poroparietal junction) during viewing animations of triangles that elicited 
mentalizing in compared with randomly moving shapes. During the same 
f-MRI task, the adults with ASD showed less activation than the normal 
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groups in all these regions. Gervais et al. (2004) revealed that subjects with 
ASD failed to activate superior temporal sulcus voice selective regions in 
response to vocal sounds, whereas they showed a normal activation pattern 
in response to nonvocal sounds. It was suggested that abnormal cortical 
processing of socially relevant auditory information in subjects with ASD. 
Pelphrey et al. (2005) demonstrated a difference in the response of  supe- 
rior temporal sulcus underlying eye gaze processing in subjects with ASD 
suggesting that lack of  modulation of  this brain region by gaze sifts that 
convey different intentions contributes to the eye gaze processing deficits 
associated with ASD. 

Since superior temporal sulcus, inferior parietal and inferior frontal cor- 
tices are implicated in mirroring other's action, these brain regions have 
recently been thought to be human mirror neuron system (reviewed in 
Iacoboni and Dapretto, 2006). Several studies have focused on the mirror 
neuron system as the neural substrates of  deficits in social reciprocity of 
subjects with ASD (Williams et al., 2006; Dapretto et al., 2006). For ex- 
ample, Dapretto et al. (2006) showed that children with autism showed 
lesser than normal activity in the inferior frontal gyrus (pars opercularis) 
while imitating and observing emotional expressions. Since the lesser infe- 
rior frontal activation was inversely related to symptom severity in the so- 
cial behavioral domain, it was suggested that a dysfunctional 'mirror neu- 
ron system' may underlie the social deficits observed in ASD. Dapretto and 
colleagues have further examined children with ASD using the f-MRI task 
to reveal neural correlates of  irony comprehension. They showed aberrant 
activation in inferior frontal gyrus (Wang et al., 2006). Furthermore, a re- 
duced activity in the medial prefrontal cortex and right superior temporal 
gyrus was observed in children with ASD relative to typical development 
children during the comprehension of  irony. Importantly, a significant 
group x condition interaction in the medial prefrontal cortex showed that 
activity was modulated by explicit instructions to attend to facial expres- 
sion and tone of voice only in the subjects with ASD. Finally, medial pre- 
frontal cortex activity was inversely related to symptom severity in chil- 
dren with ASD such that children with greater social impairment showed 
less activity in this region (Wang et al., 2007). 

5. Conclusion 

The currently ongoing evidences overviewed above have revealed that 
sexually-dimorphic factors implicate in the functional and structural rele- 
vance of social brain circuit and in the pathophysiology of ASD. Future 
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study which links the sexually-dimorphic factors with behavioral, brain 
functional, structural and genetic background of  social cognition is ex- 
pected to uncover the pathophysiology of  ASD. 
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Summary. It may be strange to think that singing could help a stroke vic- 
tim speak again, but this is the goal of Melodic Intonation Therapy (MIT), 
a speech therapy that emphasizes musical aspects of language. The posi- 
tive effects of MIT on speech recovery may be mediated by a fronto- 
temporal brain network in the right hemisphere. We investigated the poten- 
tial for a non-invasive brain stimulation technique, Transcranial Direct 
Current Stimulation (tDCS), to augment the benefits of MIT for patients 
with severe non-fluent aphasias. The tDCS was applied to the posterior in- 
ferior frontal gyrus (IFG) of the right hemisphere, under the assumption 
that the posterior IFG is a key region in the process of recovering from 
aphasia. The stimulation coincided with an MIT session, conducted by a 
trained therapist. Participants' language fluency improved significantly 
more with real tDCS + MIT, compared to sham tDCS + MIT. These re- 
sults provide evidence that combining tDCS with MIT may enhance activ- 
ity in a sensorimotor network for articulation in the right hemisphere, to 
compensate for damaged left-hemisphere language centers. 

Key words. Melodic Intonation Therapy, Transcranial Direct Current 
Stimulation, tDCS, Stroke, Recovery, Neurorehabilitation, Singing, Music 
Therapy 
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1 Introduct ion 

Approximately 20% of stroke victims suffer from aphasia, which is a loss 
of speech and language ability (Schlaug et al., 2008a). Though behavioral 
therapies for recovery from stroke can have a beneficial effect (Robey, 
1994; Holland et al., 1996), recovery is most often incomplete, particularly 
for patients with large left-hemisphere strokes. Relatively few speech ther- 
apy techniques are available to help these patients. An intonation-based 
speech therapy, Melodic Intonation Therapy, may be particularly suited for 
patients who suffer from severe non-fluent aphasia (Schlaug et al., 
2008a,b). Another line of research has recently emerged which shows that 
combining behavioral therapies with non-invasive brain-stimulation might 
enhance the potential for recovery (Schlaug, Renga, Nair, 2008). Indeed, 
the future of stroke-recovery therapy may lie in combining behavioral 
therapy with complimentary non-invasive brain stimulation to maximally 
engage brain areas that are important for recovery. We explored this prom- 
ising frontier of rehabilitation by investigating the effects of combining 
non-invasive brain stimulation with a behavioral intonation-based speech 
therapy. 

1.1 Aphasia and Music in the Brain 

Because some language processes are largely lateralized to the left hemi- 
sphere, left-hemisphere damage can lead to devastating forms of aphasia. 
A stroke affecting the left frontal lobe can cause a non-fluent aphasia with 
relatively unimpaired comprehension - Broca's aphasia (Luria, 1970). 
Broca's aphasia hinders the ability to organize elements of speech (e.g., 
phonemes) into meaningful utterances. Previous research suggests that 
there are two neural pathways to recovery from Broca's aphasia. One 
pathway involves the re-activation of peri-lesional cortex in the left hemi- 
sphere; generally, this is only possible for patients who have smaller le- 
sions that do not completely destroy Broca's area. The second pathway 
utilizes the right hemisphere, and may be the only option for patients with 
large left-hemisphere lesions (Blasi et al., 2002; Mimura et al., 1998; Piz- 
zamiglio et al., 2001; Schlaug et al., 2008b; Thiel et al., 2001; Winhuisen 
et al., 2005). These studies provide evidence that language-capable centers 
in the right-hemisphere may compensate for damaged left-hemisphere 
"eloquent" areas to help patients recover language skill, particularly when 
damage to the left hemisphere is extensive. 

An increasing number of studies point to common neural substrates for 
language and music (Maess et al., 2001; Koelsch et al., 2002; Patel et al., 
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1998, 2003). For example, neuroimaging techniques have revealed both 
overlapping as well as unique brain networks for speaking and singing 
(Ozdemir et al., 2006; Brown et al., 2004); though speaking tends to be 
lateralized to the left hemisphere and singing to the right (Jeffries et al., 
2003; Riecker et al., 2000; Sparing et al., 2007), these two behaviors in- 
volve some of the same brain areas. In their fMRI study, Ozdemir and col- 
leagues (2006) found that adding speech to melody engaged the right IFG. 
Singing, or intoned speaking, therefore, may provide a useful means for 
accessing language-capable brain areas in the right hemisphere for the 
purpose of facilitating language recovery (Racette et al., 2006). 

1.2 Melodic Intonation Therapy 

Melodic Intonation Therapy (MIT) is a specialized speech therapy that 
emphasizes the melodic and rhythmic elements of speech. The technique 
was inspired by the common clinical observation that severely aphasic pa- 
tients can sing the lyrics of a song better than they can speak them (Gold- 
stein, 1942; Gerstman, 1964; Geschwind, 1971; Keith & Aronson, 1975; 
Kinsella et al., 1988; Hebert et al., 2003). MIT uses a simplified and exag- 
gerated prosody in which high probability words and phrases are intoned 
and tapped out syllable by syllable, with gradually increasing complexity 
as the patient progresses through levels of difficulty. Research has found 
MIT to be effective in facilitating significant improvements in language 
production (Albert et al., 1973; Bonakdarpour et al., 2000; Laughlin et al., 
1979; Schlaug et al., 2008a; Sparks et al., 1974; Wilson et al., 2006). 
MIT's efficacy may be due to its unique potential to engage language- 
competent brain regions in both hemispheres, and in the right hemisphere 
in particular (Albert et al., 1973; Schlaug et al., 2008a; Sparks et al., 1974). 
It is still unknown which brain regions could potentially drive the thera- 
peutic effect of MIT. However, the posterior IFG very likely plays a criti- 
cal role in the network underlying recovery. It is possible to test the unique 
contributions of different brain regions by either temporarily blocking 
them or by enhancing their activity using non-invasive brain-stimulation. 

1.3 Transcranial Direct Current Stimulation 

Transcranial Direct Current Stimulation (tDCS) is a non-invasive brain 
stimulation technique that has been shown to influence excitability in a 
targeted brain region by modulating the spontaneous firing rate of neurons 
(Priori et al., 1998; Nitsche and Paulus, 2000). Research suggests that the 
polarity of the current determines the effects of tDCS - anodal tDCS in- 
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creases cortical excitability and cathodal tDCS decreases excitability. 
TDCS effects may be mediated by activity in sodium and calcium ion 
channels as well as by the efficacy of  NMDA receptors (Liebetanz et al., 
2002; Nitsche et al., 2003a). Anodal tDCS can improve cognitive and be- 
havioral performance on tasks involving the stimulated brain area (Antal et 
al., 2004; Fregni et al., 2005; Boggio et al., 2006; Kincses et al., 2004; 
Nitsche et al., 2003b; Vines et al., 2006a). For example, Iyer and col- 
leagues (2005) found that applying anodal tDCS to the left prefrontal cor- 
tex significantly improved verbal fluency in healthy participants. Is it pos- 
sible that tDCS could be used to improve verbal fluency for stroke patients 
as well? 

Transcranial direct current stimulation is an ideal non-invasive brain 
stimulation technique for use in treatment therapies because it is portable, 
relatively inexpensive, and safe. Though tDCS does not have the temporal 
or spatial acuity of Transcranial Magnetic Stimulation (TMS), it is possible 
to stimulate a larger area of cortex using the technique, and to easily com- 
bine tDCS with simultaneous behavioral therapy; this is ideal for modulat- 
ing cortical activity in a network of  related brain areas that is relevant to 
stroke recovery. The results of studies investigating whether tDCS can be 
used to improve stroke victims' motor skill have been encouraging (Hesse 
et al., 2007; Hummel et al., 2005; Hummel et al., 2006; Hummel & Cohen, 
2005; Nair et al., 2008; Schlaug et al., 2008c,d). At least one study has in- 
vestigated the potential for tDCS to facilitate recovery from non-fluent 
aphasia, with promising results (Monti et al., 2008). 

The present study compared the effects of  two tDCS conditions (anodal 
and sham) when applied over right IFG during MIT sessions. We hypothe- 
sized that, compared to sham, applying anodal tDCS in coordination with 
MIT would significantly augment the positive effects of therapy on lan- 
guage production by recruiting music processing in the brain to facilitate 
speech recovery. 

2. Materials and Methods 

2.1. Participants 

Six adult non-fluent stroke patients participated in the study after giving 
their informed, written consent following protocol approved by the Beth 
Israel Deaconess Medical Center IRB. For all participants, at least one year 
had elapsed since their first ischemic stroke. The participants suffered from 
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Broca's  aphasia due to a stroke affecting the left frontal lobe including the 
inferior frontal gyrus, with relatively unimpaired comprehension. Prior to 
this study, they each underwent  75 sessions of  Melodic Intonation Therapy 
as part of  a different experimental protocol in the laboratory. The ages o f  
the patient participants ranged between 30 and 81 years. All participants 
were right handed, except for one who was mixed-handed with a dominant  
left hand. One of  the six participants was bi-lingual - a native Russian 
speaker with some knowledge of  English; the other participants were na- 
tive English speaking. 

2.2. Procedure 

Participants underwent two series of  three therapy sessions - one session 
per day - in which tDCS was applied to the right-posterior IFG with an an- 
gle towards the temporal lobe during twenty-minutes o f  MIT administered 
by a trained therapist. The therapist tailored each MIT session to the level 
of  skill of  the participant. For one three-day therapy series, anodal tDCS 
was applied, and for the other, sham tDCS. The ordering of  the two stimu- 
lation conditions was counterbalanced across participants such that hal f  of  
them received the sham tDCS series first. The tDCS was applied for 20- 
minutes, with the active electrode positioned over participants' right IFG, 
centered approximately 2.5 centimeters posterior to F8 of  the 10-20 Inter- 
national EEG system. The correspondence between F8 and the right IFG 
has been confirmed by neuroimaging studies (Homan et al., 1987; Oka- 
moto et al., 2004), including our own pilot study using high resolution 
structural MRI (N=5). We chose to position the active electrode slightly 
posterior to F8 based upon our pilot study investigating the location of  the 
analogue to Broca's  area in the right hemisphere. A number o f  TMS and 
tDCS studies have used the 10-20 EEG system to identify the location of  
brain structures for stimulation (Fregni et al., 2005; Iyer et al., 2005; 
Kincses et al., 2003; Rogalewski et al., 2004, Vines et al., 2006a,b, 
2008a,b). Due to the size of  the active electrode (area = 16.3 cm2), the 
stimulation may have extended into anterior temporal cortex and ventral 
premotor cortex, which make up the network of  fronto-temporal regions 
thought to underlie MIT ' s  therapeutic effect. The reference electrode (area 
= 30 cm 2) was posit ioned over the left supraorbital region, contralateral to 
the targeted hemisphere. This location for the reference electrode was 
functionally ineffective in the experimental design (Nitsche et al., 2003b). 

A battery-driven, constant current stimulator (Phoresor, Iomed Inc., Salt 
Lake City, UT) delivered 1.2 mA of  electrical current to a part icipant 's  
scalp by means of  the saline-dampened electrodes. For anodal stimulation, 
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the tDCS current ramped up over the first few seconds, and then remained 
on for the remainder of the 20-minute stimulation period. The sham con- 
trol was identical to the anodal stimulation, except that the experimenter 
reduced the current to zero after it ramped up for 30 seconds; the current 
then stayed at zero for the remaining time period. Participants reported a 
tingly or itchy sensation at the start of  the stimulation, which typically 
faded away after a few seconds. This sensation was present for both real 
and sham tDCS. Gandiga et al. (2006) found that naive participants were 
not able to distinguish between real and sham tDCS, as employed in a 
manner similar to the present study. The application of tDCS began five 
minutes after the start of MIT, and continued five minutes after the end of 
the MIT session. During the five-minute break after the end of MIT and 
before the end of the stimulation, the patients rested before completing the 
verbal fluency tasks. 

2.3. Task 

Participants were tested on a combined measure of verbal fluency compar- 
ing performance on a test-battery before and after each stimulation session. 
The tasks included automatic production of verbal sequences (e.g., count- 
ing from one to twenty-one, pronouncing the days of the week/months of 
the year, reciting the United States pledge of allegiance, and describing 
flash-card scenes), as well as picture naming. The flash-card scenes were 
taken from drawings published with the MIT intervention (Helm- 
Estabrooks & Albert, 1991). Pictures were drawn from the Snodgrass in- 
ventory and the Boston Diagnostic Aphasia Examination (BDAE 2 nd edi- 
tion; Goodglass & Kaplan, 1983). The automatic response items were con- 
ducted in the same order for each testing session. Pictures were shown in a 
new random order for each testing session. The number of items (auto- 
matic production and picture naming) depended upon the ability of the par- 
ticipant, and were chosen such that the testing session did not exceed 30 
minutes to avoid excessive fatigue for the patients. Patients were instructed 
to always try their best during each testing session, both pre- and post- 
therapy; they were blind as to whether they were receiving sham or anodal 
stimulation. 

2.4. Data Analysis 

We calculated the dependent variable as the percentage of change in the 
sum duration of fluency measures from before the first of three stimulation 
sessions to after the last of three stimulation sessions. This calculation pro- 
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duced two values for each participant: 1. (post anodal series - pre anodal 
series)/(pre anodal series), 2. (post sham series - pre sham series)/(pre 
sham series). To ensure equality for all four time-points of  interest (pre- 
anodal, post-anodal, pre-sham, post-sham), the calculation of  the depend- 
ent variable only included durations for fluency items, or portions there-of, 
that were intact at all o f  these time-points. For example, on the task o f  
counting from 1 to 21, if  a participant made it to 21 at all measurement  
points excepting one for which the participant only made it to 18, the dura- 
tion for counting from 1 to only 18 was used at all time-points. Similarly, 
only pictures that a participant was able to name at all four time-points o f  
interest were used. Doing this ensured that the material at each time-point 
was identical in terms of  content, or what was actually uttered. The de- 
pendent variable, therefore, was not sensitive to changes in the amount o f  
verbal production, but in the rate of  verbal production - how quickly the 
participant was able to speak. The measure reflects fluency, with regard to 
ease of  speech production. The percentage of  change found for anodal and 
sham combined with MIT was compared using a planned two-tailed 
paired-samples t-test. 

3 Results 

All six participants completed the experimental procedure. Data for the ef- 
fects of  anodal and sham stimulation, combined with MIT, are shown in 
Figure 1. The t-test comparing the effects of  anodal and sham tDCS 
yielded a significant result (t(5) = 3.22, p = .02). This result was not due to 
a significant difference in the pre-stimulation therapy performance. A 
paired samples t-test comparing the pre-anodal duration to the pre-sham 
duration for each patient did not support abandoning the null hypothesis 
that the pre-stimulation values were equal in mean (t(5) = -.31, p = .77); 
there was no difference in the pre-stimulation scores for sham and anodal 
tDCS. Compared to sham tDCS, applying anodal tDCS to the right IFG 
during MIT produced a significantly greater improvement in verbal flu- 
ency. 

4 Discussion 

The results of  this study provide evidence that applying real tDCS during 
MIT augments the beneficial effects of  MIT. By increasing excitability in 
the right IFG, the anodal tDCS may have increased plasticity in brain areas 
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that are engaged by MIT. We posit that increasing excitability in the right 
IFG with tDCS enabled greater recruitment of  that area of  the brain, to fa- 
cilitate verbal output and fluency. 

Future research will investigate whether the positive effects of  tDCS 
were due to the particular placement o f  the anodal electrode over the right 
IFG, or if  anodal stimulation over other brain areas, such as the right ante- 
rior temporal cortex could also improve the beneficial effects of  MIT. Ad- 
ditionally, it remains unknown whether tDCS, as applied in this study, ex- 
erts a positive influence on language recovery only in combination with a 
behavioral speech therapy, or if  tDCS can be used on its own to improve 
verbal fluency for stroke patients. Because neural plasticity that facilitates 
language recovery after stroke may involve the development of  neural 
connections that are latent in the undamaged brain, it is possible that 
modulating cortical excitability with non-invasive brain stimulation will 
have its greatest impact when a behavioral therapy is used to induce neuro- 
plastic changes. 

