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Signal Transduction Abnormalities in

Schizophrenia: the cAMP System
By E. Chris Muly, MD, PhD

ABSTRACT ~ Understanding theneurochemistry of schizop b reniainvolves the study, not
only of neurotransmitters and thewreceptors, but also of the signal transduction systems
that translate their actions into neural activity Of p arfuular interest is the signal trans-
duction system involving the second messenger cyclic adenosine monophosphate (cCAMP), as
all dopamine receptors are either positively or negatively coupled to this system. S tudies in
blood platelets, cereb rospinal fluid, or postmortem brains of patients with schizophrenia
demonstmte abnormalities of stimulated cAMP production. Neurdeptic administation in
animal models results in altered cAMP metabolism in a pattern opposite to that seen in
schizop hrenic patients. These studies suggest that abnormal signal transduction may be
involved in the pathogenesis of schizop hrema and that the normalization of this defect
may be one mechanism of action of neuroptic drugs. Psychopharmacology Bulletin.
2002;36(4): 92-105

Introduction

The search for the neural substrate of schizophrenia has preoccupied psychia-
trists for over 100 years. Since the develo pment of neuroleptic drugs and the explo-
sion of knowledge of the chemistry of newotransmission, work has focused on a
search for abnormalitiesof neurotransmitters and their receptors in the brains of
patients with schizophrenia. There is now evidence implicating alterations in the
dopaminergic, aminobutryic acidergic and serotonergic neuro t ransmitter sys-
tems in this llness.'® In addition to this work, a considerable amount of research
has investigated the functioning of signal transduction mechanisms in patients
with schizophrenia.

Signal transduction re fers to the process by which an extra cellular signal, suchas
a nerotmnsmitter, elicits changes in the intracellular milieu and functioning of
cells. In itsisimplest form, the extracellular signal is detected by a receptor which
is also an‘ion channel. Binding its ligand causes altered conductance and results in
altered membrane potential and action-potential firing probability. More common
are receptors that produce their intra ce llular effects through complexmultimolec-
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ular signal-tansduction pathways . These include the G-protein coupled
receptors (GPCRs) which interact with heterotrimeric G-proteins to
produce a second messenger which then induces a variety of intracellu-
lar effects, including altered phosphorylationof receptors and channels
and altered gene expression.® An understanding of any alteratiors in sig-
naltransductionin schizophrenia is especially relevant, given that many
of the neuro transmitters implicated in this illness act at GPCRs. For
example, all five known dopamine receptors are GPCREs, as are all sero-
tonin receptors with the exception of 5-HT3.”* Thus, any alterations in
signal tansduction function in schizophrenia will be relevant to under-
standing neuroleptic action, as well as the pathophysiology of the ilness.
This reviewwill focus on the signal transductionsystem centered on the
second messenger cyclic adenosine monophosphate (cAMP) and review
the evidence for dsfunction of this system in schizophrenia and its
modulation by neuroleptic dugs.

The cAMP-Medicated Signal Transduction Pathway

The cAMP-mediated signal-ransduction pathway has been inten- g3
sively studied in schizophrenia. This is because all dopamine receptors a7
couple either positive ly or negative ly to cAIMMP generation;and because
alterations in the cAMP signal-tansduction pathway affect the in vivo
response to neuroleptic medications.” The ¢AMP-mediated signal
transduction pathway is a complex system that invo Ives many pmoteins.
The pathway modulates the activity of important substrate proteins. The
proteins of the pathway regulate.other steps in the cAMP-mediated
pathway and furthemnore, there is cross talk with other signal transduc-
tion pathways at several points. Thus, any definition of the cAMP sig-
nal-transduction pathway is inherently abitrary. Despite this caveat, a
core pathway can be appreciated, and, for the purposes of this review we
will consider cAMP-mediated signal transduction to consist of the fol-
lowing steps (Figur). First, the pathway begins with GPCRs that cou-
ple to heterotrimeric G=proteins that contain either G, G101 G-
There are/many receptors that couple to these G-pmwteins, including
s ome'of known or hypothesized relevance to schizophrenia or the action
of neuroleptic medication (Table)." G and G5 activate and G
inhibits adenylyl cydase, an enzyme that catalyzes the formation of the
second messenger cAMP from adenosine triphosphate. cAIMP activates
protein kinase A (PKA) which is a major effector protein. PKA modu-
lates the function of many different proteins via phosphorylation of spe-
cific serine or threonine residues. The actions of PKA may be reversed
by saine/threonine phosphatases, most prominently protein phos-
phatase-1 (PP1), and these enzymes interact in diverse ways. In some
systems, phosphorylationby PKA has been shown to activate PP1 by
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releasing it from binding proteins that reduce the activity of PP1."” In
other spstems, PKA phosphorylation activates specific PP1 inhibitor
proteins (eg, dopamine- and cAMP-regulated phosphoprotein 32 kDa
[DARPP-32] and inhibitor-1), enhancing the phosphorylation pro-
duced by PKA.***" The dynamic interp l ay between PKA and PP1 con-

