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KELLEY, B. M. AND J. H. PORTER. The role of muscarinic cholinergic receptors in the discriminative stimulus proper-
ties of clozapine in rats. PHARMACOL BIOCHEM BEHAYV 57(4) 707-719, 1997.—The present study examined the role
of muscarinic receptors in the discriminative stimulus properties of clozapine. One group of rats was trained to discriminate
the atypical antipsychotic clozapine (CLZ, 5.0 mg/kg, IP) from vehicle in a two-lever drug discrimination procedure, and a
second group of rats was trained to discriminate the muscarinic cholinergic antagonist scopolamine (SCP, 0.125 mg/kg, IP)
from saline. Complete cross-generalization was obtained for SCP in the CLZ-trained rats and for CLZ in the SCP-trained
rats. The M1 muscarinic antagonist trihexyphenidyl substituted completely for both CLZ and SCP; however, the M2 antagonist
BIBN 99 failed to substitute for either CLZ or SCP. In other substitution tests, the tricyclic antidepressant amitriptyline,
the antihistamine promethazine, and cyproheptadine (5-hydroxytryptamine [5-HT],,/5-HT,¢, histamine, and muscarinic
antagonist) substituted completely for CLZ and SCP. The tetracyclic antidepressant mianserin substituted completely in the
CLZ-trained rats, but did not substitute for SCP. Compounds that produced partial substitution included the tricyclic
antidepressant imipramine, the anxiolytic chlordiazepoxide, and the antipsychotic thioridazine. Other compounds tested
only in the CLZ-trained rats that failed to produce reliable CLZ-appropriate responding included N-methyl-p-aspartic acid
(NMDA, selective agonist for glutamate receptors), metergoline (5-HT,4/5-HT,¢ antagonist), propranolol (beta noradrenergic
antagonist), and phentolamine (alpha noradrenergic antagonist). All of the compounds that produced CLZ-appropriate
responding (except for mianserin) display high binding affinities for muscarinic cholinergic receptors. The results of the
present study demonstrated that muscarinic receptors (especially M1) play an important role in the mediation of the
discriminative stimulus properties of CLZ in rats, and provide additional support for the importance of CLZ’s anticholinergic
properties as part of it’s unique profile as an atypical antipsychotic. [0 1997 Elsevier Science Inc.
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THE atypical antipsychotic clozapine appears to be superior
to conventional (typical) neuroleptics, such as haloperidol and
chlorpromazine, in the treatment of schizophrenia. For exam-
ple, symptom reduction has been reported as early as the first
week of CLZ treatment and continued to be more effective
than the typical neuroleptic chlorpromazine (11,35,49); CLZ
produces fewer side effects (such as extrapyramidal motor
effects) and is tolerated better than typical neuroleptics
(11,35); and CLZ has been shown to be more proficient in
reducing the severity of negative symptoms (35,14). Further-
more, it has been demonstrated that CLZ is effective in pa-

tients who are resistant to treatment with typical neuroleptics
(26,35). Chronic treatment with CLZ does not appear to cause
the development of tardive dyskinesia (9), and CLZ can actu-
ally reduce the severity of pre-existing tardive dyskinesia
symptoms (41,45). The most serious side effect of CLZ is the
development of agranulocytosis in 1-2% of patients, although
close monitoring of white blood cells can greatly reduce the
frequency of this complication (63).