Fig. 1. Data for six Broca's aphasia patient participants. Note that a decrease in 
the total duration signifies an improvement in verbal fluency. Anodal tDCS led to 
a significantly greater improvement compared to sham tDCS. 
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Summary. Serotonin (5-hydroxytryptamine; 5-HT) excites neurons in the 
hypoglossal and solitary tract nuclei through 5-hydroxytryptamine 2 
(5-HT2) receptors, and contributes to genioglossal muscle activation, 
hypotension and bradycardia. This study investigated the influence of 
5-HT2 receptor-mediated 5-HT action in the hypoglossal and solitary tract 
nuclei on respiratory variables, particularly airway resistance. Adult male 
mice were subjected to microdialysis and placed in a double-chamber 
plethysmograph. 5-HT release and respiratory variables were assessed in 
response to fluoxetine perfusion or fluoxetine plus LY-53857 coperfusion 
of the dorsomedial medulla oblongata (DMM), which includes the 
hypoglossal and solitary tract nuclei. 5-HT release in the DMM was 
increased but respiratory rate was not affected by fluoxetine perfusion with 
or without LY-53857. Specific airway resistance was significantly larger 
with fluoxetine plus LY-53857 coperfusion than at baseline or during 
perfusion with fluoxetine. Conversely, tidal volume was significantly 
lower with fluoxetine plus LY-53857-coperfusion than at baseline. These 
results suggest that 5-HT release in the DMM is regulated by a suppressive 
effect of local 5-HT transporter activity, which elicits airway dilation and 
increases tidal volume through local 5-HT2 receptors without affecting 
respiratory rate. 

Key words. Airway resistance, Double-chamber plethysmograph, 5-HT, 
Hypoglossal nucleus, Microdialysis 

1 Introduction 

Most patients with obstructive sleep apnea experience upper airway 
closure in the retropalatal and retroglossal regions. Increased volume of the 
soft palate, tongue, parapharyngeal fat pads and lateral pharyngeal walls 
has been demonstrated in these patients (Schwab and Gefter, 2002). 
During nose breathing, nasal resistance accounts for nearly half of the total 
airway resistance. During mouth breathing, upper airway resistance (from 
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the mouth, pharynx, glottis, larynx and upper trachea) accounts for a third 
of the total airway resistance (Ferris et al., 1964). The upper airway is 
influenced by many dilator muscles (Kubin and Davies, 2002). Further 
clarifying the control mechanism of airway resistance is important for 
elucidating the mechanism underlying obstructive sleep apnea. 

Several studies have shown the role of serotonin (5-hydroxytryptamine; 
5-HT) in the hypoglossal nucleus (nXII) in the activation of the 
hypoglossal nerve and genioglossal muscle activity, particularly when 
mediated by 5-HT2 receptors (Kubin et al., 1992; Jelev et al., 2001; Fenik 
and Veasey, 2003). 5-HT in the nXII modulates genioglossus activity 
across natural sleep-wake states (Jelev et al., 2001), suggesting that the 
basal degree of serotonergic activity is important in studying serotonergic 
physiology. 

In the solitary tract nucleus (nTS), 5-HT evokes hypotension and 
bradycardia (Laguzzi et al., 1984), mediated by 5-HT2 receptors (Merahi 
et al., 1992). 5-HT2 receptor activity can both excite and inhibit neurons in 
the nTS (S6voz-Couche et al., 2000). The nTS is part of the respiratory 
network, included in the dorsal respiratory group. In mice, afferent 
convergences in the nTS from pulmonary C-fibers, cardiac receptors, and 
peripheral chemoreceptors have been shown (Paton, 1998). These findings 
suggest that 5-HT neurons in the nTS affect respiration. 

In the present study, the effects of 5-HT2 receptor activation in the 
dorsomedial medulla oblongata (DMM), including the nXII and the nTS, 
on airway resistance and respiratory variables were investigated under 
local perfusion with fluoxetine, a selective serotonin reuptake inhibitor 
(SSRI), with or without LY-53857, a 5-HT2 receptor antagonist. 5-HT 
release was concomitantly measured to confirm 5-HT transporter activity 
and enhanced-serotonergic transmission in the DMM. 

2 Methods 

2.1 General 

Experiments were performed on 10 male C57BL/6N mice of 10.7 _+ 0.8 
weeks of age weighing 25.4 _+ 0.7 g (mean _+ SEM) (CLEA Japan, Tokyo, 
Japan). Experiments were approved by the Showa University Animal 
Experiments Committee. The procedure for surgical implantation of a 
microdialysis probe in the DMM has been described in detail previously 
(Kanamaru and Homma, 2007). Briefly, each mouse was anesthetized 
intraperitoneally with pentobarbital sodium (0.5 mg/0.1 ml saline/10 g 
body weight). Rectal temperature was kept at 37 ~ The head region was 
cleaned with an antiseptic, isodine, and locally anesthetized by 2% 
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xylocaine injection. The medulla oblongata was exposed dorsally. A 
microdialysis probe (CUP7; membrane length, 1 mm; Carnegie Medicin, 
Stockholm, Sweden) was ocularly inserted into the medulla oblongata, 
0.45 mm lateral, 0.8 mm rostral and 1 mm ventral to the obex. The probe 
was fixed to the cranial bone with dental cement and the skin incision was 
closed. Mice were placed in a double-chamber plethysmograph. The 
microdialysis probe was flushed with artificial cerebrospinal fluid (aCSF; 
in mM: 121.1 NaC1, 5 KC1, 24 NaHCO3, and 1.5 CaC12 adjusted to pH 7.4 
with 95% O2 and 5% CO2) at 5 gl/min for 40 min and equilibrated at 1.2 
gl/min for 80 min. During these periods the mice could recover from the 
anesthesia and acclimatize to the chamber. Dialysate was collected every 
25 min into vials containing 10 gl of 0.02 M acetic acid. Respiratory flow 
curves for the head and body chambers were plotted with 
pneumotachographs and pressure transducers (TV-241T and TP-602T, 
Nihon Kohden) at a 10 kHz sampling rate, and analyzed using PowerLab 
(ADI Instruments, NSW, Australia). Baseline samples were taken to 
confirm 5-HT release. After the second baseline sample was taken, the 
aCSF perfusion was changed to 10-SM fluoxetine (Sigma-Aldrich, St. 
Louis, MO, USA) or 10 -5 M fluoxetine plus 10 -~ M LY-53857 
(Sigma-Aldrich). 

2.2 5-HT analysis 

5-HT concentration was analyzed with an ECD-HPLC (BMA-300; 
EiCOM, Kyoto Japan) equipped with an EICOMPAK (CA-5ODS 2.1 m m  
x 150 mm, EiCOM). The mobile phase was sodium phosphate buffer (pH 
6.0, 0.1 M) containing 5% methanol, 50 mg/1 EDTA'2Na and 100 mg/l 
sodium pentanesulfonate. The flow rate was 0.23 ml/minute. Column 
temperature was maintained at 25 ~ 5-HT was oxidized at 400 mV with 
Ag-AgC1 on a graphite electrode. Of each 40-gl sample, 35 gl was injected 
into the HPLC using an autosampler (NANOSPACE SI-2; Shiseido, Tokyo 
Japan). Chromatographs were recorded and analyzed with PowerChrom 
(EPC-300; EiCOM). 

2.3 Measurement of specific airway resistance and respiratory 
variables 

Specific airway resistance (sRaw) was calculated a s :  Raw * TGV = tan{2~ * 
(delay time)/(total time)} * (Patm-47) * 1.36 * (total time)/2rc, where Raw is 
the airway resistance, TGV is the thoracic gas volume, delay time is the 
duration between the head and body flows, total time is the duration of  one 
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respiratory cycle, and Patm is the ambient pressure (mmHg) (Pennock et al., 
1979). Respiratory rate (breaths/min), tidal volume (BTPS; ml/10 g body 
weight) and minute ventilation (BTPS; ml/10 g body weight) were 
calculated from the respiratory flow curve for the head chamber calibrated 
with a 0.5-ml injection of  air. The probe sites were verified with 
50-gm-thick coronal sections. 

2.4 Data analysis 

Respiratory variables and sRaw were analyzed for 5 s every 5 min and were 
averaged for 5 measurements per collection period. 5-HT release and SRaw 
were expressed as percentages of the mean baseline value. The data were 
analyzed by one-way repeated-measurement ANOVA, with Greenhouse 
-Geisser correction (Kanamaru et al., 2001). P < 0.05 was considered 
statistically significant. 

3 Resu l ts  

3.1 5-HT release in the DMM 

Baseline 5-HT release in the DMM was the same in both groups (6.76 + 
1.70 fmol/35 ~tl injection in the fluoxetine group and 5.57 + 1.49 fmol/35 
~tl injection in the fluoxetine plus LY-53857 group (n = 5 each)). 5-HT 
release significantly increased above baseline in both groups (1.9-fold in 
the fluoxetine group and 2.1-fold in the fluoxetine plus LY-53857 group), 
but this was not significantly different between the two groups (Fig. 1A). 

The microdialysis probe sites were distributed in the DMM, including in 
the nXII, the nTS, and the dorsal motor nucleus of  the vagus, around 7.48 
mm posterior to bregma. The locations of  probe sites were similar between 
the fluoxetine and the fluoxetine plus LY-53857 groups (Fig. 1B). 

3.2 Specific airway resistance and respiratory variables 

sRaw was not significantly affected by fluoxetine, but was significantly 
increased by 1.9-fold by fluoxetine plus LY-53857 in the fourth collection 
period. The difference between the two groups was significant (Fig. 2A). 

Respiratory rate was not significantly affected by fluoxetine perfusion or 
fluoxetine plus LY-53857 coperfusion. There was no difference in 
respiratory rate between the two groups (Fig. 2B). 
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Fig. 1. A: 5-HT release in the DMM in fluoxetine-perfused (open circles, n = 5) 
and fluoxetine plus LY-53857-coperfused (filled circles, n = 5) groups. Mean + 
SEM. The collection period was 25 min.; the drug-perfusion period is indicated by 
a black bar; *, p < 0.05; N.S., no significance. B: microdialysis probe sites on 
mouse brain atlas (Franklin and Paxinos, 1997). Open bars, fluoxetine-perfused 
group; solid bars, fluoxetine plus LY-53857-coperfused group. Sol = solitary tract 
nucleus; 10 = dorsal motor nucleus of vagus; 12 = hypoglossal nucleus. 

Tidal volume was not affected by fluoxetine perfusion into the DMM, 
but was significantly decreased by fluoxetine plus LY-53857 coperfusion. 
There was no significant difference between the two groups (Fig. 2 C). 

Minute ventilation was obtained by multiplying the respiratory rate with 
the tidal volume. Minute ventilation tended to decrease during fluoxetine 
plus LY-53857 coperfusion, but the decrease was not significant. There 
were no significant differences between the two groups (Fig. 2D). 

4 Discussion 

In the present study, perfusion of  the DMM with fluoxetine, an SSRI, 
increased local 5-HT release. Perfusion with a 5-HT2 receptor antagonist 
significantly increased airway resistance and slightly decreased tidal 
volume without affecting respiratory rhythm. These results suggest that: 1) 
5-HT release is regulated by a suppressive effect of  local 5-HT transporter 
activity in the DMM, and 2) the 5-HT release elicits airway dilation and a 
slight increase in tidal volume by 5-HT2 receptors in the DMM. 

5-HT outflow from the hippocampus and frontal cortex o f  mice is 
enhanced by systemic administration of  fluoxetine, although this is limited 
by autoreceptors such as 5-HT1A and 5-HT1B (Malagi6 et al., 2002). 
There is some evidence that 5-HT transporters are distributed in the nTS, 
(Huang and Pickel, 2002; Paterson et al., 2004; Nakamoto et al., 2000) and 
the nXII (Paterson et al., 2004). The present results suggest that the 5-HT 
dynamics in the DMM are regulated by local 5-HT transporters in mice, i.e. 
5-HT transporters take up 5-HT and maintain 5-HT release in the DMM. 
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Fig. 2. Respiratory variables obtained for fluoxetine perfusion (open circles, n = 5) 
and fluoxetine plus LY-53857 coperfusion (filled circles, n = 5) in the DMM. A: 
specific airway resistance (SRaw). B: respiratory rate (RR). C: tidal volume (VT). 
D: minute ventilation ( ~ E). Mean + SEM. The drug-perfusion period is indicated 
by a black bar; *, p < 0.05; #, p < 0.05; N.S., no significance. 

Similar increases in 5-HT release during fluoxetine perfusion and 
fluoxetine plus LY-53857 coperfusion demonstrate similar degrees of  
serotonergic stimulation. Therefore, the different responses with and 
without a 5-HT2 receptor antagonist depend on different activity levels of  
the 5-HT2 receptors, not the serotonergic neurons. 

In this study, a microdialysis probe for the DMM was ocularly inserted 
to a depth of  1 mm from the dorsal surface o f  the medulla oblongata at the 
level of  the area postrema. Only a membrane o f  the probe was inserted into 
the brain, which minimized brain damage and raised the accuracy of  the 
probe position. However, there was some difficulty in rigid fixation of  the 
probe onto the cranial bones and in free movement  of  neck. Therefore, 
acute experiments were performed. 

5-HT perfusion of  the nXII increases sleeping genioglossal muscle 
activity to normal waking levels in rats (Jelev et al., 2001). Hypoglossal 
motoneurons in cats and hypoglossal nerve activity in rats are stimulated 
by 5-HT2 receptors in the nXII (Kubin et al., 1992; Fenik and Veasey, 
2003). Paroxetine, an SSRI, augments genioglossal electromyographic 
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activity in normal humans (Sunderram et al., 2000). Some SSRIs decrease 
the apnea-hypopnea index during REM sleep in obstructive sleep apnea 
patients (Hanzel et al., 1991; Kraiczi et al., 1999). In the present study, 
5-HT2 receptor-mediated 5-HT activity in the DMM decreased airway 
resistance, suggesting that 5-HT2 receptor activity in the nXII excites the 
hypoglossal nerve, contracts the genioglossal muscle, and elicits airway 
dilation. 

During REM sleep, airflow resistance above the larynx is twice as high 
as during wakefulness in normal humans (Hudgel et al., 1984). In our 
study, the sRaw with a SSRI and a 5-HT2 receptor antagonist was twice as 
high as during stimulation by an SSRI alone. This suggests that airway 
dilation is functionally influenced by 5-HT2 receptor activity in the nXII. 

In vagotomized and anesthetized rats, the contribution of serotonergic 
receptors in the nXII to hypoglossal nerve activity is 35% (Fenik et al., 
2005) and to genioglossal muscle activity is 50% (Sood et al., 2005). This 
was similar to the degree of 5-HT2 receptor contribution to airway 
resistance in our experiments. The serotonergic drive modulating 
genioglossal muscle activity, however, was little observed in vagi-intact 
rats (Sood et al., 2005), which indicates that a minimal endogenous 5-HT 
drive in the nXII modulates genioglossal muscle activity in rats unless 
augmented by neural input. Further experiments are needed to clarify the 
physiological conditions activating serotonergic input to the nXII. 

Tidal volume was significantly decreased by fluoxetine plus LY-53857 
coperfusion, but the effect was not statistically different from the effect of  
fluoxetine perfusion alone. Thus manipulation of only 5-HT2 receptors in 
the DMM has a minor effect on the regulation of tidal volume. 

Respiratory rhythm generator is distributed throughout the ventral 
respiratory group (Ballanyi et al., 1999; Onimaru and Homma, 2003). 
Stimulation of 5-HT2 receptors in the DMM of resting mice may not affect 
the respiratory rhythm generators. 

The increase in 5-HT release during fluoxetine perfusion did not affect 
sRaw and tidal volume. Hypoglossal 5-HT decreases glutamate release 
from the raphe pallidus to the nXII through presynaptic 5-HT1A or 1B 
receptors (Bouryi and Lewis, 2003). This suggests that spontaneous 5-HT 
release in the DMM has already elicited airway dilation and increased tidal 
volume before fluoxetine perfusion; stimulates the inhibitory 5-HT 1A and 
5-HT1B receptors and excitatory 5-HT2 receptors; or both. 

In conclusion, 5-HT release in the DMM is regulated by a suppressive 
effect of local 5-HT transporters. The 5-HT release in the DMM elicits 
airway dilation and a slight increase in tidal volume without affecting 
respiratory rhythm. Those effects are mediated by 5-HT2 receptors. The 
inactivation of 5-HT2 receptor activity in the DMM doubles the airway 
resistance. It is useful to measure airway resistance for elucidation of  
mechanisms underlying upper airway control and obstructive sleep apnea. 
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Breathing is to live, to smell and to feel 
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Summary. Previously we tested simultaneous recordings of electroen- 
cephalograms and respiration in normal subjects during threshold and 
recognition levels of olfaction. The study identified changes of respira- 
tory pattern during odor stimuli and found that inspiratory phase-locked 
alpha oscillation (I-a) from the averaged potentials were triggered by in- 
spiration onset. We performed dipole analysis of I-~t and found the di- 
poles were located in the olfactory-related areas: the entorhinal cortex, 
hippocampus, amygdala, and the orbitofrontal cortex. As we often ex- 
perienced that olfaction is habituated with constant exposure of odor 
presentation, we compared the respiratory patterns, I-a, and dipole local- 
izations of I-a during recognition of odor with those of adaptation in odor. 
We found that changes in tidal volume and respiratory rate returned to the 
normal breathing level during the adaptation period. From averaging 
EEGs triggered as the inspiration onset, I-0t was observed in all electrodes 
positions during perception of odor; on the other hand, power spectra of 
frontal areas decreased during the adaptation period. During the adapta- 
tion period, dipoles were not estimated in the orbitofrontal cortex, but 
sustained activations in the entorhinal cortex and hippocampus were ob- 
served. 

Key words. EEG~ dipole tracing method, olfaction, respiration, adapta- 
tion, limbic system 
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1 Introduction 

Neuroimaging studies using positron emission tomography (PET) and 
functional magnetic resonance imaging (fMRI) have revealed olfactory 
brain regions which relate higher olfactory processing such as discrimina- 
tion (Rolls et al. 2003), imagination and memory (Levy et al. 1999), and 
emotion (Royet et al. 2000). These neuroimaging studies have provided 
information regarding the areas related to olfaction; however, these data 
lack the assumption that olfaction is largely depended on respiratory ac- 
tivities. Perception and emotion of olfaction are largely dependent on in- 
spiration; we are able to smell through inspiring. Previously we tested 
simultaneous recordings of electroencephalograms (EEG) and respiration 
in normal subjects during threshold and recognition levels of olfaction 
(Masaoka and Homma, 2005). The study identified changes of respira- 
tory pattern during odor stimuli and found that inspiratory phase-locked 
alpha oscillation (I-a) from the averaged potentials triggered as the inspi- 
ration onset. The EEG dipole tracing method (Homma et al, 2001; Oka- 
moto and Homma, 2004) which estimates the active area of the brain, re- 
ferred to as a dipole location, from the surface potentials. We found that 
the dipoles were located in the olfactory-related areas: the entorhinal cor- 
tex (ENT), hippocampus (HI), amygdala (AMG), and the orbitofrontal 
cortex (OFC). We suggested that I-a occurred during olfactory stimuli 
may originate from these olfactory-related areas, and these oscillations 
were phase-locked to inspiration. These results obtained in the previous 
study focused on the respiratory pattern, I-a and I-a related olfactory 
limbic areas without habituation of odors; namely, we paid careful atten- 
tion to avoid adaptation of odor in all subjects. 

We often experience that olfaction is habituated with constant expo- 
sure of odor presentation (Ekman et al, 1967). Three factors seem to 
cause the adaptation in odor. One is the olfactory receptor level (Kuraha- 
shi and Menini, 1997), the second is the level of the olfactory bulbs 
(Shipley and Ennis, 1996), and the last is the primary olfactory cortex the 
piriform cortex (Pir) (Wilson, 1998). 

