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Objective: Aberrant cholinergic inputs
and synaptic neurotransmission in the
prefrontal cortex induce cognitive impair-
ment, which is a central feature of schizo-
phrenia. Postsynaptic excitatory muscar-
inic cholinergic M1 and M4 receptors are
the major cholinoceptive targets in the
prefrontal cortex and hence may be in-
volved in the pathology and/or pharma-
cotherapeutics of schizophrenia.

Method: Using quantitative autoradiog-
raphy, the authors analyzed the binding
of the M1/M4 receptor selective antagonist
[3H]pirenzepine in prefrontal cortex
(Brodmann’s areas 8, 9, 10, and 46) from
schizophrenia patients who had (N=6) or
had not (N=11) been treated with the an-
ticholinergic agent benztropine mesylate
and from normal comparison subjects
(N=20). Moreover, preliminary studies of
[3H]pirenzepine binding in rat frontal cor-
tex following administration of antipsy-

chotic drugs or benztropine mesylate
were performed.

Results: Relative to those of comparison
subjects, the mean levels of [3H]piren-
zepine binding were significantly lower in
Brodmann’s areas 9 and 46 of the schizo-
phrenia patients not treated with benz-
tropine mesylate (18% lower in Brodmann’s
area 9 and 21% lower in Brodmann’s area
46) and in all four examined regions of the
patients who had received benztropine
(51%–64% lower). Antipsychotic or anticho-
linergic drugs tended to increase or have
no effect on the density of [3H]pirenze-
pine-labeled receptors in rat frontal cortex.

Conclusions: Because M1 and M4 recep-
tors are critical to the functions of pre-
frontal cortical acetylcholine, the present
findings suggest a functional impairment
in cholinergic neurotransmission in
schizophrenia and the possibility that
muscarinic receptors are involved in the
pharmacotherapeutics of the disorder.

(Am J Psychiatry 2001; 158:918–925)

Several lines of evidence suggest that the prefrontal
cortex, including Brodmann’s areas 8 to 10 and 44 to 47 (1,
2), is important to the pathology and treatment of schizo-
phrenia. Neuropathological findings include low dendritic
spine density on pyramidal neurons (3) and low levels of
synaptophysin (a presynaptic terminal protein) (4–6) in
the prefrontal cortex of schizophrenia patients. In addi-
tion, patients with schizophrenia perform poorly on cogni-
tive tasks, especially those involving short-term memory
and attention, which are subserved by neural mechanisms
intrinsic to prefrontal cortex circuitry (7, 8).

Cholinergic afferents from the nucleus basalis of Mey-
nert project to all layers of the cerebral cortex (9), account
for 70%–80% of cortical cholinergic input (10–12), consti-
tute a major regulatory pathway of prefrontal cortical
functioning (9, 13, 14), and are important to higher cogni-
tive processes (12, 15). Specifically, cortical cholinergic in-
puts are hypothesized to mediate an individual’s ability to
detect, select, and process sensory or associational infor-
mation essential to cognition (12). Lesions in the nucleus

basalis of Meynert induce cortical cholinergic denervation
(16); decrease baseline levels of acetylcholine in the fron-
tal cortex (17); increase frontal cortical muscarinic cholin-
ergic receptor levels, sensitivity, and mRNA (18–21); and
impair learning and memory (22, 23). Accordingly, dys-
function of cholinergic input from the nucleus basalis of
Meynert to the prefrontal cortex may primarily or second-
arily contribute to aberrant prefrontal cortical activation
and the emergence of cognitive symptoms associated with
schizophrenia and other neuropsychiatric disorders.

Because postsynaptic excitatory muscarinic cholinergic
M1 and M4 receptors are the major cholinoceptive targets in
the prefrontal cortex (24), and hence essential to the cir-
cuitry between the nucleus basalis of Meynert and prefron-
tal cortex, we hypothesize that M1 and M4 receptors are
primarily or secondarily altered in schizophrenia (25).
Moreover, on the basis of the putative high-affinity, anti-
muscarinic actions of typical and atypical antipsychotic
drugs, such as thioridazine, clozapine, and olanzapine (26–
29), and the commonly administered anticholinergic benz-
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tropine mesylate (used to treat extrapyramidal side effects
[30, 31]), we propose that M1 and M4 receptors are involved
in the pharmacotherapeutics of schizophrenia. Therefore,
using quantitative autoradiography, we measured the spe-
cific binding of the M1/M4 selective receptor antagonist
[3H]pirenzepine (25, 32) in prefrontal cortex (Brodmann’s
areas 8, 9, 10, and 46) from schizophrenia patients not
treated or treated with benztropine and normal compari-
son subjects. Moreover, we performed preliminary studies
of specific [3H]pirenzepine binding in frontal cortex from
rats given or not given antipsychotic drugs or benztropine.