@GURE )

A SCHEMATIC OF THE CAMP-MEDIATED SIGNAL TRANSDUCTION PATHWAY

GPCRs bind agonists and couple through hetero t ri m e ric G-proteins (G, B, 7) to
AC. G-proteins may be positively (Gy,), or negatively (G ;) coupled to adenylyl
cyclase. ACcatalyzes the productionof cAMP from ATP. cAMP is bound by the R
subunits of PKA, which then release the C subunits activating them. These atalytic
subunits phosphorylate a vari e ty of substrate proteins altering their activity. This
phosphoryla tionisopposed by specific phosphatases including PP1. In‘addition, the
catalytic subunit of PKA mayphosphorylate special inhibitor poteins, induding
DARPP-32 and inhibitor-1. In their phosphorylated form, these proteins.inhibit
PP1 activity. Some of the drugs used in the studies reviewed here are shown in italics
at their sites of action.

+ =
>

cAMP-=cyclic adenosine monophosphate; GPCR=G-protein coupled receptors; AC=adenylyl cydase;
ATP-= adenosine tiphosphate; R=regulatory subunit; PKA =protein kinase A; C=catalyiic subunit;
PP1=pntein phosphatase-1; DARPP=dopamine- and cAMP-regulated phosphoprotein; NaF=sodium
fluoride; GTPS=guanosine-5"-0-(¢thiotdphosphate); GppNHp=guanosine-5’-[ (§ y)-imido] triphos-
phate.

Muly EC. Pychopharmacology Bulletin. Vol 36. No 4. 2002.
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trols the phosphorylationlevel and hence the function of many proteins,
including neurotransmitter receptors, ion channels, other signal-trans-
duction proteins, metabolic enzymes, and transcription factors.

The study of signal transduction mechanisms in clinical populations is
a difficult undertaking. The ideal of dire c tly studying the organ of inter-
est, the brain, under conditions of controlled drug exposure and rapid
and reproducible calection methods is not practical. Therefore, research
has been directed in several different ways each with their own advan-
tages and disadvantages. Peripheral tissues, in particular blood platelets,
havebeen collected from patients and control subjects and studied using
biochemical or molecular biological methods. This approach has the
advantage of ease of procurement and the ability, in some circumstances,
to contrd the recent medication exposure of the patient population and
correlate this exposure with the bioassay. The disadvantageds that the
relation of signal tansduction alterations in peripheral tissues may not
dire ctlyoorrespond to defects in the central nervous system.

Other studies have used cerebrospinal fluid (CSF) as a probe of
cAMP-mediated signal transduction in the central’netvous sptem. gg
Changes observed in the CSF offer a more direct measure of brain alter- 77,5,
ations and patient medication exposure can also be acutely controlled.
However, CSF is more difficult to obtain than peripheral blood samples
and the relatiomship of an extra ce llular measurement, that of CSF levels
of cAMP, to intracellular events in nerye cells is not established.

Studies of human postmortem material offer the possibility for study
of particular brain regiors of interest and for directlyexamining differ-
ent steps in the pathway,as opposed to measuring one indicator level as
in the CSF. The disadvantages of postmortem studies are well known
and include the difficulty/in obtaining material, the lack of control
and/or knowledge of medica tion exposure, the variabilityin the agonal
state of the patients, and thevariability of tissue preservation/prepara-
tion. Nonhuman models of schizophrenia have not yet progressed to the
point where studies of signal tansduction here would be informative of
the humanillness. However, materal from experimental animals treated
with neuroleptic medication give useful insights into the effect of neu-
roleptic 'drugs in isolation from the underlying illness. The results
obtained by these approaches will be reviewed below.