Previously a fMRI study reported that habituation in olfaction ap- 
peared to be caused by not only the olfactory receptor level but also ol- 
factory central structures (Poellinger at al. 2004). In this study, we com- 
pared the respiratory patterns, I-a, and dipole localizations of I-a during 
recognition of odor with those of adaptation in odor. We hypothesized 
that if odor recognition and odor-induced feeling were involved in the ac- 
tivation of OFG, frontal areas of I-a oscillation might be suppressed and 
dipoles in the OFC areas would disappear during the adaptation of odor. 
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2 M e t h o d  

Five right-handed men (mean age 29.5.6+10.7 years) participated in this 
study. Subjects with asthma or any allergy were excluded. All subjects 
completed the the odor detection acuity, and odor recognition acuity were 
evaluated in all subjects by means of  T&T olfactometer (Takasuna Co., 
LTD, Tokyo, Japan) prior to the experiments. The olfactometer is used 
with five odors (odor A, fl-phenyl ethyl alcohol; odor B, methyl 
cyclopentenolone; odor C, iso-valeric acid; odor D, y-undecalactone; 
odor E, skatole), each at eight different concentrations (-2 to +5). All sub- 
jects were normal to detect and recognize the odors. A detailed descrip- 
tion about the olfactory test has been reported elsewhere (Masaoka et al. 
2005). 

2.1 Recordings of the EEG and respiration. 

Twenty-one electrodes were attached according to the International 10-20 
system, with the reference electrode on the right earlobe. An EEG and 
electro-oculogram were recorded and stored in a digital EEG analyzer 
(DAE-2100, Nihon Kohden, Tokyo, Japan). The EEG was sampled at 
1000HZ through a 0.016 to 30Hz bandpass filter. Impedances were kept 
below 10KfL The subject put on a facemask with a transducer connected 
to a respiratory monitor (Aeromoniter AE280, Minato Medical Science, 
Osaka, Japan) for measurement of respiratory pattern and metabolism. 
The respiratory monitor calculated breath-by-breath minute ventilation 

(VE), tidal volume (VT), respiratory frequency (fR), 0 2 consumption 

(VO2), end-tidal CO2 (FETCO2). Respiratory flow data obtained with the 
respiratory monitor were also stored in the EEG analyzer. Since we as- 
sume that the perception and sensation of smell are dependent on inspir- 
ing, the onset of  inspiration was used as a trigger for averaging potentials. 
All sniffing activities were excluded from the averaging. Eye blinks or ar- 
tifactual activity exceeding +50pv were excluded. 

2.2 Stimuli presentation 

Since all subjects reported that odor D (7-undecalactone) was the most 
pleasant in the olfactory test, in this study we used y-undecalactone of  
each subject's recognition level for the stimuli. We asked subjects how 
they feel about the odors by visual analogue scale (VAS) every 15 s 
(maximum right: smell very strong, maximum left: smell nothing). Adap- 
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tation toward odor was defined when the subjects indicated "smell noth- 
ing" on the VAS. EEG averages were divided into "odor stimulation", 
which means subject can recognize or feel the odor, and "adaptation", 
which indicates subjects feel nothing toward the odor stimuli. Respiratory 
flow and averaging EEG divided into odor stimulation period and adapta- 
tion period are indicated in the Figure 1. 

2.3 Data analysis 

Respiratory variables 

All statistical analyses were performed with a commercially available sta- 
tistical package (SPSS, Ver. 11.0; SPSS, Tokyo, Japan). Each respiratory 
variable during the rest, odor stimuli and adaptation were analyzed with 
one-way repeated measures analysis of  variance (ANOVA). Greenhouse- 
Geisser adjustment of the degrees of freedom was applied to the ANOVA 
analysis to correct for violation of the assumption of sphericity. Post-hoc 
tests were performed with Bonferroni tests. 

EEG powers of band component 

EEG power according to the alpha component of each electrode position 
was calculated from the inspiratory triggered averaged potential from 
each subject. Spectral power was analyzed by fast fourier transformation 
(spectral analysis) using EEG analysis software EEG Focus (Version 
2.1 .,Nihon Koden). Data indicates mean alpha power from all subjects. 

Fig. 1. Respiratory flow during rest, odor stimulation and adaptation. Adaptation 
toward odor was defined when the subjects indicated "smell nothing" on the 
VAS. EEG averages were divided into "odor stimulation", which means subject 
can recognize or feel the odor, and "adaptation", which indicates subjects feel 
nothing toward the odor stimuli. Respiratory flow and averaging EEG divided 
into odor stimulation period and adaptation period. 
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Dipole analysis 

Potentials were averaged on the EEG analyzer and the data of averaged 
potentials transferred to the software of the EEG dipole tracing method of 
a scalp-skull-brain head model (SSB/DT)(Bs-navi, Brain research and 
development). Detailed descriptions of the SSB/DT method (Brain Space 
Navigator, BS-navi, Brain Research and Development, Japan) have been 
reported elsewhere,(Homma et al., 2001; Masaoka et al., 2005; Inoe et al., 
2008). SSB/DT calculates the source generators in the brain from the 
evoked potential by fitting a mathematical model of assumed equivalent 
dipoles to the data actually recorded from the surface of the scalp. The 
actual potentials actually recorded from 21 electrodes (Vmeas) are com- 
pared with the calculated potential distribution from 2 equivalent current 
dipoles (Vcal), and the locations of dipoles and vector moments are de- 
termined if the square differences between Vmea and Vcal re at a mini- 
mum. Root-mean-square (RMS) quality of fit was indicated as dipolar- 
ity %. Goodness to fit of more than 98% was considered as significant. 
Since dipole localization from the grand averaged potential across all 
subjects with the MNI model showed typical regions for the event be- 
cause the S/N ratio was increased (Inoue et al., 2008), dipole estimations 
from the grand averaged potential across all subjects during odor stimuli 
(not adaptation period) and adaptation were performed. 

3 Results 

Table 1 shows VE, VT, fR, ETCO2 and VO2 during the rest, odor stimula- 

tion and adaptation periods. No changes in VO2 were observed through- 
out the experiment (P>0.05). VT and fR were changed during odor stimu- 

lation (P<0.05). Uunchanged VO2 means that these respiratory changes 
were not altered by meeting metabolic requirements (P>0.05). 
ETCO2were also unchanged during odor stimulation and adaptation peri- 
ods (P>0.05). 

VT increased and fR decreased during odor stimulation, but these 

changes were back to the normal resting level during adaptation. VE, 
were constantly unchanged throughout the recordings (P>0.05). 
Figure 2 shows the averaged potentials triggered by the onset of inspira- 
tion during odor stimulation (left) and adaptation (right). Each electrode's 
mean power spectral of alpha bands from all subjects is illustrated as bar 
graphs. 
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Table 1. Effect of odor stimulation and odor-induced adaptation on respiratoy pa- 
rameters. 

Baseline Odor  s t imulat ion Adapta t ion  

~-~ (1) 7 .5+0 .9  7 .5~0 .2  7 .9 •  

V T(ml) 5 6 3 + 2 4  7 1 5 + 1 1 2  * *  573~-~25 

R.R(breath/min) 13.3-+-1.5 10.7-1-1.9 , 13.6:h0.5 

ETCO 2 (%)  5.63"4-0.3 5.75"4-0.49 5.5___0.2 

VO2(nll ) 228"4"13 230-4-10 235--I-9.$ 

* P<O.05 

Fig.2 Averaged potentials triggered by the onset of inspiration during odor 
stimulation (left) and adaptation (right). Each electrode's mean power spectral of 
alpha bands from all subjects is illustrated as bar graphs. 
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The alpha rhythm is a waveform with a characteristic 8-12Hz fre- 
quency. As observed in Figure 2, the waveforms are categorized as alpha 
band oscillations, and these waves were synchronized with inspiration for 
electrode positions during odor stimulation (left). However, during adap- 
tations, I-a were not observed in all electrodes except P3, P4, O 1, 02 ,  T5 
and T6. Alpha rhythms were often observed on the parietal and occipital 
areas in the averaged potentials triggered as inspiration onset during the 
rest (Masaoka and Homma, 2005); however, during the adaptation, tem- 
poral areas of  T5 and T6 were still locked to inspiration. Results of  dipole 
analysis are shown in Figure 3. During odor stimulation, dipoles were lo- 
cated in the right ENT at 50 ms, in the left OFG at 200 ms. Finally, from 
350ms to 400 ms, dipoles were located in the right ENT, AMG, HI and 
the left OFC. A previous study suggested that odor identification or feel- 
ing toward odor could be recognized during 300 ms and 400 ms (Ma- 
saoka and Homma, 2005). On the other hand, during the adaptation pe- 
riod, dipoles were found in the left ENT and HI at 120 ms. These areas 
of  dipoles were constantly observed until 400 ms. 

Fig.3 Results of dipole analysis during odor stimulation and adaptation period. 
Refer to color plates. 
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4 Discussion 

In this study, we investigated the respiratory pattern, I-~ and dipole local- 
ization of I-a during odor stimulation and an odor-induced adaptation pe- 
riod. We found that changes in Va-, and fR were back to the normal 
breathing level during the adaptation period. From the observation of  av- 
eraging EEGs triggered as the inspiration onset, I-~t was observed in all 
electrode positions during perception of  odor; on the other hand, power 
spectra of  frontal areas were decreased during the adaptation period. 
During the adaptation period, dipoles were not estimated in the OFC, but 
sustained activations in the ENT and HI were observed. 

4.10lfaction and respiration 

Various sensory stimulation such as visual and audition produce emotions. 
Odors have the strong potential to induce memories and emotions more 
than other sensory modalities. The process of  olfaction is different from 
the visual, auditory, gestation and somatosensation. Olfactory informa- 
tion progresses directly from the olfactory receptors in the nasal mucosa 
to the olfactory bulbs and from the olfactory bulbs to the olfactory limbic 
areas without relaying through the thalamus. Olfaction is the main input 
for producing cognition and emotions in animals because primates need 
rapid evaluation of environmental danger, identification of food or recog- 
nition of  sex differences through the olfactory system, all of  which en- 
hance immediate responses toward impending events. Animal studies 
have characterized the process of  odor information. A signal from the ol- 
factory bulbs transmit to the prepiriform and the Pir as a primary olfac- 
tory cortex; other targets are the anterior olfactory nucleus, AMQ olfac- 
tory tubercle and the ENT. These targeted areas are converged to the 
OFC which is responsible for a higher order such as olfactory discrimina- 
tion and feeling. These areas related to olfaction have also been con- 
firmed the neuroimaging studies in humans (Sobel et al., 1998; Royet et 
al., 2000; Rolls et al., 2001; Masaoka et al., 2005). 

It is important to know that perception of  odor is dependent on respi- 
ratory activities; our sense of smell is enhanced by inspiration. We de- 
tected the process of olfaction using the dipole tracing analysis and dipole 
locations in the ENT (a part of  the Pir), HI, AMG and OFG in a millisec- 
ond range from the inspiration onset (Masaoka and Homma, 2005). 
Every inspiration including an odor molecule activates the primary olfac- 
tory cortex, and olfactory-related limbic areas, as well as the areas related 
to the cognition and emotions. 
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4.2 Respiration, emotion and adaptation in olfaction. 

By inspiring, direct stimulation of  the olfactory limbic areas uncon- 
sciously alters the respiratory pattern. Unpleasant odors increase respira- 
tory rates and induce rapid shallow breathing patterns, and pleasant odors 
induce deep breathing (Masaoka and Homma, 2005). Not only the olfac- 
tion but also respiration is altered by emotions (Boiten et al., 1994). 
There is direct evidence that stimulation of the AMG, the center of  emo- 
tion, causes an increase in respiratory rate (Masaoka and Homma, 2004). 
Respiratory activity is regulated in the brainstem for metabolic purpose; 
however, stimulation of  the higher structure, especially the AMG~ has a 
dominant effect on the respiratory pattern. In this study, we confirmed 
that VT increased and fR decreased during the pleasant olfactory stimulus, 
showing the deep and slow breathing. We found that these respiratory 
changes were returned to the normal breathing during adaptation. 

This indicates that subject felt nothing toward odor; in other words, if 
we observe the respiratory pattern, we can understand objectively 
whether the subject is habituated odor or not. From the point of  brain ac- 
tivations, Poellinger et al. reported that activities of the Pit and HI were 
decreased, showing habituation during prolonged olfactory stimulation. 

It is interesting that our results show that respiratory changes ob- 
served during the perception of odor returned to the normal breathing 
during adaptation period but the dipole results show the sustained dipoles 
localized in the ENT and HI. If these areas remained activated, respira- 
tion might show the same pattern observed in the perception of  odor. We 
will discuss this theme in later sections. 

4 .30FC and the habituation in olfaction. 

The role of  the OFC in olfaction has been reported for recognition, identi- 
fication and emotional feeling. These might be a higher order o f  olfac- 
tory function. Our previous study (Masaoka and Homma, 2005) sug- 
gested that activations of  the OFC at 300 ms to 400 ms from inspiration 
onset are for recognition including identification and perception of  feel- 
ing of odors. Dipoles were not estimated in the OFC in patients with 
Parkinson's disease (PD) who had impaired recognition of  odor (Ma- 
saoka et al., 2006). PD patients had impaired odor recognition as well as 
a low emotional response toward odor. The study concluded that weak 
activation of  OFC in PD patients could be caused by low activations in 
the ENT, HI and AMG. Pathological changes of these areas might be a 
factor causing low activation of OFC. Therefore, activation of  OFC is 
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need for recognition and emotion through the activation of primary and 
limbic olfactory structures. 

In this study, we found no activations in the OFC during the adapta- 
tion period. It is reasonable to say that activations of  OFC were observed 
when the subject recognized the odor and disappeared when subjects 
were adapted and felt nothing toward the odor. In addition to results of  
dipole analysis, I-a of frontal areas were decreased during the adaptation 
period, which means that I-a including the frontal areas might be related 
to recognition, identification and odor induced-feeling. This result could 
prove that frontal areas and OFC play a role of recognition and emotional 
perception for odors. 

4.4 Adaptation of pleasant odor and OFC. 

We have reported that an unpleasant odor increases respiratory rate with 
rapid and shallow breathing, and a pleasant odor decreases respiratory 
rate with slow and deep breathing (Masaokaet al., and Homma, 2005, 
2006). Not only the unpleasant olfactory stimuli but also negative emo- 
tions such as fear and anxiety cause an increase in respiratory rate. The 
AMG has a role of emotions, especially fear and anxiety in animal and 
humans (Davis, 1992). Electrical stimulation on the AMG causes an in- 
crease in respiratory rate. These studies proved that the limbic areas in- 
cluding the AMG are important for emotion, especially the negative emo- 
tions and physiological responses. It could be assumed that it is hard to 
identify the areas related to pleasant emotions because pleasant feelings 
are largely dependent on individuals' memories and experiences. Our 
previous study concluded that a pleasant feeling toward odor is a higher 
function compared with negative emotions of  odor because pleasant emo- 
tions might include a feeling of motivation, intention and attention. This 
conclusion is drawn from the observation of  respiratory pattern and brain 
activity in our previous two studies (Masaoka and Homma, 2005; Ma- 
saoka et al. 2006). Both unpleasant and pleasant odors activate ENT, HI, 
AMG and OFC in accordance with the inspiration onset. However, acti- 
vation of  the AMG from unpleasant odor stimuli is stronger than that of a 
pleasant odor. A pleasant odor activates the prefrontal and the premotor 
areas. These areas of activation might include motivation, intention and 
attention which are related to the desire and inspire and control of  breath- 
ing. Another study also suggested that a pleasant sensation caused by 
odor needs strong activation of  the limbic structures; these areas 
o f  activation caused by a pleasant odor (including evaluation) have to 
rely on a higher function such as decision and motivation. Strong activa- 
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tion of  the limbic areas might be decreased by adapting process or by in- 
hibitory process of  the higher cortical areas. Deep and slow breathing, 
observed during a pleasant odor, might be the phenomenon showing a 
higher role of  emotional responses and hence that need to control breath- 
ing based on the activations of  the limbic areas. 

Poellinger et al. suggested that the habituation process could also be 
influenced by emotions and memories. We have not investigated the ef- 
fect of  unpleasant odor on respiratory responses and brain activities, but 
we hypothesize that at least with a pleasant odor, adaptation decreases the 
activities o f  the OFC. A slow and deep respiratory pattern returns to 
normal breathing. However,  with the desensitization to odor, sustained 
activities in ENT and HI were observed; this might be the remaining ac- 
tivity without feedback from the OFC. What is the role of  adaption in ol- 
faction? We suggest that sustained activation in ENT and HI during the 
adaptation period have a potential to sensitize rapidly impending new 
events. 
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Summary. The sensorimotor area and supplementary motor area and cin- 
gulate cortex of the frontal medial wall are reported to be important for the 
generation and control of movements, according to neuroimaging studies 
and electroencephalography (EEG) recordings with subdural electrodes. 
Combining these advantages of EEG with dipole-tracing analysis incorpo- 
rating a realistic three-layer head model (scalp-skull-brain head model; 
SSB/DT) allows for the detection of dipoles in the millisecond range and 
investigation of the processing of cognitive ftmction and movement execu- 
tion. In this study, we constructed a scalp-skull-brain head model from 
Montreal Neurological Institute standard brain images and detected dipole 
localizations in the millisecond range from grand-averaged negative slope 
(NS) to motor potentials during a simple pinching movement. The simple 
self-initiated left and right motor execution activated different areas: the 
left movement activated the presupplementary motor area (pre-SMA), pu- 
tamen, rostral cingulate cortex and rostral premotor area, which are associ- 
ated with cognitive functions and self-initiated decisions. These areas were 
associated with the early NS potential during left pinching movement 
preparation. The right movement activated the caudal cingulate cortex, 
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pre-SMA and caudal premotor area, and these areas were activated just be- 
fore the execution of movement. 
In the primary stage of the cognitive circuit for motor control, pre-SMA- 
putamen are activated before the onset of  NS that relates cognitive func- 
tion as decision making, response selection in time perception and motiva- 
tion. 

Key words. EEG, dipole-tracing analysis, MNI, pre-SMA, putamen 

Introduction 

Movement-related cortical potentials (MRCPs) can be recorded from scalp 
electrodes and precede and follow voluntary movements (Kornhuber and 
Deecke 1965; Shibasaki et al. 1980; Barret et al. 1986). MRCPs are com- 
posed of  three waveforms observed in the averaged electroencephalogram: 
the readiness potential, originally termed the Bereitschafts potential (BP), 
the negative slope (NS) and the motor potential (MP). The BP is a slow 
negative potential that occurs 1-2 s before a self-paced voluntary move- 
ment (Kornhuber and Deeke 1965). The NS is a negative potential that oc- 
curs 200-500 ms before the onset of  electromyography (EMG) activity. 
(Shibasaki et al. 1980), and the MP occurs approximately 100 ms after, or 
occasionally before, EMG onset. 

Functional magnetic resonance imaging (fMRI) and positron emission 
tomography (PET) have reported the areas related to MRCPs (Rao et al. 
1993; Toma et al. 1999; Cunnington et al. 2002; Shibasaki et al. 1993). 
These studies showed that the contralateral sensorimotor area (SM1) and 
bilateral supplementary motor area (SMA) are consistently activated in as- 
sociation with finger movement. Studies with high temporal-resolution 
electroencephalography (EEG) recording with subdural electrodes have 
shown that the SMA plays important roles in unilateral and bilateral 
movements, whereas the primary motor area is involved in the preparation 
of  contralateral movements (Ikeda et al. 1995). 