Method

Human Tissue Studies

Postmortem human brain tissue was obtained during autopsy at
the Victorian Institute of Forensic Medicine. The Human Ethics
Committee of the Mental Health Research Institute of Victoria pro-
vided ethical approval for the collection of tissue. Specifically, pre-
frontal cortex (Brodmann’s areas 8, 9, 10, and 46) was collected
from the left brain hemispheres of 17 patients with a diagnosis of
schizophrenia and 20 subjects with no clinical history of psychiat-
ric illness, neuroleptic exposure, or histopathological evidence of
neurological disease (comparison subjects). Using a diagnostic in-
strument for brain studies (33), a senior psychiatrist and psycholo-
gist extensively reviewed the case histories of subjects with schizo-
phrenia and confirmed the diagnosis according to DSM-III-R
criteria. For each subject with schizophrenia, the duration of illness
(the time from first hospital admission to death), final recorded an-
tipsychotic drug dose (converted to chlorpromazine equivalents
[34]), and use of benztropine was determined (Table 1).

The age, postmortem interval, and sex of the subjects studied
were determined (Table 1 and Table 2). The postmortem interval
was taken as the time between witnessed death and autopsy. In
cases where the death was not witnessed, tissue was collected
only from subjects who had been seen alive within 5 hours of be-
ing found dead. In this instance, the postmortem interval was
taken as the period starting half way between the last sighting of
the subject while still alive and the time when he or she was found
dead and ending at autopsy. In all cases, the cadavers were stored
at 4°C within 5 hours of being discovered. After collection, the tis-
sue was stored at –70°C until required (freezer time) (Table 1 and
Table 2). To control for the effects of agonal state on the tissue col-
lected, the pH of the brain tissue was determined as described
previously (35).

Serial sections (four 20-µm sections per subject) of Brodmann’s
areas 8, 9, 10, and 46 were coronally cut at –20°C by using a cryomi-
crotome, thaw-mounted onto chrome-alum/gelatin-coated glass
slides, and stored at –70°C until required. Selection of tissue blocks
was standardized by using a set of standard landmarks (36). Brod-
mann’s area 8 was taken as occupying the region posterior to Brod-
mann’s area 9 and anterior to Brodmann’s area 6, including the su-
perior and middle frontal gyri immediately anterior to the superior
precentral sulcus. Brodmann’s area 8 is wide on the superior sur-
face, extending from the callosomarginal sulcus on the medial sur-
face and narrowing laterally to the middle frontal gyrus. Brod-
mann’s area 9 was taken as being posterior to Brodmann’s area 10
and including the superior and middle frontal gyri. The medial sur-
face of Brodmann’s area 9 was defined by the callosomarginal gy-
rus, while laterally it stopped ventrally in the region of the inferior
frontal sulcus. Brodmann’s area 10 included the anterior quarter of
the superior and middle frontal gyri on the convexity of the hemi-
sphere, not extending medially as far as the callosomarginal gyrus.
Inferomedially, Brodmann’s area 10 was demarcated by the supe-

rior rostral sulcus. Finally, Brodmann’s area 46 included the middle
third of the middle and the anterior part of the inferior frontal gyri
at the transition to the orbital surface.

Rat Tissue Studies

For the antipsychotic drug studies, 6-week-old male Sprague-
Dawley rats (100–150 g, N=3 per group) were treated orally for 1
month (short-term) or 3 months (long-term) with vehicle (H2O;
comparison rats), haloperidol, clozapine, chlorpromazine, or
thioridazine. The haloperidol was initially dissolved in a minimal
volume of 10% acetic acid (<0.001% final) and diluted with dis-
tilled water. Clozapine, chlorpromazine, and thioridazine were
similarly dissolved in 0.1M HCl (<0.02 nM final), distilled water,
and 10% ethyl alcohol (<0.001% final), respectively, and diluted
with distilled water.