cAMP Signal Transduction Studies in Platelets

Studies of blood platelets have indicated that cAMP-mediated signal
transduction may be altered in schizophrenia. In platelets, the cAMP
pathway has been studied using the prostaglandin Eq (PGE{) receptor,
whichis coupled to Gy,," and the norepineph rine 0ty receptor, which
couples to Gy;." Basal cAMP production in platelets does not differ in
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platelets from schizophrenic patients compared to controls,”” though
one study has reported a decrease in basal cAMP production in platelets
from male, but not female, schizophrenics compared to sex-matched
controls.” When PGE{ is used to stimulate cAMP production in
platelets, most”? but not all” studies show a significant reduction in
cAMP production in the platelets of patients compared to normal con-
trols. This decrease in PGEq-stimulated cAMP production is not due to
an alteration of the prostaglandin receptor because direct stimulation of
G-proteins with sodium fluoride,”" or direct strmulation of adenylyl
cyclase with forskolin,®* shows similarreductions in cAMP production
in platelets from patients. These results support an alteration in/Gg,
adenylyl cyclase, or in the coupling that occurs between receptor, Gy,
and adenylyl cyclase. This defect in platelet cAMP signaling’does not
extend to the 0y receptor, G;, or their coupling to adenylyl cydase.
There is no difference between patients and contrd in the ability of nor-
epineph rine to inhibit PGE{-stimulated cAMP production.'®*

The findings of these studies have been remarkablycaisistent, and have
allowed phamacologicd manipulation of cAMP levels to better identify
the abnomality in patients. How ever; @ criticd question remains: Are
alterations in periphera tissues relevant to the brain? This has been
addressed by Kanof and colleagues,” who found that patients with schiz-
ophrenia showed a reduced cAMP response to PGE{, and that this

(TABLE

RECEPTORS THAT COUPLE TO THE CAMP SIGNAL TRANSDUCTION PATHWAY

Gg COUPLED RECEPTORS

Neurotransmitter .- Receptor Family — Receptors

Adenosine Ajps Ao

Dopamine Dy Dy, Dy

Serotonin 5-HTy, 5-HT5p, 5-HT5p,
5-HTg, 5-HT7

Adrenoceptors B B1, Bo, B3

Histamine H

Calcitonin gene-related peptide C(Z}Rpl, CGRP,

Corticotropin-releasing factor CRF1, CRF2a, CRF2b, CRF2c

Melanocortin MC1-R, MC2-R, MC3-R,
MC4-R, MC5-R

Vasoactive intestinal polypeptide VIPq, VIP,, PACAP

Vasopressin Vy

Adapted from: Watling KJ. The RBI Handbook of Receptor Classification and Signal Transduction. 3rd ed.
Natick, Mass: Research Biochemicals Inc; 1998.

Muly EC. Psychopharmacology Bulletin. Vol 36. No 4. 2002.
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response was negatively correlated with seve ral rating scales that measure
psychosis, induding the Clinical Global Impression scale, the Bref
Psychiatrc Rating Scale subscales for anxiety, depression, and thought
distutbance, and the Scale for the Assessment of Thought, language,and
Communiction. This provides evidence that the defects in platelets are
partof an alterationin signal transduction that includes the brain.

cAMP Signal Transduction Studies in Cerebrospinal Fluid

Some of the earliest inwestigatiors into cAIMP-mediated signal trans-
duction in schizophrenia were direct measurements of cAMP levels in
the CSF of patients. The baseline levels of cAMP do not differ between
schizophrenics and controls.”* To study the production and entry of
cAMP into the CSE without the potential confound of its‘rate of
removal from CSEF, probenecid has been used to block the transport of
cAMP out of CSF. Probenecid treatment raises the level of cAMP in the
CSFE.” In a group of patients free of neuroleptics for 3 weeks, cAMP ley-
els foll owing probenecid were significan tlyhigher in schizophrenics than
in patients with depression or other psychoses.” While the exact source g
of CSF ¢cAMP is not known, thereis reason‘to believe that it reflects 7.
neural processes affected by both the illnessand neuroleptics. Within the
group of patients with schizophrenia, higher levels of CSF cAMP are

correlated with poor prognosis.” Treatment with neuroleptic medica tion

)