CLZ, a dibenzodiazepine, is both structurally and pharma-
cologically different from typical neuroleptics such as haloperi-
dol, a butyrophenone, and chlorpromazine, a phenothiazine.
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Unlike typical neuroleptics that potently antagonize dopamine
D, receptors, CLZ binds with relatively low affinity to D,
receptors (29). However, CLZ displays a high binding affinity
for a number of other receptor systems and these differences
have led to several hypotheses about the mechanisms underly-
ing the unique clinical profile for atypical neuroleptics (18).
One hypothesis (46) has argued that atypical antipsychotics
such as CLZ have aratio of 5-HT,,/D, binding affinity favoring
the 5-HT,, receptors, whereas typical neuroleptics display a
reverse binding profile (Following the recommendations of
the Serotonin Club Receptor Nomenclature Committee [In-
ternational Union of Pharmacology Committee for Receptor
Nomenclature, see 28], we are using the new classification
system for serotonin receptors. Thus, the “classical” 5-HT,
receptors are now classified as 5-HT,, receptors and 5-HT)¢
receptors are now classified as 5-HT,¢ receptors. This nomen-
clature is used throughout the article.). A second hypothesis
has focused on the potent anticholinergic properties of atypical
neuroleptics. Snyder et al. (59) proposed that the anticholiner-
gic activity of atypical neuroleptics is responsible for their lack
of extrapyramidal motor side effects. More recently, Tandon
and Greden (64) have argued that cholinergic hyperactivity
may be related to the development of negative symptoms in
schizophrenia. Thus, CLZ’s anticholinergic properties (i.e.,
antagonism of muscarinic receptors) may play an important
role in its ability to alleviate negative symptoms.

A number of studies (7,21,25,50,68,72,73) have focused on
the discriminative stimulus effects of the atypical antipsychotic
CLZ in an attempt to determine the underlying neural mecha-
nism(s) that mediates the discriminative stimulus properties
of CLZ. Hoenicke et al. (25) have suggested that blockade of
5-HT,, and 5-HT,c receptors is the underlying mechanism
responsible for the discriminative cue properties of CLZ based
on results with pigeons trained to discriminate CLZ from
vehicle. However, in drug discrimination studies using rats,
Wiley and Porter (72,73) reported that the 5-HT,,/5-HT,¢
antagonist ritanserin failed to substitute for CLZ. Alterna-
tively, Nielsen (50) has argued that muscarinic cholinergic
antagonism mediates CLZ’s discriminative stimulus proper-
ties, as evidenced by the ability of scopolamine and atropine
to substitute for CLZ in rats trained to discriminate CLZ
from vehicle. While there are a number of obvious differences
between the Hoenicke et al. (25), the Wiley and Porter (72,73),
and the Nielsen (50) studies (such as pigeons versus rats and
cumulative dosing versus acute dosing procedures) many of
the drugs ( e.g., amitriptyline, cyproheptadine, fluperlapine,
and promethazine) in the Hoenicke et al. study that substituted
for CLZ demonstrate potent antagonism at a number of recep-
tors including both cholinergic and serotonergic receptors.
Thus, the receptor mechanism(s) involved in CLZ’s discrimi-
native stimulus effects remains unresolved.

In order to more precisely determine the role of muscarinic
receptors in CLZ’s discriminative stimulus properties in rats,
the present study included two drug discrimination groups.
One group of rats was trained to discriminate CLZ from vehi-
cle and a second group of rats was trained to discriminative
SCP from saline. If CLZ’s discriminative stimulus properties
are mediated by antagonism of muscarinic receptors in rats,
then one would expect cross-generalization between CLZ and
SCP (i.e., CLZ should substitute for SCP and SCP should
substitute for CLZ). Furthermore, any drug that engenders
CLZ-appropriate responding also should produce SCP-appro-
priate responding. The role of M1 and M2 muscarinic recep-
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tors in the discrminative stimulus properties of CLZ also
was examined.

METHODS
Subjects

Thirty-two naive adult male Sprague-Dawley rats (290—
340g) obtained from Harlan Sprague Dawley, Indianapolis,
IN, served as subjects. Animals were housed individually in
suspended wire cages in a temperature controlled (220°C)
environment on a 12L:12D cycle (lights on at 0600). After
one week of acclimation, the rats were reduced to 85% of
their free-feeding weights by placing them on a food restricted
diet (10-15g of Agway Prolab MHR 3000 rodent chow follow-
ing experimental sessions). The animals’ body weights were
adjusted over the duration of the experiment to allow for
normal growth. Water was available ad 1ib in the home cages.