For the benztropine studies, 6-week-old male Sprague-Dawley
rats (100–150 g, N=3 per group) were treated for 1 month with ve-
hicle or benztropine. The benztropine was dissolved in distilled
water and administered orally at a dose of 0.1 mg·kg–1·day–1 (37).

To ensure that each rat received an appropriate amount of
drug, the amount of each drug in drinking water was modified ac-
cording to the measured daily water intake and weekly body
weight of the subjects. At the completion of drug administration,
the rats received drug-free drinking water for 72 hours before be-
ing killed by decapitation. The brains were rapidly removed, fro-
zen in isopentane on dry ice, and stored at –70°C. Serial sections
of rat frontal cortex (six 20-µm sections per subject) were coro-
nally cut (so as to correspond to plates 5–7 from Paxinos and Wat-
son [38]) at –20°C by using a cryomicrotome, thaw-mounted onto
chrome-alum/gelatin-coated glass slides, and stored at –70°C un-
til required.

In Situ [3H]Pirenzepine Binding 
With Autoradiography

The in vitro [3H]pirenzepine binding studies with autoradi-
ography were performed as previously described (25). Briefly,
mounted tissue sections were incubated with 15 nM [3H]piren-
zepine (specific activity: 72 Ci/mmol) (New England Nuclear Life
Science Products, Boston) in the absence (total binding; human
studies: two sections, rat studies: three sections) or presence (non-
specific binding; human studies: two sections, rat studies: three
sections) of 1 µM quinuclidinyl xanthene-9-carboxylate hemioxi-
late tetraoxilate (Research Biochemicals International, Natick,
Mass.). The sections were washed, air dried, and apposed to Amer-
sham [3H]-Hyperfilm (Amersham Pharmacia Biotech UK Ltd., Lit-
tle Chalfont, Buckinghamshire, U.K.) with Amersham 3H micro-
scales (Amersham Pharmacia Biotech UK Ltd., Little Chalfont,
Buckinghamshire, U.K.) for up to 5 weeks. The images were ana-
lyzed by using a microcomputer imaging device and image analy-
sis system (Imaging Research, Inc., St. Catherine’s, Ont., Canada).
The results are expressed as femtomoles per milligram of esti-
mated tissue equivalents. Specific radioligand binding was calcu-
lated as total binding minus nonspecific binding.

Statistical Analysis

One-way analyses of variance with least significant difference
post hoc tests were used to compare the mean radioligand bind-
ing, age, postmortem interval, freezer time, and pH of the schizo-
phrenia patients treated with benztropine, the untreated pa-
tients, and the comparison subjects, as well as levels of receptor
binding in the frontal cortex of the rats given antipsychotic drugs
and comparison rats for each length of administration. The rela-
tionships between receptor binding in human prefrontal cortex
and subject age, postmortem interval, freezer time, pH, and,
where relevant, duration of illness and final recorded antipsy-
chotic drug dose were assessed by using Pearson product mo-
ment correlation coefficients, derived by using an assumed
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straight-line fit. A one-way analysis of covariance (ANCOVA) with
least significant difference post hoc tests were used to determine
whether freezer time was a confounding variable influencing the
apparent differences between radioligand binding in the different
groups. An unpaired t test was used to compare the mean levels of
receptor binding in the frontal cortices of the rats given benz-
tropine and the comparison rats.

Results

Human Tissue Studies

Individual levels of [3H]pirenzepine binding are shown
in Table 1 and Table 2. The top four panels of Figure 1 con-
tain sample images of [3H]pirenzepine binding (specific
binding greater than 95% of total binding) in the prefron-
tal cortex of human subjects. The mean levels were signif-
icantly lower in Brodmann’s areas 9 (18% lower) and 46
(21% lower) of the prefrontal cortex from the schizophre-
nia patients not treated with benztropine than in the com-
parison subjects (Figure 2). Nonsignificant differences
were seen in Brodmann’s areas 8 (11% lower) and 10 (15%
lower). For the schizophrenia patients who were treated

with benztropine, the mean levels of [3H]pirenzepine

binding were significantly lower in all regions studied

(52%, 53%, 51%, and 64% lower in Brodmann’s areas 8, 9,

10, and 46, respectively) than in the schizophrenia pa-

tients not treated with benztropine (Figure 2).