The SMA is categorized into the pre-SMA, which projects to primary 
motor cortex areas involved in higher-order functions such as planning (He 
et al. 1995; Wang et al. 2001), and the SMA proper which has direct spinal 
projections and is involved in movement (Lu et al. 1994). Both the pre- 
SMA and SMA proper are involved in self-generated movements. Al- 
though neuroimaging and EEG studies have shown areas related to 
MRCPs, it is not yet incomplete to detect areas involved in MRCP proc- 
essing. 
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EEG is a non-invasive technique for monitoring brain electrical activity 
and has good time resolution. Combining these advantages of  EEG with 
the dipole-tracing analysis incorporating a realistic three-layer head 
model ; (SSB/DT) (Homma et al. 1994, 1995) allows for the detection of  
dipoles in the ms range. The reliability of source localization from field 
potentials has been tested in patients with focal epileptic seizures undergo- 
ing presurgical evaluation with intracranial subdural strip electrodes 
(Homma et al. 1994) and with depth electrodes (Homma et al. 2001). 
SSB/DT has been used to localize source generators of  MRCPs (Kanamaru 
et al. 1999) and in the analyses recognition for facial expression in patients 
with Parkinson disease (Yoshimura et al. 2005) and in the analysis of  ol- 
faction (Masaoka et al. 2005). SSB/DT allows for the estimation of  dipole 
locations in deep structures of  the brain such as the amygdala, entorhinal 
cortex, hippocampus and orbitofrontal cortex. 

SSB/DT can be used for functional brain mapping in humans; however, it 
may be difficult to perform dipole analysis in routine experiments or clini- 
cal examinations. This method uses a realistic three-dimensional head 
model of MR images from each subject segmented into brain, skull and 
scalp aspects. However, MR images are not always available and can be 
expensive. To address these issues, dipole analysis has been performed 
with a spherical three-shell model (Tarkka and Treede 1993) for source lo- 
calization of  pain-related somatosensory evoked potentials, and obtained 
dipole locations are superimposed on a standard brain MR image (Shimojo 
et al. 2000). Silva et al. (1999) reported that dipole locations incorporated 
onto a standard realistic model are useful in the event that imaging is not 
available. 

The Montreal Neurological Institute (MNI) standard coordinate system is 
the most commonly used streotaxic platform (Brett et al. 2002). A standard 
MNI template was created from MR images from 152 subjects, and neuro- 
imaging data were used to create normalized MNI brain coordinates asso- 
ciated with Talairach brain coordinates (Collins et al. 1994). The MNI co- 
ordinate uses three-dimensional signal-source estimation algorithms such 
as low-resolution brain electromagnetic tomography (LORETA) for EEG 
(Pascual-Marqui et al. 2002) and Near-Infrared Spectroscopy (NIRS) 
(Okamoto and Homma 2004; Singh et al. 2005). 

In this study, we constructed a scalp-skull-brain head model from the 
standard MNI brain images and detected dipole localizations from grand- 
averaged NS to MP in the millisecond range. 
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Materials and methods 

Three subjects were healthy volunteers (all men; age 30, 34 and 55 years). 
All subjects were right-handed as confirmed by the Edinburgh Handedness 
Inventory (Oldfield 1971). Informed consent was obtained from each sub- 
ject, and the study confirmed to the guidelines o f  the Ethics Committee of  
the Showa University School of  Medicine. The subjects were instructed to 
perform a self-paced pinching movement with the index finger and thumb 
of  the right or left hand approximately every 20 s. Right and left pinching 
movements were performed separately, approximately 100 times each. The 
subjects were instructed to avoid other movements,  and eyes were closed. 

Electroencephalograms were obtained with 19 Ag/AgC1 electrodes at- 
tached to the scalp according to the international 10-20 system with a ref- 
erence electrode attached to the right earlobe. Electrode impedances were 
maintained at less than 5 ~2 throughout the recordings. Potentials were am- 
plified and band-pass filtered (0.03-100.00 Hz) by the EEG recorder 
(EEG-1100; Nihon Kohden, Tokyo Japan), and data were stored on an 
EEG analyzer (DAE-2100; Nihon Kohden). The data were sampled at 1- 
ms intervals and stored on magnetic optical disks for off-line analysis. 
Electro-oculograms were recorded with electrodes placed at the inferior 
lateral canthus and supraorbital to the right eye. The surface EMG activity 
of  the left and right abductor pollicis brevis muscles was recorded with an 
amplifier (AB-621 G; Nihon Kohden). The onset o f  EMG activity was used 
to average signals from all subjects ranging from 1500 ms before EMG ac- 
tivity to 100 ms after EMG activity. For the off-line analysis of  the data, 
waveforms were eliminated for trials compromised by blinking or exces- 
sive eye or body movements (>20 gV). Trails associated with a steep EMG 
wave or eye movement, body movement,  or an artifact 2 s before to 1 s af- 
ter EMG onset were also eliminated. 

MRCPs averaged within subject were analyzed with an SSB/DT incorpo- 
rating the subject's head model, and grand-averaged MRCPs across the 
subjects were analyzed with an SSB/DT incorporating the MNI three-layer 
head model. A detailed description of  the SSB/DT method has been re- 
ported elsewhere. SSB/DT involves calculation of  the location of  source 
generators in the brain from the electroencephalographic data. The actual 
potential field distribution recorded from the 19 scalp electrodes (Vmeas) 
was compared with the calculated field distribution (Vcal) for an appropri- 
ately equivalent current dipole (for one-dipole estimations) or two appro- 
priately equivalent dipoles (for two-dipole estimations). The inverse solu- 
tion (He et al. 1987) was used to determine the dipole location and 
orientation that best fitted the recorded data. The locations and vector m o -  
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ments of one- or two- current dipoles were iteratively changed within the 
head model until the minimal squared difference between Vmeas and Veal 
was obtained by the simplex method (Kowalik et al. 1968). The degree of  
source concentration can be calculated in terms of dipolarity (D[%]). A di- 
polarity of 100% is ideal; however, in practice it is usually less than 100% 
due to noise, electrode misalignment or non-dipole components of  the 
electric sources. In the present study, dipolarity greater than 98% was con- 
sidered to indicate a concentrated source (Homma et al., 2004). Conduc- 
tivities of the brain (0.33 S/m), skull (0.0041 S/m) and scalp (0.33 S/m) 
were incorporated into the calculation. The unconstrained one-moving- 
dipole model was used in the present study. 

The onset of  the BP and the peak latencies of NS and MP for each sub- 
ject were measured as averaged individual waveforms. Differences be- 
tween right and left BE NS and MP latencies were compared by Wilcox- 
son's signed-rank test. Root mean square (RMS) values of the MP were 
measured with the SSB/DT software (BS-navi), and differences between 
right and left RMS values of  the MP were compared with Wilcoxson's 
signed-rank test. Activated areas were indicated by a dipolarity (goodness- 
of-fit) of greater than 98% and were computed automatically in MNI brain 
coordinates. 

Results 

BE NS or MP latencies did not differ significantly between the left and 
right pinching movements (BP, P=0.93, NS, P=I, MP, P=0.66) (Table 1). 
The RMS value for MP did not differ significantly between the left and 
right movements (P=0.43) (Table 2). Grand-averaged data across the sub- 
jects is shown in Fig. 1. RMS values and goodness-of-fit (%) dipolarity; are 
shown below the grand-averaged MRCPs. RMS values increased from NS 
to ME 

Dipole localizations over -50  ms from NS to MP are shown in Fig.2.and 
3. Dipoles converged in specific areas related to motor activity. During the 
left pinching movements (Fig.2), from -250 ms to -100 ms, dipoles were 
detected in the right pre-SMA (BA 6) and the rostral cingulate (BA 24). 
From -100 ms to -50 ms, these dipoles were constantly detected in right 
cingulate gyms. At -50 ms, the dipoles moved to the right lateral premotor 
cortex, and at the onset of  movement, the dipoles converged in the right 
motor area. 

Right pinching movement dipoles converged in more specific areas than 
those of the left pinching movement (Fig.3). During the late component of  
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Table 1. BP, NS or MP latencies between the left and right pinching movements 
Latency (ms) Left Right 
BP -- 1202 • 60 * -- 1208 • 85 * 
NS -- 435 i 86 ** --435 i 124 ** 
MP 196+52"** 193 +31 *** 
* P=0.93; ** P=I; *** P=0.66 vs. left and right 
BP, bereitschafts potential; NS, negative slope; MP, motor potential. Modified 
from Neuroscience Letter 2008, Inoue et al. 

Table 2. RMS value for MP between the left and right movements 
RMS ( ~z V) Left Right 
MP 1.65• 1.38• 
P=0.43 vs. left and right 

RMS, root mean square. Modified from Neuroscience Letter 2008, Inoue et al. 

NS from -250 ms to -50 ms, dipoles converged in the left caudal cingulate 
area (BA 24). Dipoles in the left caudal cingulate area remained until 50 
ms before movement onset. At 50 ms before movement onset, dipoles 
moved to the left pre-SMA and the left premotor cortex. At movement on- 
set, dipoles were detected in the left motor area. 

Also Fig 2 and 3 lists the MNI coordinates of  dipole localizations shown, 
and brain regions were confirmed by the atlas of  Talairach and Toumoux 
(Talairach and Toumoux 1988). 

Discussion 

Dipole estimation from grand-averaged data incorporating the MNI 
three-layer head model 

We performed dipole estimation from grand-averaged NS to MP potentials 
during voluntary pinching movement; this estimation incorporated the 
MNI three-layer head model. The measured data may include environ- 
mental noise and background activity, resulting in scattered dipole local- 
ization. The advantage of  group-averaged data is that the signal-to-noise 
ratio can be enhanced by averaging. I f  the stimuli are well controlled, indi- 
vidual averaged potentials can include similar components across subjects, 
and similar dipole traces can be obtained over time. Dipole estimation 
from group-averaged data can be applied to a normalized gross brain. Thus, 
the MNI model is suitable for dipole estimation with group-averaged data. 
The positions of  the 10-20 standard electrodes were adequately cast on the 
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Fig. 1. Grand-averaged data across the subjects is shown. RMS values and 
goodness-of-fit (%) dipolarity; are shown below the grand-averaged 
MRCPs. RMS values increased from NS to ME Modified from Neurosci- 
ence Letter 2008, Inoue et al. Refer to color plates 

MNI head model and were based on anatomic landmarks that could be 
normalized to standard streotaxic coordinates. Okamoto et al. (Okamoto et 
al 2004) reported NIRS imaging data utilizing an MNI three-dimensional 
anatomic platform to provide anatomic information. 

A previous study using a standard realistic head model for EEG source 
reconstruction indicated that a standardized realistic head model performs 
better than a spherical model (Fuchs et al. 2002). Verkindt et al. (1995) re- 
ported no significant differences in dipole locations between individual 
and grand-averaged data sets. However, Whittingstall et al. (2003) reported 
average differences in dipole locations between individual and group- 
averaged data sets of  approximately 1.1 cm. In the present study, we found 
dipoles in specific anatomic regions related to NS to MP potentials, and 
the coordinates were confirmed by the atlas of  Talairach and Tournoux 
(Talairach and Tournoux 1988). Thus, group-averaged data sets obtained 
with a standard averaged brain model are valid for detecting typical local- 
izations. In addition, averaged data can be used to detect dipole move- 
ments in the ms range. 
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Fig.2. Dipole estimation of ground averaged MRCP of  all the subjects incorporate 
with MNI standard brain by left pinching movements and typical example of  di- 
pole localization estimated from MRCP of  single subject incorporate with individ- 
ual head model. Regions in brain are also shown and the * stands for subjects' 
numbers whose dipoles appeared in each regions. Dipoles greater than 98 % were 
indicated pre 250 to post 50 ms in order of  50 ms. Modified from Neuroscience 
Letter 2008, Inoue et al. Refer to color plates 
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Fig.3. Dipole estimation of  ground averaged MRCP of  all the subjects incorporate 
with MNI standard brain by right pinching movements and typical example of  di- 
pole localization estimated from MRCP of  single subject incorporate with individ- 
ual head model. Regions in brain are also shown and the * stands for subjects' 
numbers whose dipoles appeared in each regions. Dipoles greater than 98 % were 
indicated pre 250 to post 50 ms in order of 50 ms. Modified from Neuroscience 
Letter 2008, Inoue et al. Refer to color plates 
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Processing of motor activation 

Results of the present study confirmed that the generators for the NS po- 
tential are localized in the contralateral pre-SMA, cingulate motor area and 
lateral prefrontal area. During the MP potential, dipoles converged in the 
contralateral sensorimotor hand area. These results were consistent with 
those of previous studies (Shibasaki et al. 1980, 1993; Neshige et al. 1988; 
Rao et al, 1993; Toma et al. 1999; Cunnington et al. 2002). The time reso- 
lution of dipole analysis allowed us to detect dipoles in the ms range from 
the NS to the MR Subjects performed simple self-paced pinching move- 
ments; however, we found a difference in motor area of activation between 
the left and right pinching movements, and we also found that the appear- 
ance of dipoles in these motor-related areas converged at different times 
between the left and right movements. Large differences between the left 
and right pinching movement were identified in areas of activations, pre- 
SMA, caudate nucleus, putamen and pre-motor area were activated during 
the early onset of the NS potential in the left pinching movement, and acti- 
vation of anterior cingulate motor areas for left movement and the poste- 
rior cingulate for right movement. 

Activations of the media frontal wall 

A number of studies have shown involvement of the frontal medial wall in 
the generation and control movement (Picard and Strick 2001; Cunnington 
et al. 2002). The medial wall contains three motor areas: the SMA proper, 
the pre-SMA and the cingulate motor area. The SMA proper, located in 
the caudal portion of area 6, projects directly to the primary motor areas 
and to the spinal cords (He et al. 1995). The pre-SMA, located to the ros- 
tral portion of premotor areas is interconnected with the prefrontal cortex. 
These differences in connectivity are reflected in the different pattern of 
activation in these two supplementary motor areas. The SMA proper is 
predominantly involved in direct motor execution, whereas, the pre-SMA 
is concemed with cognitive and sensory inputs for motor control. SMA 
proper activation is related to simple tasks, the activations simply related 
to the motor execution (Hikosaka et al. 1996), whereas, and activation of 
the pre-SMA occurs in parallel with the acquisition of motor-sequence 
tasks. The pre-SMA is activated when the movement is more complex and 
requires visual or auditory motor association and learning. The pre-SMA is 
also involved in self-generated tasks (Deiber et al. 1999) and is activated in 
early movement preparation (Lee et al. 1999). In the present study, activa- 
tion of the pre-SMA was observed during the early onset of the NS in the 
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left self-initiated movement,  indicating that cognitive or attentional aspects 
of  motor control are necessary for left hand execution in the right handed 
subjects. In addition to the early pre-SMA activation, it was remarkable to 
observe input from the left pre-SMA to the left putamen during this period. 

The SMA projects to the basal ganglia, particularly to the putamen (Ta- 
kada et al. 1998), and the SMA receives major outputs from the putamen. 
The basal ganglia and the SMA are involved in perceptual timing tasks as 
well as motor tasks (Macar et al. 2002), and Ferrandez et al. (2003) sug- 
gested that activation of  the SMA and left putamen are specific to duration 
processing. In the first stage of  cognitive processing for motor control, 
the pre-SMA-putamen activates during the early onset of  the NS, indicat- 
ing self initiated left pinching movement may be related more to cognitive 
functions such as decision making, response selection during time percep- 
tion and motivation. Activation of  these areas was not observed from -500 
ms to -300 ms in the right movement execution, but immediately before 
movement onset at -50 ms, the pre-SMA and pre-motor area were acti- 
vated. All subjects were right handed in this study, and self- initiated left 
pinching movements may require more preparation and time-keeping fac- 
tors for motor execution. 

Differences in the activation of cingulate motor area between the 
left and the right pinching movement 

The present study both the left and right pinching movements activated the 
cingulate motor area, but the left movement activated the anterior portion 
of  the cingulate motor area, and the right movement involved the posterior 
cingulate motor area. According to Picard and Strick (Picard and Strick 
1996), the cingulate motor areas is divided into a rostral cingulate zone 
with two subdivisions (anterior and posterior) and a caudal cingulate zone. 
Activation of  the anterior cingulate during the left pinching movement  cor- 
responded to the posterior rostral cingulate subdivision, and activation o f  
the posterior cingulate corresponded to the caudal cingulated zone. The 
functions of  these areas remain uncertain; however, a recent study reported 
that the rostral cingulate zone (posterior) is activated during word genera- 
tion tasks (Crosson et al. 1999) and in tasks involving response selection 
such as Go/No-Go tasks (Rubia et al. 2001). The rostral eingulate zone 
(anterior part) is activated to a high degree in response to conflicting or 
contradictory signals. These tasks require visual motor association, and at- 
tentional and cognitive factors. The caudal cingulate zone is activated in 
association with movement  execution (Picard and Strick 1996; Kwan et al. 
2000) and is activated along with the SMA proper. Picard and Strick 



148 

(Picard and Strick 2001) suggested that the rostral cingulate zone (anterior 
and posterior) appear to be activated in response to selection and conflict 
monitoring, and the caudal cingulate zone appears to be activated during 
simple motor tasks. This functional difference is similar to the differences 
between the pre-SMA and the SMA proper. 

The pre-SMA and the rostral cingulate motor area are activated during 
internally generated movement (Deiber et al. 1999) and in the early proc- 
ess of movement preparation (Ball et al. 1999). Cunnington et al. (Cun- 
nington et al 2002) reported that the pre-SMA and the rostral cingulated 
areas appear to be activated during intemal preparation and complex 
movements. They also observed activation of the basal ganglia, in associa- 
tion with internal control and planning. We observed simple self-initiated 
pinching movements and found that the left pinching movement required 
more preparation, perceptual timing and motivation, all of which are asso- 
ciated with pre-SMA, putamen (basal ganglia) and the posterior rostral 
cingulated zone (Inoue et al. 2008). These areas are activated during the 
early onset of NS. Dipoles in the left caudal cingulate zone remained stable 
from -350 ms to -50 ms during right pinching movement, and the dipole 
moved to the left premotor area immediately before movement execution. 

The right- hand movement in right-handed subjects requires less activa- 
tion of those areas activated during the left-hand movement, likely because 
of the functional plasticity occurs during accustomed movements. 

Activation of the premotor cortex before movement execution 

Activation of the contralateral premotor cortex is commonly observed just 
before the onset of movement. However, activation of the premotor cortex 
during left movement occurs more rostral to activation during right move- 
ment. In monkey, the lateral premotor cortex is divided into rostral and 
caudal divisions (Barbas and Pardya 1987) and the former is commonly 
associated with the pre-SMA, which is interconnected with the prefrontal 
cortex, and the latter is a same function as the SMA proper, which projects 
to the primary motor cortex and the to spinal cord. The pre-SMA and the 
rostral premotor cortex are more involved in cognitive processing than in 
motor execution. Again, these differences in the rostral and caudal por- 
tions of the premotor cortex could be due to differences in pre-SMA and 
SMA proper and the rostral and caudal cingulate motor areas with respect 
to whether they are involved in aspects of cognitive processing or in as- 
pects of motor generation. 

The rostral premotor division does not project to the primary motor ar- 
eas. During the left pinching movement, dipoles in the right rostral premo- 
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tor area moved directly to the right M1 area. It is possible that the caudal 
premotor areas are co activated during this period; however, in the present 
study, we performed one-dipole analysis in which the dipole was estimated 
in the area generating the strongest currency of  polarity. In addition, the 
lack of  dipole convergence in the SMA proper may be due to the fact that 
strong current polarity in area M1 is drawn toward area M1 rather than 
SMA proper; the SMA proper is directly connected to area M1, and is in- 
volved in motor generation. Motor areas of  the medial wall discussed 
above may be activated in parallel, and in this case, dipoles could be scat- 
tered in two-dipole analysis. There are limitations of  single- dipole analy- 
sis. However, we able to detect areas generating strong polarization in the 
ms range and clearly identified functional differences in each area. 