G| COUPLED RECEPTORS

Neurotransmitter _Receptor Family Receptors

Glutamate Group II mGIuR mGluR2, mGIuR3
Group III mGIuR mGluR4, mGluR6,

mGIluR7, mGIluRS8

Acetylcholine muscarinic m2, m4

Adenosine Aq, Az

Dopamine D, Dy, D3, Dy

Serotonin 5-HT{A-F

Adrenoceptors o 0WA-D

Cannabinoid CB4, CB,

Galanin GalR1

Neuropeptide Y Y1,Y5, Yy, Y5, Yq

Opioid U, 81, 62, K, ORL1

Somatostatin sstq, ssty, sst3, ssty, sstg
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reduces cAMP in the CSE, as measured either with probenecid treat-
ment” or without it In both studies, those patients who did not

respond to medica tion did not exhibit a fall in CSF cAMP lewels.

cAMP Signal Transduction Studies in
PostmortemClinical Tissue

Direct studies of the cAMP signaling pathway in postmortem tissue
havealso been performed. As reported in platelets of patients, basal cAMP
production does not vary between patients and control subjects when
examined in the caudate, nudeus accumbens, hippocampus, or cerebel-
lum.**" In addition, when dopamine was used to stimulate adenylyl
cyclase, no diffe rence in cAMP production was seen between patients and
control subjects. How ever, when the selective D1 dopamine receptor ago-
nist SKF38393 is used, or if the receptor is bypassed and the G-proteins
are directly stimulated with GppNHp or sodium fluoride, there is an
enhanced stimulation of cAMP production in the caudate and accumbens
of patients with schizophrenia.” This suggests that the coupling between
G5 and adenylyl cyclase is more efficient in patients with schizophrenia.

The levels of G-proteins have beensstudied in” postmortem materdal.
Using pertussis toxin, which labels Gy; and G, the levels of G,;/Gy,
were shown to be reduced in the left putamen and left hippocampus of
patients with schizophrenia.”*® The same report failed to find a diffe r-
ence between patients and controls in the globus pallidus, caudate nud e-
us, parahippocampal gyrus, amygdala, insular cortex, or lateral temporal
cottex. Iater, immunoblotting methods, which allow the quantification
of individual Goy subunits, were-brought to bear on the question of
whether the level of G-proteins was altered in schizophrenia. These
expenments confirm decreases in the level of Gy;, and suggest that Gy
levels are unchanged in schizophrenia. In the left temporal cortex, both
G and G, are decreased on the left, but not the right side.” There was
no diffe rence in Gy levels in either left or right temporal cortex. Another
study.of the hippocampus, pamhippocampus, putamen, caudate,
otbitofrntal, and lateral temporal cortex found a decrease in Gy, in hip-
pocanpus and caudate in the right hemisphere, but no change in G;9
lewels.™ A study of frontal cortex found no diffe rences in either G; or
Gy b e tween schizoph renics and control subjects, though an increase in
G in this region was detected in patients.” Thus, there exists consid-
erable contradiction in the literature, with individual studies finding alter-
ations in restrcted regions that do not alw ays ove rlap from study to study.
However, all the studies agree on normal levels of G in schizophrenia
and some suggest diverse patterns of decrease in Gy; levels.

The levels of adenylyl cyclase have been studied using binding of radiola-
beled forskolin. At first, forskolin binding was found to be increased in the
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left parahippocampal gyrus and the CA1 field of the hippocampus.” No
change was seen in the rest of the hippocampus, induding the dentate gyrus.
A second group found no change in forskolin binding in the striatum,
frontal cortex, hippocampus, or parahippocampus and a decrease in the den-
tate gyrus.®” It is not clear whether this conflicting data results from the
inherent variance of adenylyl cyclase levels in postmortem material or from
binding of forskolin to the glucose transporter in the earlier study.