The mean age, postmortem interval, and tissue pH did

not differ between the groups studied (Table 1 and Table

2). While the mean freezer time for tissue from the com-

parison group was significantly shorter than that for the

schizophrenia group not treated with benztropine (F=

4.31, df=2, 34, p=0.006), no other group differences were

found. Radioligand binding in the prefrontal cortex from

the groups studied did not correlate with age, postmortem

interval, freezer time, or pH. ANCOVA showed that there

was no significant effect of freezer time on the comparison

of [3H]pirenzepine binding in the tissue from the groups

studied (Figure 2). Finally, correlation analyses did not

show a relationship between [3H]pirenzepine binding in

the schizophrenia patients and the final recorded antipsy-

chotic drug dose or duration of illness.

TABLE 1. Characteristics of 17 Deceased Patients With Schizophrenia and Binding of [3H]Pirenzepine in Regions of the
Prefrontal Cortex

Antipsychotic Drug Treatment

Subject Sex

Age at 
Death 
(years)

Postmortem
Interval 
(hours) pH

Freezer 
Time 

(months)

Duration
of Illness 
(years) Cause of Death Drugs

Final Recorded Dose, 
in Chlorpromazine 

Equivalents (mg·day–1)
No benztropine 

treatment
1 M 51 20 6.0 39 32 Ischemic heart 

disease
Fluphenazine, 

thioridazine
2000

2 M 47 33 6.4 33 27 Ischemic heart 
disease

Fluphenazine, 
thioridazine

800

3 M 27 22 6.3 31 8 Suicide: burning Chlorpromazine,
pimozide

1200

4 M 30 53 6.3 30 9 Suicide: burning Fluphenazine 300
5 F 72 59 6.5 29 37 Pneumonia Chlorpromazine 25
6 M 27 46 6.4 21 8 Suicide: hanging Chlorpromazine 600
7 M 47 42 6.5 18 21 Suicide: multiple 

injuries
Chlorpromazine,

haloperidol
825

8 M 63 73 6.1 27 44 Chronic cardiac 
failure

Chlorpromazine,
trifluoperazine

300

9 M 35 47 6.3 24 17 Perforated 
gastric ulcer

Fluphenazine 400

10 M 67 40 6.5 52 45 Pneumonia Chlorpromazine,
haloperidol

1200

11 M 27 25 6.1 36 10 Suicide: alcohol 
poisoning

Haloperidol 428

Mean 45 42 6.3 31 — —
SD 17 16 0.2 9 — —

Benztropine treatmenta

1 F 59 46 6.4 24 44 Chronic cardiac 
failure

Fluphenazine, 
chlorpromazine

800

2 M 53 37 6.0 29 30 Intestinal
ischemia

Fluphenazine, 
chlorpromazine

1200

3 M 38 36 6.4 22 11 Suicide: hanging Fluphenazine 200
4 M 67 21 6.5 20 23 Pneumonia Fluphenazine 75
5 M 32 17 6.1 11 15 Suicide: CO 

poisoning
Haloperidol 285

6 F 36 45 6.3 39 4 Suicide: CO 
poisoning

Haloperidol 71

Mean 48 34 6.3 24 — —
SD 14 12 0.2 9 — —

a Dose=2 mg·day–1.
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Rat Tissue Studies

The bottom of Figure 1 represents receptor-bound
[3H]pirenzepine levels in rat frontal cortex (specific bind-
ing greater than 95% of total binding). The effects of anti-
psychotic drug administration varied from one drug to an-
other (Table 3). Although the rats that received short-term
administration of 0.01 mg·kg–1·day–1 of haloperidol
showed no difference in [3H]pirenzepine binding from the
comparison rats, 1 mg·kg–1·day–1 produced significantly
lower (10%) [3H]pirenzepine binding. In contrast, long-
term treatment with either 0.01 or 1 mg·kg–1·day–1 of
haloperidol caused significantly higher receptor-bound
[3H]pirenzepine levels (24% and 12%, respectively) than
those in the comparison rats. Short-term administration
of 0.1, 1, or 10 mg·kg–1·day–1 of clozapine had no effect on
[3H]pirenzepine binding. However, as with haloperidol, all
doses of clozapine produced significantly higher levels
(11%–19%) of labeled receptors after long-term drug ad-
ministration. While short-term administration of 0.1
mg·kg–1·day–1 of chlorpromazine induced 8% higher
[3H]pirenzepine binding than that in the comparison rats,