In summary, even in simple self-initiated motor tasks, left and right mo- 
tor executions activate different areas; the former activates the pre-SMA, 
putamen, rostral cingulate cortex and rostral premotor areas, which are as- 
sociated with cognitive processing and self-initiated decisions. These areas 
were activated during early processing in left pinching movement  prepara- 
tion. The latter activates the caudal cingulate cortex, pre-SMA and caudal 
premotor area, which were activated just before movement execution. The 
temporal resolution of  dipole detection shown in the present study can ap- 
plied to the analysis of  the motor processing in patients with injury to the 
motor areas and in patients with movement disorders such as Parkinson 
disease. 
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Summary. Ryanodine receptors (RyRs) are the calcium (Ca 2+) release 
channels that are mainly distributed in excitable cells containing neuronal 
cells. The type 1 of RyR isoforms (RyR1) is highly expressed in the Pur- 
kinje cells (PCs) of the cerebellum. Recently the synaptic nitric oxide 
(NO) signals were detected from the parallel fiber (PF) to PCs dependent 
on the frequency of PF activity that induced the long-term potentiation. To 
examine whether or not the NO can activate the RyR1 to increase the in- 
tracellular CaZ+concentration ([Ca2+]i), we have employed the inducible re- 
combinant RyR1 expression system of HEK293 cell and its [Ca2+]i imag- 
ing. NOC7, a NO donor, could cause dose-dependent increases in the 
[Ca2+]i in the wild - type RyR1 expressing cells but not in the S - nitrosa- 
tion site - deficient RyRI mutant expressing cells. The increments of 
[Ca2+]i elicited by NOC7 were inhibited by the pretreatment of ryanodine, 
a open-locked channel blocker of RyRs, but not by ODQ, a soluble 
guanylate cyclase inhibitor. These results suggest that the NO can evoked 
intracellular Ca 2+ signals resulted from the Ca 2+ release through the RyR1 
activation by the S - nitrosation. 
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1 Introduction 

Calcium (Ca 2+) is one of  the most ubiquitous intracellular second messen- 
gers and is responsible for various important cell functions. In nerve cells, 
changes in intracellular Ca 2+ concentrations ([Ca2+]i) have been reported to 
regulate excitability, neurotransmitter release, metabolic reaction and gene 
expression (Berridge 1998). In response to the various signals, the  [Ca2+]i 
can rise as results from the extracellular Ca 2+ influx through the plasma 
membrane cation channels and /o r  the intracellular Ca 2+ release from the 
endoplasmic reticulum though the C a  2+ release channels. Ryanodine re- 
ceptors (RyRs) are one of  the Ca  2+ release channel families and mainly dis- 
tributed in excitable cells to function as the Ca 2+ - induced Ca 2+ release 
channels, which are thought to be able to amplify the local elementary Ca 2+ 
signals into the global Ca 2+ waves or  C a  2+ oscillations in a single cell. 

Nitric oxide (NO) is also an intracellular messenger, the role of  which 
was first recognized as the endothelium - derived relaxing factor (EDRF) 
and one subtype of  NO synthases have been identified mainly in the nerv- 
ous system called neuronal NOS (nNOS) (Zhang and Snyder 1995). In the 
cerebellum, for example, nNOS is expressed in granule cells but not Pur- 
kinje Cells (PCs) (Bredt et al. 1990) and the long - term potentiation (LTP) 
at the parallel fiber (PF) - PC synapse is NO dependent because it is 
blocked by a NOS inhibitor and a NO donor application induces LTP in 
slice preparations (Lev-Ram et al. 2002). Furthermore, PF stimulation - 
induced NO signals within PCs were detected and the NO release levels 
from the PF terminals had the same biphasic dependence on the frequency 
o f  PF stimulations as the LTP generation at the PF-PC synapse had. 
(Namiki et al. 2005). Thus, NO is now considered to be produced by fir- 
ing neurons and spread over synaptic clefts to reach postsynaptic cells, 
contributing to the various neuronal functions including synaptic plasticity 
(Iino 2006). 

Signaling downstream of  NO has been characterized at first pharmaco- 
logically to confirm its activation of  soluble guanylate cyclase (sGC) to 
produce cyclic GMP (cGMP) and subsequent stimulation of  cGMP - de- 
pendent protein kinase (PKG) (Ignarro and Kadowitz 1985). But other 
molecules as the physiological target of  NO in PC are proposed including 
divers range of  effects on metalloproteins, enzymes, cation channels, tran- 
scription factors, nucleic acids and lipids (Edwards and Rickard 2007). In 
this study, we focused on the possibility of  the RyR / calcium release 
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channel as the target molecules of  NO to cause the intracellular Ca 2+ sig- 
naling. 

2 Experimental models and Results 

In PCs of  cerebellum previously described, the type 1 RyR (RyR1) is 
highly expressed between three RyR isoforms identified in vertebrates (Fu- 
ruichi et al. 1994). Therefore, we employed a stable line of  HEK293 cells 
with tetracycline - inducible expression of  exogenous RyR1 and analyzed 
the effects o f  NOC7, a NO donor, on the [Ca2+]i in these cells with a fluo- 
rescent Ca 2+ indicator Fura2. 

The application o f  NOC7 increased [Ca2+]i in HEK293 cells expressing 
exogenous RyR1 but not in non - induced HEK293 cells, which did not 
express exogenous RyR1. The transient increase in [Ca2+]i could be ob- 
served even in the absence of  extracellular Ca 2+, suggesting that NOC7 - 
induced Ca 2+ increases were results from the release of  Ca 2+ stored in the 
intracellular Ca 2+ store sites. (Fig. 1) 

F i g .  1 N O  - induced Ca 2+ signaling in HEK293 cells expressing RyR1. NOC7 
(2mM) were applied during each grayed column in the presence (A) or the ab- 
sence (B) of extracellular Ca 2+. Seven typical recorded traces among individual 
cells are shown upper and their averaged data (mean + SEM) on each condition 
are graphed out below (n=72 cells in A, n=32 cells in B). 
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The increments of  [Ca2+]i in the RyR1 - expressing HEK293 cells by 
NOC7 were in a dose - dependent manner from the Ca 2+ oscillations to the 
persistent elevations of  [Ca2+]i observed in individual cells. These Ca 2+ 
signals after the application of  NOC7 were inhibited by the pretreatment of  
ryanodine, an open-locked channel blocker of  RyRs, but not by ODQ, an 
sGC inhibitor. These results suggest that the NO can evoke intracellular 
Ca 2+ signals through the activation of  RyR1 / Ca 2+ release channels which 
dose not involve the sGC - PGK pathway. Furthermore, NOC7 could not 
induce any elevations of  [Ca2+]i in HEK293 cells which expressed the 
363Scysteine of  RyR1 deficient mutants which did not have the S - nitrosa- 
tion sites of  RyR1 by NO (Aracena - Parks et al. 2006). 

3 Conclusion 

In this experimental model, we showed that the NO could increase the in- 
tracellular Ca 2+ in living cells through the activation of  RyR1 / intracellular 
Ca 2+ release channel. The activation of  RyR1 by NO required the 
3635cysteine of  RyR1, which was reported as one of  the S-nitrosation site of  
RyR1. These results suggest that RyR1 can be as one of  targets of  neuro- 
transmitter NO in the PF - PC synapses of  cerebellum in brain. As the next 
step, PC - specific inhibition or knock - down of  RyR1 will be a useful tool 
for investigation about the roles of  RyR1 in the neural plasticity formation 
of  cerebellum. 
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Summary. It has been noted that patients with myotonic dystrophy type 1 
(DM 1) exhibit social cognitive impairment. However, the mechanisms of 
social cognitive functions in DM 1 have not been well examined. We in- 
vestigated the recognition of facial expressions in patients with DM 1. 
Four DM 1 patients participated in the experiment. The sensitivity of basic 
emotions in patients with DM 1 was measured and compared with MRI 
and SPECT findings. DM 1 patients showed lower sensitivity to fearful, 
disgusted, and angry faces. DM 1 patients showed lesions in the anterior 
temporal white matter, the amygdala, the insular, and the orbitofrontal cor- 
tex. The sensitivity to facial expressions was decreased in the patients with 
marked lesions in the anterior temporal area. Patients with relatively mild 
anterior temporal lesions did not show a significant decrease in sensitivity 
to facial emotions. The present results indicate subcortical lesions in ante- 
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rior temporal areas, including the amygdala, the insular, and the orbi- 
tofrontal cortex, in some DM 1 patients. Given that the limbic system, in- 
cluding the amygdala, plays an important role in emotional processing, so- 
cial cognitive impairment in patients with DM 1 could be associated with 
decreased sensitivity to facial expressions caused by limbic lesions. 

Keywords. facial expression, emotion, myotonic dystrophy type 1, social 
cognition 

1 Introduction 

Myotonic dystrophy type 1 (DM 1) is a heritable multisystem disease that 
produces myotonia, amyotrophy, cataract, endocrine disorder, and cardiac 
myopathy (Machuca-Tzili et al. 2005). Although it has been noted that pa- 
tients with DM 1 exhibit social cognitive impairment since the time that 
the disease was identified and named "myotonic dystrophy," the mecha- 
nism of social cognitive impairment has not been well examined (Adie and 
Greenfield 1923; Maas and Paterson 1937). As DM 1 appears in the mus- 
cle section of  the latest neurology textbook, brain lesions and higher brain 
function in DM 1 are not focus areas warranting attention. 

In recent years, there have been few previous studies examining the 
mechanism of social cognitive impairment in DM 1 patients. Winblad et al 
have reported in a well-controlled and multi-case study that DM 1 patients 
showed impaired facial expression recognition for fear, anger, and disgust 
(Winblad et al. 2006). However, this study used the forced choice task to 
examine facial expression recognition, and only two trials were used for 
each facial expression. Therefore, details of  facial expression recognition 
ability could not be evaluated in the previous study. Furthermore, these re- 
suits could be confounded by the ceiling effect or the factor of task diffi- 
culty for each facial expression. 

In the present study, the social cognitive function of  DM 1 patients was 
examined with respect to facial expression recognition. We assessed the 
sensitivity to facial emotions in DM 1 patients and compared the results 
with those of  magnetic resonance imaging (MRI) and single photon emis- 
sion computed tomography (SPECT). The results show that sensitivity to 
facial emotions was decreased in patients with DM 1 and that the decrease 
was associated with lesions in the limbic system, including the amygdala. 
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2 Methods 

2.1 Participants 

Four DM 1 patients were recruited from among outpatients who were di- 
agnosed and regularly treated at the Showa University Hospital. Details of  
case 1 and 2 were described in elsewhere (Takeda et al. in press). Patients 
who had a history of  mental disease, traumatic brain injury, and alcoholism 
were not included in the study. DM 1 was diagnosed by the number of  
CTG repeats (>50) in the DMPK gene on the 19 th chromosome. 

Additionally, 11 age-, sex-, and education-matched healthy control (HC) 
subjects participated in the study (7 men and 4 women). They were re- 
cruited from a recruiting agency for seniors and were paid for their partici- 
pation. They had no history of  neurological or psychiatric disorders. 

Global cognitive function of the participants was assessed using Mini 
Mental State Examination (MMSE). Depressive state was measured using 
the Zung Self-Rating Depression Scale (SDS). In the DM 1 patients, visu- 
operceptual ability and visual memory were assessed using the Rey- 
Osterrieth Complex Figure test, and executive function was assessed using 
the Frontal Assessment Battery (FAB). 

All patients and control participants were Japanese. A written informed 
consent was obtained from all participants prior to the beginning of  the 
study. The study was approved by the Showa University Ethics Commit- 
tee. 

2.2 Sensitivity to basic emotions 

To investigate facial expression recognition, the method of  evaluating 
"sensitivities to basic emotions in faces" was used (Suzuki et al. 2006). 
The participants viewed 72 grey-scale photographs of facial expressions 
and rated the emotional intensity of  each facial expression with respect to 
the six basic emotions: happiness, surprise, fear, anger, disgust, and sad- 
ness. The ratings used a 6-point scale from 0 ("not at all") to 5 ("very 
much"). The stimuli were divided into two sets of 36 photographs: one set 
consisted of  photographs of  a Japanese female and the other consisted of  
photographs of  a Caucasian male, "J J," taken from pictures of  facial affect 
(Ekman and Friesen 1976). In each set of 36 photographs, six were posed, 
prototypical facial expressions of  the six basic emotions and 30 were 
morphed images of  two different prototypical expressions that were cre- 
ated using software for facial image processing (Information-Technology 
Promotion Agency, Japan, 1998). For each of the 15 possible pairs of  the 
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six prototypical expressions, two morphed images were created by blend- 
ing the prototypical expressions in proportions of  60: 40% and 40: 60%. 
Each photograph was printed in grey scale on letter-sized glossy photo pa- 
per. The order in which the two sets were presented was counterbalanced 
across the participants. In each set, the order in which the 36 photographs 
were presented was pseudo-randomized but was identical for all the par- 
ticipants. Each participant's sensitivity to a given emotion was scored by 
applying the graded-response model (GRM) (Samejima 1970). Because it 
had been observed that the intensity ratings for surprise did not conform 
well to the GRM (Suzuki et al, 2005; unpublished work), the study focused 
on sensitivity to the five basic emotions excluding surprise. See Suzuki et 
al (2006) for details of the scoring methods(Suzuki et al. 2006). 

2.3 Facial expression identification (Kan et al. 2002) 

For comparison with the sensitivity task, a conventional test of  facial ex- 
pression recognition was administered, that is, a forced-choice identifica- 
tion (labeling) task of prototypical facial expressions. The test of  facial ex- 
pressions consists of six movies of  basic emotions (happiness, sadness, 
anger, fear, surprise, and disgust) expressed by professional male and fe- 
male actors. Each emotion was presented twice, first head-on and then 
from a 45-degree angle. Consequently, there were 6 (emotions) x 2 (male 
and female) x 2 (head-on and 45-degree angle) -- 24 stimuli. The video- 
tapes had no sound, to ensure that the facial expressions were the only in- 
dicator of  emotional state. 

2.4 Facial identity matching 

The participants were asked to match a facial photograph (target) to an ar- 
ray of  six facial photographs (references) of  different persons of  the same 
gender. The photographs used in this task were selected from the Facial In- 
formation Norm Database (Yoshida et al. 2004) (FIND) distributed by Ni- 
hon University. The matching involved three conditions (i.e., Test 1, a 
front-view target with front-view references; Test 2, a front-view target 
with side-view references; and Test 3, an upward target with front-view 
references); each condition included 10 trials. The 30 trials, consisting of  a 
target and six references, were presented to the participants in either of  two 
pseudo-randomized orders and the orders assigned were counterbalanced 
across participants. 
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2.5 Assessment of brain lesions 

To examine structural abnormalities in the brain, MR images were ob- 
tained using a 1.5 T MR imager (Genesis Signa; General Electric, Mil- 
waukee, WI, USA or Magnetom Vision; Siemens, Germany). T2-weighted 
axial slices were obtained throughout the whole brain (TR: repetition 
time/TE: echo time = 3800-4920/96 ms, thickness 5 mm) and fluid- 
attenuated inversion recovery (FLAIR) imaging coronal slices were ob- 
tained throughout the whole brain (TR/TE/inversion time: TI = 7000- 
8002/108-110/2000 ms, thickness 6 mm). To examine cerebral perfusion, 
99mTc-ethyl Cysteinate Dimer single photon emission computed tomogra- 
phy (ECD-SPECT) images were also obtained using a double-headed ro- 
tating gamma camera (ECAM, Siemens) equipped with a parallel hole col- 
limator. Patients were injected with 600 MBq of  ECD intravenously in a 
resting state with their eyes closed. The SPECT scanning started 5 minutes 
after injection. These images were obtained for all DM 1 patients at the 
time of  facial expression evaluation. The lesions were interpreted by ex- 
perienced neurologists (A.T., Ma.K., and Mi.K.). 

3 Results 

3.1 Neuropsychological tests 

DM 1 patients did not exhibit severe impairment in intellectual, visuospa- 
tial, or frontal lobe functions compared with normal participants. The SDS 
scores of  the patients were also in the normal range, although higher than 
those of  HC subjects (Table 1). 

3.2 Sensitivity to basic emotions 

Regarding sensitivity to facial emotions, the pattern of  results was different 
between Cases 1 and 2 and Cases 3 and 4 (Figure 1). Cases 1 and 2 dis- 
played lower sensitivity scores than the HC subjects for all emotions ex- 
cept happiness. Sensitivity scores were significantly lower for anger and 
disgust in Case 1 (P = 0.04, z = -2.11 and P = 0.03, z = -2.22, respectively) 
and for disgust and fear in Case 2 (P = 0.008, z = -2.67 and P = 0.005, z = 
-2.78, respectively). Meanwhile, sensitivity scores were in the normal 
range for Cases 3 and 4. 
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Table 1. Participant characteristics 

HC mean 
Case 1 C a s e 2  C a s e 3  Case 

(SD) 
Age 35 55 62 74 51.4 (10.9) 
Sex M F M F M:F = 7:4 
Years of  education 12 9 16 12 16.8 (8.73) 
Disease durat ion 25 19 12 1 
Age at onset 10 36 50 73 

C T G  Repeats 1300 1300 70 70 - 

MMSE 24 29 24 24 29.6 (0.7) 
FAB 13 14 12 12 - 

R O C F T  Copy 19 22 34 - 
Recall 18.5 5 14 - - 

SDS 33 52 57 49 38.5 (8.73) 
F I M  Test 1 10 10 10 10 9.7 (0.6) 

Test 2 9 9 8 10 9.1 (1.4) 
Test 3 4 3 6 4 6.7 (1.6) 

HC, Healthy Controls; SD, Standard Deviation; MMSE, Mini Mental State Ex- 
amination; FAB, Frontal Assessment Battery; ROCFT, Rey-Osterrieth Complex 
Figure test; SDS, Zung Self-Rating Depression Scale; FIM, Facial Identity Match- 
ing test 

F igure  1. Sensitivity Scores (Means)  for the DM 1 Patients and Healthy 
Controls  (HC). Error bars represent standard errors. Compared with HC subjects, 
sensitivity scores were lower for angry and disgusted faces for Case 1, and for 
disgusted and fearful faces for Case 2. Sensitivity scores were in the normal range 
for Cases 3 and 4 .  
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3.3 Facial expression identification 

The number of  correct responses is shown in Table 2. DM 1 patients could 
discriminate facial emotions as well as HC subjects. 

3.4 Facial identity matching 

Although scores for facial identity matching were lower in the D M  1 pa- 
tients compared to HC patients, the difference was not statistically signifi- 
cant except for Case 2 in discriminating upward and front-view faces (Ta- 
ble 1, Test 3). DM 1 patients tended to make errors in discriminating faces 
seen from an unfamiliar view (Test 3), while face recognition in normal 
views (Tests 1 and 2) was relatively unaffected. 

3.5 MRI and SPECT 

All the DM 1 patients exhibited high-intensity areas in cerebral white mat- 
ter on T2 weighted and FLAIR images. However, the distribution and in- 
tensity of  the lesions were different between Cases 1 and 2 and Cases 3 
and 4. In Cases 1 and 2, high signal areas were mainly located in bilateral 
anterior temporal areas, including subcortical white matter, the amygdala,  
and entorhinal cortex (Figure 2). Lesions were also found in the insular 
and the orbitofrontal cortex. Although Cases 3 and 4 showed high intensity 
areas in the insular and the orbitofrontal cortex, intensity in the anterior 
temporal areas was not so prominent. 