Other abnormalities seen in the cAMP-mediated signal processing
pathwayin the brains of schizophrenics include an increase in the level
of cAMP resporse element-binding protein (CREB) in the cerebellum
of patients,” and an increase in cAMP binding sites in the left temporal
cortex of schizophrenic patients.” cAMP binding sites represent the reg-
ulatory subunits of PKA.* PKA exists as a hetero te t ramer consisting of
two regulatory (R) subunits and two catalytic (C) subunits. PKA-R sub-
units are divided into two major types RI and RII and each of these types
exists in two forms, an o and B isoform. The RII subunits are prefere n-
tially found in the particulate fraction, while RI subunits are prefere n-
tially found in the cytosolic fraction of cells.” Nishino and colleagues” gg
examined cAMP binding in soluble fractions.of temporal cortex consis- a7
tent with RI containing PKA. However, it remains to be determined
whichPKA subunits may be inv o Ived in schizophrenia:

These data suggest a complex picture of cAMP-mediated signaling in
the brains of patients with schizophrenia. Basal activity of adenylyl
cyclase is unchanged, but the coupling of G to adenylyl cyclase is
enhanced in patients. In addition, the levels of the inhibitory G-protein,
Gy may be reduced in patients. Adenylyl cyclase appears to be
unchanged, while levels of PKA-R subunits and CREB are increased.
These alterations would result in a cAMP system primed to respond to
stimuli through both enhanced production of cAMP and increased lev-
els of cAMP-regulated effector proteins.

Effects of Neuroleptic Treatment on cAIMP Signal Transduction

Asalluded to above, an intact cAMP signal tansduction pathway is
necessary for many neuroleptic actions. When the RIIB subunit of PKA
is knocked out in mice, they fail to show acute catalepsy or the typical
pattem of ‘gene induction foll owing treatment with haloperidol.’
Likewise, DARPP-32 knockout mice show reduced effectivmess of
racdlopride in inducing atalepsy." The effects of neuroleptics on cAMP-
mediated signal transduction have been studied in a variety of models.
Such studies are criticato understanding the results of studies of patient
populations. In paticular, data on the effects of neuroleptic medication
on signal transduction is needed to diffe rentiate disease effects from
medicationeffects. In addition, if the alterations seen in patient popula-
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tions are directly related to the psychotic state, then medicationthat all e-
viates psychotic sym p toms might be expected to have an effect on cAMP
signal transduction, presumably in a direction opposite to that seen in
patients. The studies of neuroleptic effects are in the form of examina-
tions of schizophrenic patients on and off medication, of neuoleptic
treated patients with other pnmary diagnoses, or of animals treated
chron i ca lly with neuroleptic medication.

The effect of neuroleptic medicationon cAMP levels in the CSF has
been investigated as described above. Neuroleptic treatment reduced
cAMP levels, acting to nommalize the abnomnality seen in patients and this
was associated with clinicd response. Neuroleptic effects have not been
assessed in neuroleptic naive populations, and the time course of effects
from prior neuroleptic treatment are not known. Given the possibility of
long-lasting side effects, such as tardive dyskinesia, it has not been possi-
ble to chronicall treat control subjects with neuroleptics for the purpose
of studies such as these. Other neuroleptic-treated patient populations
exist (eg, bipolar disorder, Alzheimers disease) but the underlying pathol-
ogy of these disorders would confound the interpretation of neuroleptic
effects. Therefore, the effects of neuroleptic medication on cAMP signal-
ing have been studied in animals treated with neuroleptics.

Most of the work in animals has been donesexamining the effect of
haloperdol on cAMP production in the stiatum. Interpretation of these
studies is complicted by different lengths of treatment and especially by
the different drug-free intervals prior to sacrifice of the animal.
Examination of basal cAMP production in striatal homogenates has
shown no change after neuroleptic treatment ranging from 7 days to 1
year.** Neuroleptic withdrawal periods in these studies ranged from 0—8
days. When‘particulate fractions of the striatum are studied, the findings
have been mixed, with increased basal cAMP production found in some
studies’®”" but not others.”” Findings of increased basal cAMP produc-
tion in striatal particulate fractions are associated with longer neunoleptic-
free periods prior to sacrifice (8 and 5 days versus 3 and 0 days) and thus
may be related to medication withdrawal, rather than treatment.

Dopamine-stimulated cAMP production is not affected by neurole p-
tic treatment in striatal homogenates,”** though one study showed a
decrease in cAMP responsiveness to dopamine after 1 month of treat-
ment but not longer treatments.* In particulate fractiors of stiatum,
studies of dopamine-stimulated cAMP production have given mixed
results. Gnegy and coleagues™ found no change in dopamine-stimulat-
ed cAMP production. Similar results were obtained by Schettini and
colleagues,” but when guanosine triphosphate was added a decrease in
dopamine-stimulated cAMP production was observed. Hatta and col-
leagues™ also found that neuroleptic treatment reduced cAMP produc-
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tion in the particulate fractionof the stiatum. Another study found an
increase in cAMP production in striatal particulate fractions.” However,
the period of neuroleptic withdrawal prior to sacrifice was paticularly
long in this study—14 days—compared with 0-3 days in those that
found a decrease.”” Thus, neuroleptic treatment appears to be associat-
ed with a decrease in dopamine-stimulated cAMP production in partic-
ulate fractiors of the striatum.