no significant effects of other chlorpromazine treatments
were found. Finally, no significant difference from the
comparison value was measured after thioridazine ad-
ministration at any dose for either period of time.

There was no difference between the rats given only ve-
hicle and the rats that received 0.1 mg·kg–1·day–1 of benz-
tropine for 1 month in [3H]pirenzepine-bound receptor
levels (mean=387, SD=20, versus mean=387, SD=35) (t=
0.05, df=10, p=0.96).

Discussion

We found low receptor-bound [3H]pirenzepine levels in
prefrontal cortex from patients who had schizophrenia.
This low [3H]pirenzepine binding is consistent with the
low binding of [3H]pirenzepine in the caudate-putamen
(39) and hippocampal formation (25) that was found in
earlier studies.

Antipsychotic drug treatment is nearly ubiquitous in
patients with schizophrenia, and antiparkinsonian drugs
such as benztropine are commonly administered for the
control of extrapyramidal side effects. Subsequently, neu-
roleptic agents are potential confounders in many neuro-
biological studies of schizophrenia (40).

Although we are unable to unequivocally exclude a
causal relationship between antipsychotic drug treatment
and low receptor-bound [3H]pirenzepine levels in the pre-
frontal cortex of schizophrenia patients, preliminary stud-
ies suggest that treatment with antipsychotic drugs did not
confound the measurement of receptors in schizophrenia.
In our rat studies, treatment with typical or atypical anti-
psychotic drugs tended to increase or have no effect on the
levels of receptor binding. As the drugs presently consid-
ered are putative muscarinic antagonists (41, 42), they
would not be expected to directly down-regulate muscar-
inic receptor levels. However, the possibility that receptor
levels are reduced through more complex mechanisms in
human brains than in rat brains cannot be excluded.

In regard to the benztropine studies, while the rat data
indicate no effect of drug administration on receptor-
bound [3H]pirenzepine levels, a consideration of patient
drug treatment revealed a more complex picture. The dif-
ference in radioligand binding from comparison values
was greater for the schizophrenia patients who had been
treated with benztropine than for those who had not re-
ceived benztropine. However, the radioligand binding of
the non-benztropine-treated patients was significantly
lower in Brodmann’s areas 9 and 46, and nonsignificantly
lower in Brodmann’s areas 8 and 10, than in the com-
parison subjects. We previously reported (39) that the
lower-than-normal [3H]pirenzepine binding in caudate-
putamen from schizophrenia patients was greater for
patients treated with benztropine than for non-benz-
tropine-treated patients. Moreover, as in the present find-
ings, the density of [3H]pirenzepine binding to caudate-
putamen for the non-benztropine-treated schizophrenia

[3H]Pirenzepine Binding in Four Brodmann’s Areas 
(fmol·mg–1 estimated tissue equivalents)

Area 8 Area 9 Area 10 Area 46

98 85 81 77

126 124 102 76

239 251 245 197

342 263 283 151
159 161 153 162
147 150 156 99
214 200 226 167

183 178 200 175

123 137 162 133

206 182 191 80

152 149 142 165

180 171 177 135
68 53 60 44

128 127 134 30

32 30 30 32

147 147 134 111
42 35 41 33

110 124 135 67

127 121 138 98

98 97 102 62
49 51 52 36
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group was also lower than that for the comparison group.
With the limitations of our drug studies, there are a num-
ber of possible explanations for the present findings (39).
One possibility is that although treatment of patients with
benztropine may cause a down-regulation of muscarinic
receptor binding, benztropine is not the sole cause of the
reduced receptor binding. It is important to note that in
the event that altered radioligand binding reflects altered
receptor levels, a muscarinic receptor antagonist such as
benztropine would not be expected to directly down-
regulate muscarinic receptor levels. However, a drug-
induced decrease in receptor levels through other mech-
anisms cannot be excluded. A second possibility is sup-
ported by the rat studies, which indicate that benztropine
treatment does not induce a decrease in muscarinic re-
ceptor binding. Perhaps the observed relationship be-
tween lower radioligand binding levels in the human pre-
frontal cortex and treatment with benztropine reflects a
propensity to develop extrapyramidal side effects and a
concomitant need for treatment after alteration of mus-
carinic receptor activity (39).