Apparatus

All experimental sessions were conducted in four standard
operant chambers (Lafayette Instruments, Lafayette, IN,
Model 80001) housed in sound-attenuated chambers (Lafa-
yette Instruments, Model 80015). Each chamber contained
two identical response levers, mounted symmetrically on ei-
ther side of the intelligence panel 6.5 cm above the grid floor.
A pellet dispenser (Lafayette Instruments, Model 80200) de-
livered 45 mg food pellets (Formula P Purified Rodent Diet,
P. J. Noyes, Lancaster, N.H.) into a food cup (2.5 cm above
the grid floor) located between the two levers in the center
of the intelligence panel. Fan motors provided ventilation as
well as masking noise for each chamber. Two 7-w white house
lights (one light centered over each lever) were located 18.5
cm above the grid floor. A WIN (486) computer using MED-
PC software (Med Associates, Inc., St. Albans, VT) was used
to control the operant schedule and record data.

Drugs

Clozapine (Sandoz Pharmaceuticals, Hanover, NJ) was
prepared in a solution of 85% lactic acid (10-15 drops) and
distilled water to a total volume of 50 ml (doses refer to
the free base). Amitriptyline HCl (Merck Sharpe & Dohme,
Rahway, NJ), trihexyphenidyl HCIl, phentolamine mesylate
(Research Biochemicals International, Natick, MA), imipra-
mine HCI (CIBA-GIEGY, Summit, NJ), chlordiazepoxide
HCI, cyproheptadine HCI, mianserin HCI, promethazine HCI,
propranolol HCI, scopolamine HCI (Sigma Chemical Co., St.
Louis, MO), metergoline HCI (Farmatalia, Milan, Italy), and
thioridazine HCIl (Sandoz) were dissolved in a solution of
0.9% saline (doses refer to the salt). N-methyl-p-aspartic acid
(NMDA, Sigma), was dissolved in a solution of equimolar
sodium hydroxide. BIBN 99 (supplied courtesy of Boehringer
Ingelheim Pharmaceuticals, Biberach, Germany) was dis-
solved in a 0.1% HCI acid solution and sonicated for 10 min.
The solution was then titrated with 0.1% NaOH (about 500
1) until the solution obtained a pH of 5.0. Isotonic saline was
used to bring the solution to volume. CLZ and thioridazine
were administered 60 min prior to test sessions. SCP, amitrip-
tyline, chlordiazepoxide, cyproheptadine, imipramine, meter-
goline, mianserin, phentolamine, promethazine, propranolol,
and trihexyphenidyl were administered 30 min prior to test
sessions. NMDA was administered 10 min prior to test ses-
sions. All doses were administered intraperitoneally (IP) at a
volume of 1 ml/kg of body weight, except for BIBN 99 which
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was injected subcutaneously (also at a volume of 1 ml/kg) 60
min prior to test sessions.

Discrimination Training

All experimental sessions lasted 15 min and were con-
ducted daily Monday through Friday. Experimental sessions
usually were not conducted on the weekends, but the rats
were maintained at 85% of their free-feeding body weights.
At the beginning of the study the rats were randomly assigned
to one of two conditions for Discrimination Training. Sixteen
rats were trained to discriminate clozapine (5.0 mg/kg) from
vehicle (CLZ-trained rats). The other 16 rats were trained to
discriminate scopolamine (0.125 mg/kg) from vehicle (SCP-
trained rats). In order to control for olfactory cues (see 19),
the position of the drug-associated lever (right vs. left) was
counterbalanced among the rats. Initially, the rats were trained
to lever press with a single lever present in each operant
box according to a fixed ratio 1 (FR 1) food reinforcement
schedule. The ratio was gradually increased to a final schedule
of FR 30 over 10 sessions. Prior to the first two training ses-
sions, the rats were injected with vehicle; prior to training
sessions three and four, the rats were injected with either
CLZ (5.0 mg/kg) or SCP (0.125 mg/kg). The drug or vehicle
injections for the remaining six sessions followed this double
alternation sequence (vehicle, vehicle, drug, drug, vehicle, ve-
hicle; VV,DD,VV) and only the correct lever was present in
the operant box during these 10 sessions. Next, the rats re-
ceived five sessions with drug injections with only the drug
lever present; this was followed by five sessions with vehicle
injections with only the vehicle lever present.