Similar results were obtained in the SPECT imaging. Cases 1 and 2 
showed hypoperfusion in bilateral anterior and medial temporal cortexes 
and the orbitofrontal cortex. These areas were consistent with the lesions 
found in MRI. However,  Cases 3 and 4 did not exhibit marked hypoperfu-  
sion. 

Table 2. Results for facial expression identification 
HC mean Case 1 Case 2 Case 3 Case 4 

(SD) 
Anger 1.0 1.0 1.0 1.0 0.98 (0.05) 
Disgust 1.0 1.0 1.0 1.0 0.94 (0.12) 
Fear 0.75 0.75 1.0 1.0 0.83 (0.2) 
Sadness 1.0 1.0 0.75 1.0 1.0 (0.0) 
Happiness 1.0 1.0 1.0 1.0 1.0 (0.0) 
Surprise 1.0 1.0 1.0 1.0 0.96 (0.08) 

SD, Standard Deviation 
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Figure 2. The Distribution of  Brain Lesions in Cases 2 and 3. 
In the MRI results, Case 2 showed high signal areas mainly in bilateral anterior 
temporal areas, including subcortical white matter, the amygdala, and the entorhi- 
nal cortex. Lesions were also found in the insular and the orbitofrontal cortex. 
MRI of Case 1 showed similar patterns to that of Case 2. Case 3 showed high in- 
tensity areas in the insular and the orbitofrontal cortex, while signal intensities in 
the anterior temporal subcortex were not so prominent in MRI. MRI of Case 4 
showed similar patterns to that of Case 3. 

4 Discussion 

4.1 Decreased sensitivity to facial emotions 

Decreased sensitivity to facial emotions in DM 1 patients was revealed us- 
ing a refined assessment method in which difficulty factors were con- 
trolled (Suzuki et al. 2006). In patients with DM 1, the sensitivity score 
was significantly lower for anger, sadness, fear, and disgust. Lower sensi- 
tivity to facial emotions was found in the patients with subcortical lesions 
in temporal areas, including the amygdala. Although Case 2 showed diffi- 
culty in discriminating upward and front-view faces, visual impairment 
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could not explain the lower sensitivity to facial emotions, since the patients 
could discriminate front-view faces in the facial identity matching test. 

As shown in the facial expression identification task in the present 
study, it is not easy to detect the impairment of facial expression recogni- 
tion in DM 1 patients using a conventional task. A refined assessment 
method was developed in which difficulty factors were controlled by 
means of mixed facial expressions (Suzuki et al. 2006). The refined task 
allows detection of  sensitivity to each basic emotion without being con- 
founded by task difficulties. Moreover, use of  this task permits detection of  
decreased sensitivity to facial emotions in a single case. Patients with le- 
sions in the anterior temporal subcortex (Cases 1 and 2) showed decreased 
sensitivity to negative emotions, while patients without the lesions (Cases 
3 and 4) did not. These results indicate that impaired facial expression rec- 
ognition was associated with subcortex white matter lesions, especially in 
the anterior temporal subcortex. 

4.2 Brain lesions 

Cases 1 and 2 exhibited subcortical lesions in the bilateral anterior tempo- 
ral areas, including the amygdala and the entorhinal cortex. These lesions 
were observed in patients with a greater number of  CTG repeats. Cases 3 
and 4 did not exhibit the marked lesions in the anterior temporal cortex 
that Cases 1 and 2 did, although they exhibited lesions in the insular cortex 
and the orbitofrontal cortex. 

The anatomical findings in the present study are consistent with previ- 
ous studies. DM 1 has been reported to be associated with white matter le- 
sions and cortical atrophy in the temporal pole and periventricle in MR/ 
(Bachmann et al. 1996; Kornblum et al. 2004) and hypoperfusion in the 
frontal, temporal, cingulate, and orbitofrontal cortex in SPECT (Chang et 
al. 1993; Meola et al. 2003). Autopsy studies o fDM 1 patients showed de- 
creased myelin sheaths and severely disordered arrangement of  axons in 
anterior temporal white matter, which disrupted the white matter connec- 
tions between the anterior temporal cortex and the amygdala (Ogata et al. 
1998). Neurofibrillary tangles were found in the entorhinal cortex, the hip- 
pocampus, the amygdala, and in most of  the temporal areas (Yoshimura et 
al. 1990; Vermersch et al. 1996; Oyamada et al. 2006). The MR/ and 
SPECT findings in the present study probably reflected these pathological 
changes in DM 1 patients. 
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4.3 Facial expression recognition and amygdala lesions 

Neural mechanisms of social cognitive impairment and personality in DM 
1 have not been well addressed. The present study shows that impairment 
in facial expression recognition was associated with lesions in the anterior 
temporal subcortex, which coincided with the circuit for emotional proc- 
essing (Yakovlev 1948; Nauta 1962). Previous MRI/SPECT studies on 
DM 1 patients have mainly focused attention on the relationship between 
these lesions and intellectual or frontal lobe functions (Chang et al. 1993; 
Meola et al. 2003). While there are a few studies that associated temporal 
lesions with CTG repeats, intelligence, or disease duration, no study has 
indicated the association between anterior temporal lesions and facial ex- 
pression recognition (Huber et al. 1989; Di Costanzo et al. 2001; Kuo et al. 
2008). Winblad et al found a correlation between the ability to recognize 
facial expressions and CTG repeats (Winblad et al. 2006). However, they 
did not fully address the relationship between brain lesions and facial ex- 
pression recognition in DM 1 patients. The present results suggest that an- 
terior temporal lesions in DM 1 patients result in dysfunction of  emotional 
processing, appearing as impairment of  facial expression recognition. We 
consider that the anterior temporal lesions result in the amygdala dysfunc- 
tions in DM 1. Insensitivity to the negative facial emotions in cases with 
anterior temporal lesions is consistent with the previous reports that 
showed the amygdala is associated with recognition of  facial emotions, es- 
pecially for negative facial expressions (Adolphs et al. 1994; Adolphs et al. 
1995; Adolphs et al. 1999; Yoshimura et al. 2005). An increase in CTG 
repeats may, by producing anterior temporal subcortex lesions, be related 
to impaired facial expression recognition. 
The present study indicating decreased sensitivity to facial emotions in pa- 
tients with DM 1 is considered to reflect a dysfunction of the limbic sys- 
tem, including the amygdala. Decreased sensitivity to negative emotions 
may possibly account for social cognitive impairment. Social cognitive 
impairment in DM 1 has been discussed in terms of  personality dysfunc- 
tion (Adie and Greenfield 1923; Maas and Paterson 1937). Patients with 
DM 1 have been reported to be less cooperative and empathetic (Winblad 
et al. 2005). Social cognitive impairment in DM 1 patients could be attrib- 
uted to decreased sensitivity to negative facial emotions, caused by limbic 
lesions. 
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Summary. Racl is a small GTPase which belongs to the Rho family of 
proteins, and has multiple roles in cellular function, including actin cy- 
toskeleton organization, transcriptional activation, microtubule formation, 
and endocytosis. In the present study, the mesenchyme of mouse limbs 
was made deficient in Rac 1 in order to investigate its role in digit morpho- 
genesis during limb development. We employed a Cre-loxP system for 
limb bud mesenchyme-specific inactivation of the Racl  gene, as null mice 
show embryonic lethality. 

Key words. Racl, Cre-loxP system, limb bud mesenchyme 

1 Introduction 

The Rho family of small GTPases regulates the cytoskeleton and tran- 
scription by virtue of cycling between inactive GDP-bound and active 
GTP-bound forms (Hall, 1994). The Rac subfamily consists of Racl, 
Rac2, and Rac3, and they participate in a wide range of cellular functions, 
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such as actin cytoskeletal reorganization (Ridley et al., 1992), cell adhe- 
sion (Hall, 1998), cell growth (Olson et al., 1995), and superoxide forma- 
tion (Mizuno et al., 1992). However, the tissue-specific roles of  Racl in 
mammalian growth and development in vivo remain largely unknown. 

Herein, we describe the generation of  limb mesenchymal cell-specific 
inactivation of  the Racl  gene in mice. 

2 Materials  and Methods  

2.1 Generation of Racl  conditional mutant mice 

Racl  alleles were used in this study. The first exon was flanked by 
loxP sites (flox) and deleted upon Cre-mediated recombination, causing 
the deletion of the exonl allele, which is functionally equivalent to a null 
(Kassai et al., 2008). Racl conditional mutant mice were generated by 
mating Rac l flox mice (Rac l ~~176 with Prx l -Cre  transgenic (Prx l-Cre 
Tg) mice (Logan et al., 2002). 

2.2 Genotyping 

Genotypes were assessed by PCR analysis using appropriate primer 
pairs (Table 1). 

3 Results  and Discussion 

For the present study, we employed a Cre-loxP system for limb bud 
mesenchyme-specific inactivation o f  the Racl  gene, as Racl null mice de- 
velop embryonic lethal. Mice with a conditional (floxed) mutation in both 
alleles of  the Racl  gene (Racl n~176 were crossed with mice expressing 

Table 1. The primer sequences used for PCR analysis 

Primers Direction Sequence (5 '-3 ') 
Rac 1 Sense primer ATTTTCTAGATTCCACTTGTGAAC 

Antisense primer ATCCCTACTTCCTTCCAACTC 
Cre Sense primer GACGATGCAACGAGTGATGA 

Antisense primer AGCATTGCTGTCACTTGGTC 

The reaction conditions for all PCRs were 30 cycles of denaturation at 94~ 
for30 s, annealing at 58~ for30 s, and extension at 72~ for30 s. 
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Fig. 1. Representative PCR genotyping reactions. 
(A) The wild-type (wt) and floxed (flox) alleles of  Racl were detected by  PCR 
using the primers indicated in Table 1. Genomic DNA was isolated from the 
ta i l sofmice  with genotypes Racl  +/+, Racln~176176 for 
the Prxl-Cre transgene (Cre) was performed using tail extracts o fPrx l -Cre  (-) 
andPrxl-Cre (+) mice. 

Cre recombinase under the control of  a Prxl limb enhancer (Prxl-Cre Tg) 
to obtain Racln~ Tg mice. Then, Racln~ Tg males 
were crossed with Racl  n~176215 females to obtain Racl~~176 Tg 
mice, to prevent the carryover of Cre recombinase in the cytoplasm of  the 
oocyte (Ovchinnikov et al., 2006). Genotypes of Racl  alleles (Racl +/+, 
Racl n~ Racl  n~176 and the Prxl-Cre transgene were determined by 
PCR analysis (Fig. 1A, B). 

Wang G. et al. demonstrated that the cartilage specific inactivation of  
Racl in vivo using mouse Collagen II promoter-driven Cre-expressing 
transgenic (Col2-Cre Tg) mice resulted in increased lethality, skeletal de- 
formities, severe kyphosis, and dwarfism, which suggest that Racl  is re- 
quired for endochondral bone development (Wang et al., 2007). However, 
the expression of  Cre in Col2-Cre Tg is observed later in the limbs, after 
mesenchymal cells have committed to a chondrocyte lineage, while the pe- 
richondrium is not efficiently targeted (Terpstra et al., 2003). Logan et al, 
showed that Prxl-Cre is active in the emerging forelimb bud mesenchyme 
at E9.5 and hindlimb mesenchyme at E 10.5 (Logan et al., 2002). Compari- 
sons of the phenotype of  these two mouse models suggest the spacious and 
temporal roles of  Rac 1 in embryonic endochondral bone formation during 
limb development. 

In summary, the ablation of  Rac 1 in limb bud mesenchymal cells may 
provide new insights into limb development. 

4 Acknowledgments 

We are grateful to Dr. N Wada for critical discussion and Dr. T Sagai 
for technical support. This work was supported in part by the 'High-Tech 
Research Center' Project for Private Universities, a matching fund subsidy 



178 

from the Ministry of Education, Culture, Sports, Science and Technology 
of Japan, and Grants-in-Aid for Scientific research from the Japan Society 
for the Promotion of Science. 

5 References 

Hall, A. (1994). Small GTP-binding proteins and the regulation of the ac- 
tin cytoskeleton. Annu Rev Cell Biol 10, 31-54. 

Hall, A. (1998). Rho GTPases and the actin cytoskeleton. Science 279, 
509-14. 

Kassai, H., Terashima, T., Fukaya, M., Nakao, K., Sakahara, M., Wata- 
nabe, M. and Aiba, A. (2008). Racl in cortical projection neurons is 
selectively required for midline crossing of commissural axonal forma- 
tion. Eur J Neurosci 28, 257-67. 

Logan, M., Martin, J. F., Nagy, A., Lobe, C., Olson, E. N. and Tabin, C. J. 
(2002). Expression of Cre Recombinase in the developing mouse limb 
bud driven by a Prxl enhancer. Genesis 33, 77-80. 

Mizuno, T., Kaibuchi, K., Ando, S., Musha, T., Hiraoka, K., Takaishi, K., 
Asada, M., Nunoi, H., Matsuda, I. and Takai, Y. (1992). Regulation of 
the superoxide-generating NADPH oxidase by a small GTP-binding 
protein and its stimulatory and inhibitory GDP/GTP exchange proteins. 
J Biol Chem 267, 10215-8. 

Olson, M. F., Ashworth, A. and Hall, A. (1995). An essential role for Rho, 
Rac, and Cdc42 GTPases in cell cycle progression through G1. Science 
269, 1270-2. 

Ovchinnikov, D. A., Selever, J., Wang, Y., Chen, Y. T., Mishina, Y., Mar- 
tin, J. F. and Behringer, R. R. (2006). BMP receptor type IA in limb 
bud mesenchyme regulates distal outgrowth and patterning. Dev Biol 
295, 103-15. 

Ridley, A. J., Paterson, H. F., Johnston, C. L., Diekmann, D. and Hall, A. 
(1992). The small GTP-binding protein rac regulates growth factor- 
induced membrane ruffling. Cell 70, 401-10. 

Terpstra, L., Prud'homme, J., Arabian, A., Takeda, S., Karsenty, G., Ded- 
har, S. and St-Arnaud, R. (2003). Reduced chondrocyte proliferation 
and chondrodysplasia in mice lacking the integrin-linked kinase in 
chondrocytes. J Cell Biol 162, 139-48. 

Wang, G., Woods, A., Agoston, H., Ulici, V., Glogauer, M. and Beier, F. 
(2007). Genetic ablation of Rac 1 in cartilage results in chondrodyspla- 
sia. Dev Biol 306, 612-23. 



Orexin modulates neuronal activities of 
mesencephalic trigeminal sensory neurons in 
rats 

Kiyomi Nakayama, Ayako Mochizuki, Shiro Nakamura, Tomio Inoue 

Department of  Oral Physiology, Showa University School of  Dentistry, 1- 
5-8 Hatanodai, Shinagawa-ku, Tokyo 142-8555, Japan 
<e-mail> inouet@dent.showa-u.ac.jp 

Summary.  Orexin is a regulatory peptide involved in the control of  feed- 
ing, motivation and adaptive behaviors. To examine the role of  orexin in 
mastication, whole cell patch-clamp recordings from mesencephalic 
trigeminal sensory neurons (Mes V neurons), which are critical compo- 
nents of the circuits controlling oral-motor activity, were performed on 
brainstem slice preparations from Wistar rats aged between postnatal days 
(P) 0-17. By bath-application of  orexin-A (200-500 nM), small membrane 
depolarizations with decreases of  the input resistance were observed at the 
resting potential in the presence of  tetrodotoxin. In rats older than P7 or 
P8, it is known that the burst discharges are induced by a depolarizing step 
pulse at a holding potential of  about -40 to -50 mV in Mes V neurons. 
Such conditional burst discharges in Mes V neurons were reduced to 61% 
of control by bath-application of  orexin-A. Persistent sodium currents, 
which contribute to production of  such conditional burst discharges, were 
also reduced by orexin-A. These results suggest that orexin modulates 
oral-motor behavior via Mes V neurons. 

Key words.  Orexin, Mesencephalic trigeminal sensory neuron, Whole cell 
patch-clamp recording, rat 
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1 Introduction 

Orexin-A and orexin-B are a pair of  neuro peptides derived from a com- 
mon precursor peptide, the product of  the prepro-orexin (de Lecea et al. 
1998, Sakurai et al. 1998). The actions of  orexins are mediated by two G 
protein-coupled receptors termed orexin receptor type 1 and orexin recep- 
tor type 2. Orexin-containing neurons project from the lateral hypotha- 
lamic area, a region of the brain implicated in feeding, arousal, and moti- 
vated behavior, to numerous brain regions, with the limbic system, 
hypothalamus, and monoaminergic and cholinergic nuclei of  brainstem re- 
ceiving particularly strong innervations. Thus, the orexinergic system is 
anatomically well placed to influence the feeding, arousal, motivational, 
metabolic, autonomic behaviors. 

Recently, the orexin receptor type 1 has been detected in Mes V neurons 
using immunohistochemical techniques (S. Sioda, unpublished observa- 
tion). Mes V neurons are primary sensory neurons with cell bodies within 
the nervous system. They relay sensory inputs from the jaw-closer muscle 
spindles and periodontal mechanoreceptors to trigeminal jaw-closer moto- 
neurons, interneurons, and other brainstem nuclei (Appenteng et al. 1985). 

In this study, we tested the effects of  orexin-A, which is an agonist of  
the orexin receptor type 1, on physiological properties in Mes V neurons. 

2 Material and methods 

Transverse brainstem slices (300-500 ~tm) were obtained from neonatal 
and juvenile Wistar rats (P0-17). Mes V neurons were identified by the lo- 
calization and the morphological features under infrared video microscopy 
with differential interference contrast, and whole cell patch-clamp re- 
cordings were made from Mes V neurons. Current-clamp experiments 
were performed with an internal solution of  (in mM) 140 K-gluconate, 10 
KC1, 2 MgC12, 2 ATP-Na2, 0.3 GTP-Na2, 2 spermine, 10 HEPES, 0.2 
EGTA. For the recording of  sodium currents in voltage-clamp experi- 
ments, electrodes were filled with a solution of  (in mM) 130 CsF, 9 NaC1, 
10 HEPES, 10 EGTA 1 MgC12, 3 K2-ATP, 1 Na-GTP. ACSF contained 
(in mM) 130 NaC1, 3 KC1, 2 CaC12, 2 MgC12, 1.25 NaH2PO4, 26 NaHCO3, 
10 glucose. 
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Fig. 1. Effects of orexin-A application on number of spikes (A) and spike fre- 
quency (B) of the conditional burst discharges. *P < 0.01 v s  control 

3 Results 

To examine whether orexin-A affects the resting membrane potential in 
Mes V neurons, current clamp recordings were made from Mes V neurons. 
By bath-application of  Orexin A (500 nM), small membrane depolariza- 
tions to < 3 mV with decreases of  the input resistance were observed at the 
resting membrane potential. The orexin-induced membrane depolarization 
was not affected by the presence of  tetrodotoxin (1 gM). The membrane 
depolarization was increased with postnatal development. The mean mem- 
brane depolarizations were 0.23 + 0.51 mV at P0-3 (n = 5), 1.20 + 0.28 
mV at P8-11 (n = 13), 2.87 -4- 1.09 mV at P16-17 (n = 4). The membrane 
depolarization at P 16-17 was significantly larger than at P0-3 (P < 0.01). 