While we can only speculate on the import of the present
findings, it seems reasonable to suggest that the muscar-
inic system may be involved in the pathology and/or phar-
macotherapeutics of schizophrenia. First, in the event that
altered muscarinic receptor binding in schizophrenia is
influenced by antipsychotic or antiparkinsonian drug
treatment, this may be relevant to understanding the
mechanisms of current and future pharmacotherapeutic
strategies. Second, a possible primary change of cortical
muscarinic receptors in the pathology of schizophrenia
may be subsequent to a pre- or posttranscriptional abnor-
mality. Studies of M1 and M4 receptor transcripts may be
useful in determining aberrant receptor gene expression.
Finally, decreased radioligand binding may reflect a down-
regulation in M1 and/or M4 receptor levels after an in-
crease in cholinergic efflux following overactivity of the
cholinergic basal forebrain system. If this is the case, on the
basis of the putative dopaminergic modulation of trans-
mission in the basal forebrain mediated by γ-aminobutyric

FIGURE 1. Representative Images of the Binding of
[3H]Pirenzepine in Brodmann’s Areas 8, 9, 10, and 46 of
the Human Prefrontal Cortex and in Rat Frontal Cortex

Brodmann's Area 8

Rat Frontal Cortex

Brodmann's Area 9

Brodmann's Area 10 Brodmann's Area 46

FIGURE 2. Binding of [3H]Pirenzepine in Brodmann’s Areas
8, 9, 10, and 46 of Prefrontal Cortex From Deceased Pa-
tients With Schizophrenia Who Had or Had Not Received
Benztropine and From Healthy Comparison Subjects

a Significant difference among groups according to ANCOVA control-
ling for freezer time (F=8.55, df=2, 33, p<0.001), nonsignificant dif-
ference between non-benztropine-treated patients and compari-
son subjects (p=0.29, least significant difference test), and
significant difference between the two patient groups (p=0.005,
least significance difference test).

b Significant difference among groups according to ANCOVA control-
ling for freezer time (F=12.29, df=2, 33, p<0.0001) and significant
differences between the non-benztropine-treated patients and
both the comparison subjects (p=0.04) and the benztropine-
treated patients (p=0.004) (least significance difference tests).

c Significant difference among groups according to ANCOVA control-
ling for freezer time (F=10.81, df=2, 33, p<0.0002), nonsignificant
difference between non-benztropine-treated patients and compar-
ison subjects (p=0.10, least significant difference test), and signifi-
cant difference between the two patient groups (p=0.004, least sig-
nificant difference test).

d Significant difference among groups according to ANCOVA control-
ling for freezer time (F=23.67, df=2, 33; p<0.001) and significant
differences between the non-benztropine-treated patients and
both the comparison subjects (p=0.007) and the benztropine-
treated patients (p=0.0001) (least significant difference tests).
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acid (GABA), a hypercholinergic model may be relevant to
the dopamine hypothesis of schizophrenia (43–45). It is in-
teresting that dopamine receptor stimulation in the nu-
cleus accumbens has been shown to reduce the activity of
inhibitory GABA-ergic efferents to the basal forebrain and
increase the excitability of cholinergic basal-forebrain cor-
ticopetal neurons (46–48). Thus, increased mesolimbic
dopaminergic transmission, deemed central to schizo-
phrenia (49), may induce increased cortical cholinergic ef-
flux and down-regulate postsynaptic M1 and M4 receptor
levels and the binding presently measured. This model is
consistent with the current understanding of the actions of
antipsychotic drugs such as haloperidol. Haloperidol nor-

malizes dopamine-mediated transmission in the nucleus
accumbens, possibly through dopamine D2 receptors, and
hence reduces the excitability of cortical cholinergic input
(48, 50). Accordingly, the present rat studies suggest that
long-term treatment with haloperidol induces up-regula-
tion of levels of [3H]pirenzepine-labeled receptors in the
rat frontal cortex.