Changes in dopamine-stimulated cAMP production might well be
due to altered receptor levels. To look at the signal transductionpathway
isolated from the receptors that access it, G proteins can be dire ctlystim-
ulated with GTP, guanosine-5-0-(y-thiotriphosphate) (GTPyS),
guanosine-5-[(B, y)-imido] triphosphate (GppNHp), or sodium fluo-
nde. Striatal homogenates from animals treated with haloperidol for'2
weeks with no withdrawal or 3 weeks and an 8-day withdrawal showed
no alteration in cAMP production when G proteins were stimulated
dire c tlywith GT PyS, sodium fluori d e, or GppNHp.** St riatal particu-
late fractions from animals treated with haloperidol for 21 dayswith-a 3-
day withdrawal or 365 days with no withdrawal showed reduced cAMP 101
production when stimulated with GTP or GppNHp.*** Another study 27
found an increase in cAMP production stimulated by GppNHp after 14
days of haloperidol treatment and a 4-day withdrawal.* This effect was
not seen when no withdrawal period was used. These results confima
reduction in cAMP-mediated signal tansduction in the striatal particu-
late fractions and suggest that this is.due to an alteration in G-pmwteins,
adenylyl cydase, or the coupling between them.

The effects of neuroleptic treatment on ¢AMP signaling do not appear
to be due to altered levels of G g or G, although one study found
mixed alterations in G-protein-levels in different brain regions.*” Likewise,
forskolin binding to adenylyl cyclase has been reported to be unchanged
by neuroleptic treatment,” suggesting that the reduction in cAMP pro-
duction is not attributable to gross reductions in these proteins.

Condusion

Theresults reviewed here make a case for altered cAMP-mediated sig-
nal tansduction as a component of the schizophrenic syndrome.
Stimulated cAMP production is increased in the brain and decreased in
the platelets of patients, and both of these alterations are correlated with
illness severity and prognosis. Neurdeptic drugs reduce stimulated
cAMP production in the central nervous system and CSF studies relate
this to dinica response. Both the alterations seen in patients and the
effects of neuroleptics occur beyond the level of the receptor, perhaps at
the coupling of Gg to adenylyl cyclase and this effect may be specific to
particulate fractiors of adenylyl cyclase.
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A number of questions remain to be elucidated. The alterations seen
in the brain and platelets are in the opposite direction. This may be
attributable in some aspect of the greater cellular complexityof neurons,
perhaps to a form of regulationof Gg-adenylyl cyclase coupling that
does not exist in platelets. Studies of the diffe rences in cAMP signal
transduction pathways and their regulationbetween platelets and neu-
rons will suggest candidate proteins and/or genes for invo lvement in
schizophrenia. A second question that begs further study is why the
effects of neuroleptics on stimulated cAMP production in animal mod-
els are seen in particulate fra c tions but not homogenates. This finding is
particulady intriguing given the wealth of recent evidence that specific
localizationis ciitical for the appro p riate function of the effector proteins
of the cAMP pathway, PKA, and PP1.%* It will be important to deter-
mine the effects of illness and drug treatment on the subcellular loea1-
ization of cAMP-mediated signal tansduction proteins. Third; the
studies in patients and dmug-treated animals have focused on G-protein
function and adenylyl cyclase activity. Further studieswill be necessary
to determine if abnormalities in the signal transduction pathway extend
further to PKA, PP1, etc. Finaly, the-studies of postmortem tissue and
dmg-treated animals have focused on the dorsal stiatum. This empha-
sis was natural given the high levels of dopamine, its receptors, and the
cAMP signal transduction system in this stucture. Further studies®**
extending such work to the nueleus accumbens and especially the pre-
frontal cortex will be of great interest, given the evidence for the involve-
ment of these brain regioms.in the pathology of schizophrenia. %
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