In rats older than P7 or P8, it is known that conditional burst discharges 
are induced by a depolarizing step pulse at a holding potential o f  about -40 
to -50 mV in Mes V neurons (Wu et al. 2001). To examine whether  
orexin-A affects the conditional burst discharges, current-clamp recordings 
were made from Mes V neurons at a depolarized holding potential o f -45  
mV. The 0.5-0.8 nA depolarization pulse induced the long lasting burst 
discharges for 200-930 msec. Bath-application of orexin-A (200 nM) re- 
duced the conditional burst discharges in Mes V neurons. The spike num- 
bers of  the conditional burst discharges were significantly reduced to 61 • 
5% of  control by orexin-A (n -- 11, P < 0.01, Fig. 1A), although the spike 
frequencies were not affected by orexin-A (Fig. 1B). 

It is known that persistent sodium currents contribute to production o f  
the conditional burst discharges (Wu et al. 2005). We examined whether  
the persistent sodium currents in Mes V neurons change by application o f  
orexin-A. The persistent sodium currents were evoked by a slow voltage 
ramp protocol (33.3 mV/s) in the presence of  TEA (20 mM), 4-AP (1 mM) 
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and Cd 2+ (0.3 mM) using the voltage-clamp methods. The peak persistent 
sodium currents were significantly reduced by 30 • 4% by bath- 
application of  orexin-A (200 nM) (n = 5, P < 0.01). These results suggest 
that the decrease of  the persistent sodium currents is responsible for the 
decrease of  the conditional burst discharges by orexin-A in Mes V neu- 
rons. 

4 Discussion 

In this study, we show that orexin-A affects the burst discharge pattern in 
Mes V neurons via regulations of  the persistent sodium currents. Mes V 
neurons are primary sensory neurons, which play important roles in pro- 
duction of  appropriate jaw movements (Morimoto et al. 1989). It is likely 
that orexin modulates oral-motor behavior via mesencephalic trigeminal 
neurons. 
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Summary. The anxiolytic effects of  four Kampo formulations (Japanese 
traditional herbal medicines): Tokishakuyakusan, Kamishoyosan, Keishi- 
bukuryogan, and Unkeito, were investigated. These Kampo formulations 
ware used to treat menopausal syndromes in women. Although the herbal 
ingredients of  each Kampo formula are similar, clinical uses of  these 
Kampo formulations are different. Therefore we investigate the differences 
of  them from the basic pharmacological and chemical studies. 

From the comparative study of these Kampo formulations, we found the 
anxiolytic effects of  Kamishoyosan (KSS), consists of  ten crude herbal 
drugs. KSS and its composed herbs were assessed by the social interaction 
(SI) test in mice. Oral administration of KSS dose-dependently increased 
the SI time. The effect of  KSS on SI time was significantly blocked by the 
gamma-amino-butyric acid A / benzodiazepine (GABAA/BZP) receptor 
antagonist flumazenil. In addition, 5~t-reductase inhibitor finasteride mark- 
edly blocked the effect of  KSS. When the extract of KSS minus Gardeniae 
Fructus (the formulae excluding Gardeniae Fructus) was administered, the 
anxiolytic effect was significantly decreased. On the other hand, the ad- 
ministration of  the extract of  Gardeniae Fructus or geniposide, major 
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chemical component, increased the SI time. The anxiolytic effect of geni- 
poside was also blocked by flumazenil and finasteride. These findings 
suggest that Gardeniae Fructus and geniposide have important roles in the 
anxiolytic effect of KSS, and their anxiolytic effects are mediated by 
GABAA/BZP receptor stimulation involved in the neurosteroids synthesis. 

Key Words.  anxiolytic, Gardeniae Fructus, Kampo medicines, neuroster- 
oid, social interaction test 

1 Introduction 

Around the age of menopause, most women are likely to experience gen- 
eral malaise (known as 'menopausal syndromes'), including mental disor- 
ders such as anxiety, insomnia, irritability and depression. Although the 
mechanisms underlying menopausal mental disorders are unclear, the de- 
cline of  ovarian steroids seems to produce some functional changes in cen- 
tral nervous systems. Recently, sex steroids modulations of central nervous 
systems are mentioned. Progesterone is reported to show anxiolytic and 
hypnotic activities in rodents. These effects are blocked by a gamma- 
amino-butyric acid (GABA) A receptor-gated chloride channel antagonist 
picrotoxin, indicating the GABAA receptor-mediated action of progester- 
one. Furthermore, these effects of progesterone are potently blocked by in- 
hibitors of  5a-reductase, the enzyme that converts progesterone into 5a- 
reduced metabolites (Celotti et al. 1997). The major metabolite of  proges- 
terone is 3a-hydroxy-pregnan-20-one (alloprognanolone), a kind of neu- 
rosteroids that directly stimulates GABAA receptor functions (Majewska 
1992) and exhibits anxiolytic activity. 

Kampo formulations (Japanese traditional herbal medicines) are widely 
used for the treatment of  menopausal syndromes in Japan. In the clinically, 
Tokishakuyakusan, Kamishoyosan, Keishibukuryogan and Unkeito are 
widely used. The herbal ingredients of  these four Kampo formulations are 
similar as shown in Fig. 1, however, the clinical uses of  these Kampo for- 
mulations are different. Therefore we investigate the differences of them 
from the basic pharmacological and chemical studies. 

The purposes of the present study are (1) to evaluate the acute anxiolytic 
effect of  Kampo formulations in mice by using the social interaction test, 
and (2) to investigate the active component(s) of  Kampo formulations. 
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Fig.1 Kampo formulations (Japanese traditional herbal medicines) 

2 Materials and Methods 

Animals: Male ddY mice (Japan SLC, Shizuoka, Japan) were used. Social 
interaction (SI) tests were performed at the age of 6-7 weeks. The present 
studies were conducted in accordance with the standards established by the 
Guide for the Care and Use of Laboratory Animals of Showa University. 

Preparation of Kampo formulations: Dried medicinal herbs used for 
preparation of Kampo formulations. All voucher specimens are on deposit 
at the herbarium of the School of Pharmacy Showa University. Kampo for- 
mulations used in this study were listed in Fig. 1. A single day dose for 
human adults consists of the formulation mixed with 600 ml of water, and 
the whole mixture is decocted until the volume is reduced by half. The de- 
coction was freeze-dried to obtain a powder. This powder was dissolved in 
distilled water just before the experiments, 

Social interaction (SI) test: On the day of the SI test, the cages were 
subjected to the experimental conditions for at least 2 hr. A pair of  mice 
each belonging to a different cage was placed in the test arena (a plastic 
cage 22 x 15 cm), and the SI behavior between the mice was observed for 
5 min. During this period, the cumulative time spent carrying out SI be- 
havior (genital investigation, tail licking, facing, neck licking, and trunk 
sniffing) was measured (File 1980). 

Data analysis: Cumulative SI times over 5 min were represented as 
means + S.E. for each group. SI times were statistically analyzed with the 
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Student's t-test or one-way analysis of variance (ANOVA) followed by 
Dunnett's test or two-way ANOVA followed by the Student-Newman- 
Keuls test. 

3 Results 

Effects of  KSS on SI time in mice: When administered orally 1 hr prior 
to the tests, Kamishoyosan (KSS) and Unkeito increased SI time, but Toki- 
syakuyakusan and Keishibukuryogan did not have any effect. Although 
KSS caused dose-dependent increase in SI time, Unkeito was not shown 
dose dependency. From these results, we focused to study Kamishoyosan 
(KSS). 

Effects of  picrotoxin,  f lumazenil  and 5HT1A receptor antagonist  on 
KSS- induced SI behavior: The increase of the SI time by diazepam (3.0 
mg/kg) was partly but significantly attenuated by 1 mg/kg picrotoxin, a 
GABAA receptor-gated chloride ion channel antagonist (13<0.05) (Fig. 2a). 
On the other hand, the increase in SI time by KSS (50 mg/kg) was dose- 
dependently and perfectly antagonized by picrotoxin. To examine the me- 
diation of GABAA/BZP receptors in the anxiolytic action of KSS, the ef- 
fects of GABAA/BZP receptor antagonist was tested. As shown in Fig. 2b, 
centrally administered flumazenil, a selective GABAA/BZP receptor an- 
tagonist, antagonized the induction of SI behavior by KSS (p<0.01). On 

Fig.2 Effects of (a) picrotoxin, (b) flumazenil ,  
and (c)finasteride, a 5alpha-reductase 
inhibitor, on Kamishoyosan-induced social 
interaction behavior rAIizo~'clA'i A~ Tvrif:uka 1,5, 
Itancnva T (2001) Life Sciences69: 2167-2177j 
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the other hand, intraperitoneal administered NAN-190, a 5HTIA receptor 
antagonist, did not antagonize the induction of  SI behavior by KSS. 

Effect of f inasteride on KSS- indnced  SI behavior: Acute administra- 
tion of  finasteride (25 mg/kg, -2 hr) in rats is reported to block the conver- 
sion of  progesterone into allopregnanolone by blocking the enzyme 5a- 
reductase (Concas et al. 1998). Finasteride itself showed slight but not sig- 
nificant decrease in social interaction time. However, KSS-induced in- 
crease (p<0.01) was significantly blocked by finasteride to the level o f  the 
control (p<0.05), indicating that KSS-induced action is mediated by the 
synthesis of  5a-reduced metabolites (Fig. 2c). 

Effects of  c o m p o n e n t  herbs in KSS on SI behavior: To clarify the ac- 
tive ingredient in KSS, the effects of  the individual component herbs in 
KSS on SI behavior were examined. An increase of  the SI time was ob- 
served for hot water extracts of Menthae Herba and Gardeniae Fructus. On 
the other hand, Solutions of  KSS minus one component herb (KSS exclud- 
ing an individual component herb) were prepared and their activities were 
measured. When KSS minus Gardeniae Fructus, KSS minus Paeoniae 
Radix, KSS minus Glycyrrhizae Radix and KSS minus Hoelen were ad- 
ministered to mice, the SI time was significantly reduced to the control 
level. 

Effects of  Gardeniae  Fruetus on the social interaction time: To clar- 
ify the active component(s) in Gardeniae Fructus, hot water extract of  Gar- 
deniae Fructus was extracted with ethyl alcohol, acetic acid ethyl ester, and 
water, successively. Finally we determined the active component was ge- 
niposide, iridoid glucoside, by spectral analyses. Fig. 3 shows the activity 

Fig. 3 The effects  of geniposide (p.o., n=5) on the cumulat ive  social interaction t imes 
for male mice.  Geniposide was orally administered I hr before the test. Mean i S.E., 
~p<0.05, **p<0.01 vs control (water), one-way ANOVA followed by Dnnnett's  test. 
~Toriiz~tkct L; L'amikt tI, Ohmura (]bshik~rct) N, et al. t2005)Life Sciences 77: 3010-3020) 
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of  the oral administration of geniposide at a dose of  20 and 40 mg/kg 
which increased the SI time. 

4. Conclusion 

In summary, KSS increased SI behavior in mice, indicating that KSS pos- 
sesses anxiolytic effect. The effect was strongly blocked by GABAA/BZP 
receptor antagonist, suggesting that KSS-induced effect is mediated by 
brain GABAA/BZP receptor stimulations. Furthermore, the inhibition of  
5a-reductase strongly attenuated the action of  KSS, suggesting the possible 
mediation of  neurosteroid synthesis (Mizowaki et al. 2001). And it was re- 
vealed that the effects of Gardeniae Fructus and geniposide were related to 
the pharmacological activities of KSS (Toriizuka et al. 2005). This is the 
first report of data according to the anxiolytic effects of  geniposide, and 
this newly discovered activity may offer new perspectives for secoiridoid 
research. Hypothetical model of Kamishoyosan and geniposide action on 
GABAA receptor is shown in Fig.4. 

Fig .4  Hypothetical model of Kamishoyosan and geniposide action on G A B A  A receptor 
through the neurosteroids metabolic pathway 
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Summary. We used lipopolysaccharide (LPS) to activate microglia 
which play an important role in the brain immune system. LPS injected 
into the rat hippocampus CA1 region activated microglial cells resulting 
in an increased production of interleukin (IL)-I[3 and tumor necrosis 
factor (TNF) ct in the hippocampus during the early stage of its treatment. 
Subacute treatment with LPS for 5 days caused activation of microglia 
and induced learning and memory deficits in animals when examined 
with a step-through passive avoidance test. And then we had found the 
decreased [3H]MK801 binding in the hippocampus CA1, CA3 and DG. 
The gene expression of NMDA receptor NR1 subunits was also de- 
creased by the LPS treatment. These results suggest that activation of 
microglia induced by LPS results in a decrease of glutamatergic trans- 
mission which leads to learning and memory deficits. 

Key words. Lipopolysaccharide, Learning and memory, Microglia, 
NMDA receptors 

1 Introduction 

Activation of microglia has been observed during the development of 
neurodegenerative diseases such as Alzheimer's (AD) and Parkinson's 
diseases (PD) (McGeer et al., 1998, Dickson et al., 1993). In in vivo ex- 
periments, activated microglia release inflammatory cytokines such as 
interleukin (IL)-1 [3 and tumor necrosis factor (TNF) (x and also produce 
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oxygen- and nitrogen-centered free radicals that contribute to the neu- 
rodegenerative process (Gayle et al., 2002, Jeohn et al., 2000, Wenk et al., 
2004). Lipopolysaccharide (LPS) is a bacterial endotoxin known to 
stimulate the immune system through activation of macrophage-like cells 
in peripheral tissues (Quann et al., 1994). There are several types of in- 
flammatory animal models using LPS such as Parkinson's diseases, Alz- 
heimer's diseases and white matter diseases. Parkinson's model suggest 
that LPS injection into the substantia nigra of rats induces loss of 
TH-immunoreactive neurons (Kim et al., 2000). LPS induces preferential 
brain white matter injury and affects neurobehavioral performance what 
occur in most case of white matter diseases (Fan et al., 2005). These 
animal models seem likely that the activation of microglia contributes to 
neuronal degeneration. We also developed animal model for learning and 
memory (Tanaka et al., 2006). LPS injected into the rat hippocampus 
CA1 region activated microglial cells resulting in an increased produc- 
tion of IL-1 ~ and TNFc~ in the hippocampus. Subacute treatment with 
LPS for 5 days induced learning and memory deficits in animals when 
examined with a step-through passive avoidance test, but histochemical 
analysis revealed that neuronal cell death was not observed under these 
experimental conditions. This model also showed that inflammation can 
be a trigger for changing a neuronal function. It is still obscure how acti- 
vated microglia affect the development and survival of neuronal cells and 
modulate neuronal functions. Willard et al. (2000) have reported that cy- 
totoxicity due to the chronic neuroinflammation evoked by LPS can be 
rescued by the NMDA antagonist mematine or the COX2 inhibitor 
CI987. Glutamate transmission, especially via NMDA receptors, is very 
important in facets of memory function such as the induction of LTP 
(Malgaroli and Tsien 1992, Bliss and Collingridge, 1993). Therefore, it is 
required to determine whether there are any changes in NMDA receptors 
in our model animal. 

2 Methods 

2.1 Surgery and drug treatment 

All animal experiments were conducted under the Showa University 
Animal Experiment and Welfare Regulations. Male Wistar rats were 
anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and immobilized 
in a stereotaxic flame to implant a guide cannula for injection of LPS 
into the hippocampal CA1 region (3.5 mm posterior, 2.2 mm lateral, and 
4.3 mm ventral from the bregma) and fixed to the skull with dental ce- 
ment. Rats were injected with LPS (20 gg) dissolved in 2 gl of phosphate 
buffered saline (PBS) or PBS alone under diethyl ether anesthesia. 
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Subacute treatment with LPS (20 gg/day) was performed for 5 consecu- 
tive days. 

2.2 Passive Avoidance Procedure 

Passive avoidance test was carried out at 2 hr after final LPS injection. In 
the acquisition trial, each rat was placed in the lighted compartment and 
allowed to enter the dark compartment through the guillotine door. 
Once the rat entered the dark compartment, foot shock was immediately 
delivered. The number of  foot shocks required to retain the animal in the 
lighted compartment for 3 min was recorded as a measure of  the acquisi- 
tion of  passive avoidance. The second session was carried out 24 h after 
the first session. The rat was placed in the lighted compartment and the 
retention latency, the time elapsed before the time when the rat stepped 
through to the dark compartment, was recorded as a measure of  the re- 
tention of  passive avoidance. If  the rat did not step through the dark 
compartment within 300 seconds, a ceiling score of 300 seconds was as- 
signed. 

2.3 Immunohistochemistry 

Rats were sacrificed at 6 hr after final LPS injection for 5 days, and their 
hippocampi were removed. For C D l l b  immunostaining, sections were 
preincubated in 2.5% normal horse serum after endogeneuos peroxidase 
blocking by 0.3% H202 and incubated with monoclonal mouse anti-rat 
CD 1 l b antibody (1:1000). Sections were rinsed and incubated with bioti- 
nylated horse anti-mouse IgG (1:200, VECTASTAIN ABC kit, Vector, 
Burlingame, CA) and then incubated in an avidin-biotin complex solu- 
tion followed by diaminobenzidine (DAB kit, Vector). 

2.4 [3H]MK-801 binding 

[3H]MK-801 binding was measured by the method previously described 
(Tanaka et al., 1997). Tissue sections on slides were thawed at room tem- 
perature and preincubated in 50 mM Tris-HC1 buffer (pH 7.4) for 1 hr. 
Sections were dried with cold air and then incubated for 2 hr at room 
temperature in 50 mM Tris-HC1 buffer containing 10 nM [3H]MK-801. 
Non-specific binding was measured in the presence of  10 mM cold 
MK-801 and represented less than 5% of  total binding. After incubation, 
sections were rinsed twice for 2 min, twice for 40 min in ice-cold buffer, 
once for 1 min in ice-cold water, and then dried under a stream of  cold 
air. Radioactivities in autoradiograms were quantitatively determined 
with an image analyzer (Fujix Bas3000, Fuji Photo Film Co., Tokyo, Ja- 
pan). 
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2.5 Gene expression 

Total RNA was extracted using the QIAGEN RNeasy Lipid Tissue Mini 
kit (QIAGEN, Hilden, Germany). Real time RT-PCR was carried out by 
QuantiTect SYBR Green RT-PCR (QIAGEN). Primers for NR1, NR2A 
and GAPDH were prepared by QuantiTect Primer Assays (QIAGEN). 

2.6 Statistical analysis 

Statistical analysis between PBS-treated and LPS-treated group was per- 
formed with the Mann-Whitney test. 

3 Results 

3.1 LPS induces activation of microglia and impairment of 
learning and memory in rats 

An experiment was conducted to determine whether microglia were ac- 
tivated by LPS treatment or not. We demonstrated the long-term activa- 
tion of  microglia after subacute treatment with LPS for 5 days (Fig. 1). 
C D l l b  immunopositive cells increased in the subacute LPS-treated 
group as compared with the PBS-treated group. We also determined the 
increased IL-I~ and TNF~t using ELISA methods. In the PBS-treated 
rats, the contents of  IL-I~ and T N F a  were very low. IL-I[3 and TNF~t 
contents significantly increased up to 622pg/mg and 174 pg/me protein, 
respectively, at 2 hr after LPS injection. 