In conclusion, these studies indicate an abnormality of
the muscarinic receptor system in the prefrontal cortex in
schizophrenia. Our earlier findings of low muscarinic re-
ceptor binding in the caudate-putamen (39, 51) and hip-
pocampal formation (25) in schizophrenia suggest that the
abnormalities presently measured might not be limited to

TABLE 2. Characteristics of 20 Deceased Comparison Subjects and Binding of [3H]Pirenzepine in Regions of the Prefrontal
Cortex

Age at 
Death 
(years)

Postmortem
Interval 
(hours)

Freezer 
Time 

(months)

[3H]Pirenzepine Binding in Four Brodmann’s 
Areas (fmol·mg–1 estimated tissue equivalents)

Subject Sex pH Cause of Death Area 8 Area 9 Area 10 Area 46
1 M 31 31 6.5 32 Suicide: hanging 125 221 199 191
2 M 51 48 6.6 31 Suicide: gunshot 176 179 195 110
3 M 26 41 6.4 31 Accidental drowning 271 265 228 201
4 F 59 21 6.6 22 Chronic cardiac failure 222 172 185 143
5 M 31 41 6.2 22 Ischemic heart disease 253 273 234 174
6 M 34 16 6.4 20 Ischemic heart disease 182 175 176 159
7 M 65 41 6.6 19 Ischemic heart disease 103 118 125 176
8 F 38 51 6.1 18 Ischemic heart disease 175 177 172 126
9 M 29 44 6.5 17 Electrocution 250 259 242 200
10 M 33 39 6.5 17 Ruptured thoracic aorta 218 255 251 181
11 M 37 47 6.4 18 Cardiomyopathy 292 294 281 179
12 M 50 69 6.4 16 Ischemic heart disease 221 197 193 175
13 M 65 21 6.5 16 Acute myocardial infarct 186 200 200 157
14 M 53 45 6.6 15 Ischemic heart disease 172 178 178 158
15 F 62 40 6.5 14 Ischemic heart disease 200 199 205 182
16 M 27 31 6.4 12 Asthma 191 185 198 193
17 M 27 14 6.4 12 Ischemic heart disease 166 172 172 184
18 F 73 28 6.4 19 Cancer of the uterus 206 191 184 186
19 M 36 35 6.5 38 Chronic obstructed airway 235 225 278 182
20 M 52 47 5.9 38 Suicide: hanging 211 224 236 141
Mean 44 38 6.4 21 203 208 207 170
SD 15 13 0.2 8 46 44 39 24

TABLE 3. Binding of [3H]Pirenzepine in Rat Frontal Cortex After 1 and 3 Months of Antipsychotic Drug Administration

Group and Dose 
(mg·kg–1·day–1)

1 Month 3 Months

[3H]Pirenzepine
Bindinga

Significant Differences From 
Comparison Group

[3H]Pirenzepine
Bindinga

Significant Differences From 
Comparison Group

Mean SD F df p Mean SD F df p
Comparison subjects 399 16 391 36
Haloperidol 20.89 2, 15 0.00005 12.65 2, 11 0.002

1 358 13 0.0001b 439 12 0.03b

0.01 407 16 484 28 0.0004b

Clozapine 11.30 3, 14 0.0005
10 410 22 467 12 0.0001b

1 409 15 454 6 0.0006b

0.1 421 4 434 5 0.01b

Chlorpromazine 5.85 3, 14 0.008
10 378 20 367 38
1 411 26 369 19
0.1 429 8 0.02b 407 4

Thioridazine
10 397 12 400 7
1 401 17 411 13
0.1 415 8 411 8

a Expressed as femtomoles per milligram of estimated tissue equivalents.
b Least significant difference test.
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the prefrontal cortex. Although the interpretation of the
data presented here remains tentative, these findings may
be important in elucidating the cascade of events involved
in the abnormal neurobiology of schizophrenia, and they
may provide insight into current pharmacological inter-
ventions that could prove useful to the development of
new strategies for the treatment of schizophrenia.
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