Beginning with session 21, both levers were installed for
Discrimination Training and only responses on the correct
leverresulted in the delivery of reinforcers with the completion
of the FR 30 requirement during each experimental session.
Responses on the incorrect lever reset the ratio requirement
for the correct lever. Then the double alternation schedule
(VV,DD,VV, counterbalanced among the rats) was resumed
and continued throughout the experiment for training ses-
sions. In order to complete Discrimination Training, a rat had
to meet the following three evaluation criteria: (1) the first
completed FR 30 must have been made on the appropriate
lever; (2) percent of correct-lever responding during the 15
min test sessions must be equal to or greater than 85 %; and (3)
response rate must equal or exceed 30 responses per minute
(RPM). After completing Discrimination Training, Control
Test sessions were conducted and consisted of a minimum of
four test sessions with injections of either the training dose of
the drug or the vehicle (counterbalanced order). Drug testing
usually occurred on Tuesdays and Fridays, although occasion-
ally testing occurred on other days (there was a minimum of
two training sessions between test days). On test days re-
sponses on either lever delivered a reinforcer according to the
FR 30 food reinforcement schedule. Discrimination training
on the double alternation schedule continued on nontest days.
Successful completion of the Control Tests required each rat
tomeet the three evaluation criteria on four of five consecutive
test sessions. Rats that failed to meet the three evaluation
criteria during Discrimination Training or during the Control
Tests were removed from the study. A total of 13 rats in
the CLZ-trained group and 10 rats in the SCP-trained group
successfully completed Discrimination Training and met the
three evaluation criteria.
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Generalization and Substitution Testing

The 13 rats that successfully completed CLZ training were
randomly assigned to two groups (n = 7 and n = 6). After
testing scopolamine (0.0625-1.0 mg/kg), trihexyphenidyl (0.2
6.4mg/kg), and amitriptyline (1.5-24.0 mg/kg) in the first group
and NMDA (3.75-30.0 mg/kg; dose determination was re-
peated), mianserin (0.5-16.0 mg/kg), and metergoline (1.0-8.0
mg/kg) in the other, the 11 rats that continued to meet the
three evaluation criteria were combined for the testing of
imipramine (1.5-12.0 mg/kg). Then, a second CLZ generaliza-
tion dose effect curve was obtained (0.156-10.0 mg/kg). Five
rats successfully completed that testing and were tested with
four additional drugs: promethazine (1.25-10.0 mg/kg); cypro-
heptadine (0.039- 2.5 mg/kg); chlordiazepoxide (2.5-10.0 mg/
kg); and BIBN 99 (0.25-1.0 mg/kg). In the SCP-trained group,
six drugs were tested: clozapine (2.5-20.0 mg/kg); amitriptyline
(0.75-12.0 mg/kg); trihexyphenidyl (0.1-6.4 mg/kg); imipra-
mine (1.5-12.0 mg/kg); mianserin (2.0-8.0 mg/kg); and thiorid-
azine (2.5-20.0 mg/kg). Then, a second SCP generalization
dose effect curve was obtained (0.03125-0.25 mg/kg). The five
rats that successfully completed that testing were then tested
with promethazine (1.25-10.0 mg/kg), cyproheptadine (1.25-
10.0 mg/kg), chlordiazepoxide (2.5-10.0 mg/kg), and BIBN 99
(0.25-1.0 mg/kg). In order to be tested on a given test day, a
rat had to meet the three evaluation criteria (described above)
on the previous (training) day. For the first Generalization
Tests with the training drugs, the doses for CLZ and SCP were
administered according a randomized Latin Square design.
During all other drug tests, the doses were given in ascending
order. Between testing with each drug, Control Test sessions
were conducted with the appropriate training drug and vehicle
and the rats were required to meet the three evaluation criteria
for one test session with vehicle and one test session with the
training drug before the next drug could be tested. During
the course of the study, rats that developed a preference for
a specific lever position, whose responding or discrimination
control deteriorated (as indicated by response rates consis-
tently below 5 RPM or consistent failure to meet the evalua-
tion criteria) or that became sick were removed from the study.