Fig. 1. Immunohistochemical analysis of the effect of subacute LPS treatment 
on CD1 lb-positive microglia in the hippocampus. LPS (20 ktg/2 ktL/injection) 
or PBS (2 ~tL/injection) injected into the hippocampus CA1 area for 5 consecu- 
tive days. Representative photomicrographs are coronal sections of the CA1 
field of the hippocampus at 6 hr after the final LPS injection, 6 hr after the final 
PBS injection. Scare bars = 100 ~tm 
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The performance abilities in the passive avoidance task of  rats treated 
with PBS or LPS (20 gg/2 pl/day) for 5 days are summarized in Table 1. 
LPS treatment significantly increased the number of  electric shocks 
needed for acquisition of  passive avoidance. Retention latency from light 
to dark was significantly reduced by LPS treatment. Furthermore, loco- 
motions for 5 min were recorded to clarify whether learning and memory 
deficits were related to differences in locomotor activity or not; there was 
no significant difference between the PBS- and LPS-treated groups in 
locomotor activity (data not shown). These results indicate that LPS 
treatment for 5 consecutive days caused learning and memory deficits. 

Table 1. Effect of LPS treatment on rat performance in the passive avoidance 
test. 

Treatment Number of foot shocks Retention latency (s) 

PBS-treated 1.3 + 0.2 290.0 • 10.0 
(n= 6) 

LPS-treated 2.5 • 0.3* 141.3 • 46.2* 
(n= 6) 

LPS (20 I, tg/2 pL/injection) was injected into the hippocampus CA1 area daily 
for 5 consecutive days. The acquisition trail was conducted 1 hr after PBS or LPS 
treatment. The number of foot shocks required to retain the rats on the safe com- 
partment for 3 min was recorded as an index of acquisition of passive avoidance, 
and retention latency was determined 24 hr after the acquisition trial as an index 
of retention of passive avoidance. Results are presented as the mean + SE. 
*p<0.05 compared with the PBS-treated group. 

3.2 Changes of NMDA receptors after subacute treatment with 
LPS 

[3H]MK-801 bindings were highest in strarum radiatum and stratum 
oriens of  the hippocampus CA1 area followed by those in CA2 and CA3. 
Quantitative analysis of  [3H]MK-801 bindings performed with an image 
analyzer on the CA1, CA3, DG and cortex area. Specific [3H]MK-801 
bindings in LPS-treated rats were significantly attenuated to 78, 86, 75% 
of that seen in CA1, CA2, and DG of  the PBS-treated rats. The gene ex- 
pression levels of  these receptors were examined in PBS- and 
LPS-treated group. LPS treatment for 5 days resulted in a significant de- 
crease in the NR1 subunits of  NMDA receptors. 
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4 Discussion 

In this study, we found activation of microglia after subacute treatment 
with LPS for 5 days (Fig. 1). Immunoreactivity for CDllb in the tissue 
section from rats treated with PBS was rare and only weakly expressed 
in the injected area. CDllb immunopositive cells increased in the 
subacute LPS-treated group. In our previous study, to identify the cells 
expressing IL-I~ after LPS treatment, a double-labeled immunohisto- 
chemical study was performed between IL- 113 and two of the cell mark- 
ers, CD 1 l b and GFAP (Tanaka et al., 2006). After LPS treatment, IL-1 
immunopositive cells increased and then co-localized with those for 
CDllb,  but not GFAP. These results suggest that LPS treatment caused 
an increase of both IL-I~ expression and IL-113 immunopositive cells 
which were indicative of microglia. 
Glutamate transmission, especially via NMDA receptors, has been 
shown to be very important in facets of memory function such as the in- 
duction of LTP (Malgaroli and Tsien 1992, Bliss and Collingridge, 1993). 
NMDA receptors are heteromeric complexes containing both NR1 and 
NR2 subunits (Cull-Candy et al., 2001). We found the decrease of 
[3H]MK-801 binding and gene expression of NR1 subunit in the hippo- 
campus after subacute LPS treatment. These data show that glutamater- 
gic transmission was attenuated in LPS-treated rats. 
The findings presented herein provide evidence that activation of micro- 
glia induced by LPS causes functional change in the hippocampus such 
as attenuated glutamatergic transmission which leads to learning and 
memory deficits. 
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Summary. To define the physiological roles of Pituitary adenylate cy- 
clase-activating polypeptide (PACAP), we developed PACAP specific re- 
ceptor (PAC l) transgenic (Tg) mice using the Cre/loxP recombination sys- 
tem. wPAC1 Tg mice, which express the Pacl  transgene in their entire 
body, showed increased behavioral activity in the dark period of a 12-h 
light/dark cycle (Zeitegeber time 0 (ZT0) = lights on, ZT12 = lights off). 
LNL-PAC1/CaMKII-Cre double Tg mice (hPAC1 Tg mice), which un- 
dergo Cre/loxP recombination in hippocampal nerve cells, expressed the 
Pacl  transgene in the hippocampus, hPAC1 Tg mice showed increased 
behavioral activity (150% or more compared to control) in the early dark 
period (ZT 12-17), which is the most active time for wild type mice. 
However, there was no change in circadian rhythm. Similar hyperactivity 
was observed in LNL-PAC1/CaMKII-CreER double Tg mice (ihPAC 1 Tg 
mice) when the mice were treated with tamoxifen to induce Cre/loxp re- 
combination in adulthood. Moreover, immunohistochemical analysis of 
LNL-PAC1/LNL-Venus/ CaMKII-CreER triple Tg mice treated with ta- 
moxifen, revealed that PAC1 transgene were expressed in hippocampal 
nerve cells. These results suggest that the expression of the PAC!  trans- 
gene, especially in hippocampal nerve cells, may enhance the behavioral 
activity associated with regular circadian rhythm. 

Key Words. PAC 1 receptor, transgenic mice, locomotor activity 
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1. Introduction 

Pituitary adenylate cyclase-activating polypeptide (PACAP) is a highly 
conserved neuropeptide that plays important roles in the development of  
the nervous system and the maintenance of  homeostasis (Shioda, 2006). 
PACAP specific receptor (PAC1) is a G-protein-coupled receptor that 
binds PACAP with a thousandfold higher affinity than the related peptide 
VIP (vasoactive intestinal peptide). PAC 1 is widely distributed in the cen- 
tral nervous system and in peripheral tissue (Shivers et al., 1991). 
PAC-l-mediated signaling has been implicated in a variety of  biological 
processes, such as neurotropic actions, pituitary function, circadian 
rhythms, and learning and memory. Thus, PACAP signals are essential for 
ontogeny and physiological functions. It has been reported that both PA- 
CAP deficient mice and PAC-1 deficient mice have a high rate of  mortal- 
ity by two weeks after birth (Hashimoto et al., 2001; Otto et al., 2004). 
However, the mechanism of this fatal congenital abnormality is not clear. 
To assess the function of  PACAP signaling in vivo, we generated PAC1 
transgenic (Tg) mice using the Cre/loxP recombination system. 

2. Generation of PAC1 transgenic mice 

To construct the Cre-mediated PAC1 transgene, the PAC1 cDNA was in- 
serted into the EcoR1 site of  the pCALNL5 vector (Kanegae et al., 1996) 
and excised with the HindIII and SalI sites to produce a CAG promo- 
tor-loxP-neor-loxP-PAC1 (LNL-PAC1) fragment. The purified fragment 
was microinjected into C57BL/6 fertilized eggs, and LNL-PAC1 Tg mice 
were generated by standard methods. For the expression of the PAC1 
transgene in the entire body, LNL-PAC1 Tg mice were mated with 
Pgk2-Cre Tg mice, in which the Cre transgene is controlled by the sper- 
matogenic cell-specific promoter ofpgk2 (Kido et al., 2005). F1 male mice 
with germline transmission of  both transgenes were bred with C57BL/6 
female mice. The F2 offspring that harbored the PAC 1 transgene, which 
contained an excised floxed neo r transgene, were named whole body-PAC 1 
(wPAC1) Tg mice. For hippocampus-specific expression of the PAC1 
transgene, we generated CaMKII-Cre Tg mice using the o~ subunit of  cal- 
cium-calmodulin-dependent protein kinase II (CaMKII) promoter and Cre 
transgene, and CaMKII-CreER Tg mice using the CaMKII promoter and 
the Cre-estrogen-like receptor fusion (CreER) transgene. LNL-PAC1 Tg 
mice were mated with CaMKII-Cre Tg mice or CaMKII-CreER Tg mice. 
The resulting F1 offspring, which harbored the LNL-PAC1/CaMKII-Cre 
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double transgenes or the LNL-PAC1/CaMKII-CreER double transgenes, 
were named hippocampus PAC 1 (hPAC1)-Tg mice or tamoxifen-induced 
hippocampus PAC1 (ihPAC1) Tg mice, respectively. All mice were housed 
with a 12-h light/dark cycle with ad libitum access to food and water. The 
experimental protocol was approved by The Institutional Animal Care and 
Use Committee of Showa University. 

3. Expression of PAC1 transgene 

PAC1 mRNA was detected by RT-PCR in several tissues of the wPAC1 Tg 
mice such as heart, liver, kidney and brain, while low levels of endogenous 
PAC1 mRNA were only detected in the brain and testis of wild-type mice. 

Fig. 1. Tamoxifen induced PAC1 expression in the hippocampus of ihPAC1 Tg 
mice. Fluorescent images showing immunostaining of the dentate gyms (DG) and 
CA 1 region of the hippocampus of LNL-PAC 1/LNL-Venus/CaMKII-Cre triple Tg 
mice after tamoxifen treatment. GFP-like and PACl-like immunoreactivity were 
co-localized. 
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Moreover, both hPAC1 Tg mice and tamoxifen-treated ihPAC1 Tg mice 
expressed the transgenic PAC1 mRNA in brain, but not other tissues. Im- 
munohistochemical analysis of  LNL-PAC1/LNL-Venus/CaMKII-CreER 
triple Tg mice treated with tamoxifen, revealed that PAC1 and Venus a 
variant of green fluorescent protein (GFP) were expressed in several den- 
tate gyms cells and some CA1 cells, and that the gene products were 
co-localized (Fig. 1). These results suggest that our PAC1 Tg mice with 
conditional expression of PAC 1 are functioning as planned. 

4. Behavioral activity of PAC1 Tg mice 

To assess the behavior of PAC 1 Tg mice, we examined spontaneous loco- 
motor activity in each animal's home cage using an ACTIO-100 unit (EI- 
KOU Science). The early dark period (ZT12-17) is the most active time for 
wild type C57BL/6 mice. The locomotor activity of  wPAC1 Tg mice in- 
creased in dark periods as compared with littermate wild type mice (Fig. 
2a). Furthermore, hPAC1 Tg mice clearly showed increased locomotor 
activity in the early dark period (ZT12-17). The locomotor activity of  
hPAC1 Tg mice was 150% that of  control littermate mice. Increased be- 
havioral activity was also observed in aged hPAC 1 Tg mice, while the ac- 
tivity of littermate control was reduced (Fig. 2b-d). However, the amount 
o f  food and water consumed and circadian rhymes were unchanged. 

Similar hyperactivity in the dark period was observed in ihPAC1 Tg 
mice after tamoxifen treatment in adulthood. These results suggest that 
PAC 1 expression in the hippocampus increases the behavioral activity, and 
that induction of PAC 1 in adulthood has a similar effect. 

5. Discussions 

This study demonstrates behavioral hyperactivity with regular circadian 
rhythm in PAC1 transgenic mice. The remarkable increase of locomotor 
activity in hPAC1 Tg mice was seen in the early dark period (ZT12-17), 
which is the most active time for wild type mice, but not in the light pe- 
riod(ZT 0-11), which is an inactive time. Although spontaneous locomotor 
activity was decreased in aged wild type mice, an increase in spontaneous 
locomotor activity was observed in aged hPAC1 Tg mice. Furthermore, 
this increase in activity was also seen when PAC 1 expression was induced 
in adulthood. These results suggest that PAC1 plays important roles in 
behavioral hyperactivity. 
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Fig. 2. Increased behavioral activity of wPAC 1 Tg mice (a) and hPAC 1 Tg mice 
(b-d). The locomotor activities of PACt Tg mice were examined for 3-5 days in a 
12-h light/dark cycle (Zeitegeber time 0 (ZT0) = lights on, ZT12 = lights off) at 
the indicated ages. The number of times that each mouse crossed the infrared sen- 
sor (2-cm interval) in each time zone was expressed. *, p<0.05 v e r s u s  wild type. 

PACAP is a potent stimulator of  cAMP accumulation in the rodent cen- 
tral nervous system, and evidence suggests that PACAP is an endogenous 
psychostimulant (Arimura, 1992; Masuo et al., 2004). Central administra- 
tion of PACAP in adult rats causes behavioral hyperactivity and hypother- 
mia (Masuo et al., 1995). PACAP is also expressed in the hypothalamic 
suprachiasmatic nucleus (SCN), which regulates circadian rhythms. 
PACAP is co-expressed with glutamate, an essential modulator of  light 
entrainment (Hannibal et al., 2000). It was also reported that, similar to 
light, PACAP can phase shift the endogenous rhythm (Harrington et al., 
1999; Nielson et al., 2001). Moreover, Hannibal has reported that light 
stimulation in the early night resulted in larger phase delays in PAC 1 defi- 
cient mice compared with wild-type mice, and that this was accompanied 
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by a marked reduction in light-induced mPerl, mPer2, and c-fos gene ex- 
pression. These observations indicate that PAC1 signaling participates in 
the gating control ofphotic sensitivity of  the clock (Hannibal et al., 2001). 

Our results from this PAC 1 Tg mice study are not contradictory to cur- 
rent knowledge. The induction of  PAC 1 in brain may be useful for the im- 
provement of  locomotor behavior with regular circadian rhythms. 
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Summary. PACAP is a pleiotropic peptide and is well known to suppress 
neuronal cell death after ischemic injury through PACAP specific receptor 
(PAC 1R). However, the pathological role of PAC 1R is not elicited well on 
traumatic injured brain. Therefore, the purpose of this study is to 
investigate the expression and localization of PAC1R after traumatic brain 
injury (TBI) with immunohistochemistry. The PAC1R-immunoreactions 
(ir) were detected in peri-contusional area 3h after TBI and gradually 
increased up to 7d. Double immunohistochemical studies were revealed 
that the PAC1R-ir were co-localized with a microglial marker, CD1 lb. At 
7d after TBI, the PAC1R-ir were merged with CDl lb  and with GFAP, an 
astroglial marker. These results suggested that PAC1R expresses in 
microglia and astrocyte with different time points after TBI, and PACAP 
and its receptor might play an important role for brain injury as well as 
ischemia. 

Key words. PACAP, traumatic brain injury (TBI), controlled cortical 
impact (CCI), glial cells 
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1 Introduction 

Traumatic brain injury (TBI) is a critical condition in the field of emergency 
medicine. In the westernized countries such as the United States and Japan, 
acute trauma death is the third major cause of death. 

PACAP is a pleiotropic neuropeptide and belongs to the secretin/ 
glucagon/vasoactive intestinal peptide (VIP) family. Several in vivo and in 
vitro studies have indicated that PACAP prevented neuronal cell death. 
PACAP binds to three receptors, two VIP/PACAP receptors (VPAC1R and 
VPAC2R) and PACAP specific receptor (PAC1R), which are seven 
transmembrane G protein-coupled receptors. PACAP can bind to PAC1R 
1000-times higher affinity and it has been considering that PACAP prevents 
the neuronal cell death mediated by PAC1R (Arimura 1998). So far, it has 
been reported that the PAC1R is actively expressed in different 
neuroepithelia from early developmental stages and expressed in various 
brain regions during prenatal and postnatal development. However, it still 
remains as a controversial the role of PACAP and PAC1R on brain injury. In 
this study, we investigated the expression and localization of PAC1R after 
TBI of mice in a time-dependent manner. 

2 Materials and Methods 

Adult male C57/BL6 mice (Saitama, Saitama, Japan) were anesthetized with 
sodium pentobarbital (50mg/kg, ip).The animals were fixed on a stereotaxic 
frame and made carefully a burr hole on the left parietal bone with dental 
drill. Then, the animals were subjected to TBI by controlled cortical impact 
(a velocity of 5.82 m/s, duration of 47 ms, depth of 1.2 ram, and with a 
driving pressure of 73 psi) using an electrical compression device adapted 
for mice (eCCI Model 6.3; Custom Design, Richmond, VA). After injury, the 
mice perfused with saline followed by 2% PFA during 7 days, and prepared 
frozen blocks. All procedures involving animals were approved by The 
Institutional Animal Care and Use Committee of Showa University. 

After immersed in H202, and treated with 10% normal goat serum (NGS), 
cryosections (8-~tm) were then incubated in rabbit anti-PAC1R antibody 
(1:400, Suzuki et al. 2003) and were detected with biotinylated goat anti- 
rabbit IgG (1:200, Vector, Burlingame, CA) followed by ABC/DAB (Vector). 

For double-staining, the sections (3 to 4 mice brains) were incubated with 
anti-PAC1R antibody (1:400) and any following primary antibody: mouse 
anti-GFAP (1:1000, Sigma, St Louis, MO); rat anti-CD1 lb (1:500, Serotec, 
Oxford, UK); mouse anti-NeuN (1:400, Chemicon, Temecula, CA) and 
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detected using Alexa fluoresence-labeled secondary antibodies followed by 
DAPI (1:10,000, Roche, Manheim, Germany). 

Fig. 1. Representative images of the PAC1R immunoreactions at 0 hour (A, B), 3 
hour (C, D), 1 day (E, F), 4 days (G; H) or 7 days (I, J) after TBI. The PAC1R-ir 
was detected clearly in the perifocal area of the lesions at 3 hours after injury and 
expressed continuously during experimental periods. Scale bars = 100 ~m. 

Fig. 2. PAC1R expressing cells 7d after TBI. PAC1R antibody (green) was co- 
stained with antibodies for CDllb  (A-C), GFAP (D--F), or Neu N (G-I), 
respectively (red). Arrows are merged cells. Blue in C, F and I is DAPI nuclear 
staining. Scale bars = 50 ~tm. 

3 Results and Discussion 

PAC1R immunoreactions (ir) were detected in the perifocal area o f  the 
lesions from 3h after TBI (Fig. 1), and the intensity and number gradually 
increased up to 7d. PAC1R-expressing ceils were identified at 1 and 7d in 
the perifocal area after TBI. Labelling with microglial (CD1 lb), astrtoglial 
(GFAP) or neuronal (NeuN) marker, the PAC1R-ir were merged with 
CD1 lb (+) cells, meaning microglia at ld but no astrocytes and neurons 
were merged (data not shown). On the 7d, PAC1R-ir were co-localized 
with microglia and astrocytes, but not or less with neurons (Fig. 2). 

In the present study, PAC1R was increased after TBI and expressed in 
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the microglia and astrocytes with different time point. PAC1R-ir were 
observed in the reactive astrocytes at 5d after a stab wound but not at 2d 
post surgery (Suzuki et al, 2003). We have also reported PAC1R expressed 
in neurons (Ohtaki et al, 2008). The diversity of  PAC1R expressions could 
not explain only the differences of  animal species. The PAC 1R expressions 
might be different by the pathophysiological features of models such as 
inflammation and/or apoptosis. Further experiments will be needed to 
clarify these points. PACAP prevents post-ischemic neuronal cell death 
after ischemia. PACAP injection decreased hippocampus neuronal death 
along with an increase of interleukin-6 and inhibition of JNK and p38 
phosphorylation after global ischemia (Dohi et al, 2002). Endogenous 
PACAP also played a critical role in the prevention of  neuronal death after 
focal ischemia. PACAP decreased cytochrome c release from mitochondria 
by means of  the regulation ofbcl-2 (Ohtaki et al, 2008). The new insight of 
PAC1R expression and localization after TBI would contribute 
understanding for neuroprotective mechanisms of  PACAP in brain 
pathology. 
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