Thioridazine (1.25-20.0 mg/kg), propranolol (2.5-30.0 mg/
kg), and phentolamine (1.5-6.0 mg/kg) were tested in six CLZ-
trained rats (5.0 mg/kg training dose) used in a previous drug
discrimination study. The training and testing procedures in
that study were almost identical to those in the present study.
These six rats had previous testing with the following drugs:
clozapine, haloperidol, ritanserin, MDL 72222 (5-HT; antago-
nist) and buspirone (see 72 for further details).

Data Analysis

The number of lever presses on each lever, the number of
reinforcers earned, and the lever on which the first FR 30 was
completed was recorded during each session. Also, during two-
lever drug discrimination training and during all test sessions,
percent of correct-lever responding (i.e., number of responses
on the correct lever divided by the total number of responses
X 100) and responses per minute were calculated. During Gen-
eralization and Substitution Testing, the percent of clozapine
or scopolamine lever responding and response rates were calcu-
lated. Responding on the drug lever at 80% or greater was
defined as complete substitution. EDs’s (with 95% confidence
intervals) were calculated with the least squares method of
linear regression on the linear part of the dose-effect curve only
for those drugs that produced complete substitution (see 23).
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The %DLR for rats that had less than 5 responses per min
were excluded from this analysis. Separate repeated measures
analyses of variance (ANOV A) comparing response rates were
performed for each drug. Significant ANOVA'’s were followed
by Tukey post hoc tests (alpha = 0.05).

RESULTS
Cross-Generalization Testing

Thirteen rats in the CLZ-trained group successfully com-
pleted Discrimination Training and the Control Tests in an
average of 52.5 sessions (range = 51-71 sessions). Ten rats in
the SCP-trained group completed Discrimination Training
and Control Tests in an average of 54.9 sessions (range =
51-61) from the very first day of lever-press training. Figure
1 shows mean percent drug lever responding (% DLR) and
mean responses per minute (RPM) for the CLZ (upper left
panel) and SCP (lower left panel) Generalization tests. The
EDy, for the CLZ dose effect curve was 0.36 mg/kg (95%
confidence interval [C.I.] = 0.026-5.026). Both the 5 and 10
mg/kg doses produced > 80% DLR. Analysis of response
rates revealed that RPM for the 10 mg/kg dose of CLZ were
significantly less (F[5, 60] = 5.37, p < 0.001) than for the
other CLZ doses, but did not differ significantly from either
the vehicle or CLZ control tests. In the SCP-trained rats both
the 0.125 and 0.250 mg/kg doses of SCP produced > 80%
DLR. The EDjs, for the SCP dose effect curve was 0.04 mg/kg
(95% C.I. = 0.017-0.102). There were no significant changes in
response rates (F[5, 40] = 0.64, p > 0.05).

During cross-generalization testing, six rats tested from the
CLZ-trained group (Fig. 1, upper right panel) displayed CLZ-
appropriate responding at the three highest doses of SCP (0.25
mg/kg = 97% DLR, 0.50 mg/kg = 98.3% DLR, 1.0 mg/kg =
98% DLR). The other rat failed to substitute at any of the
tested doses of SCP. The EDs, for the dose effect curve was
0.12 mg/kg (95% C.I. = 0.051-0.300). Response rates for the
1.00 mg/kg dose of SCP were significantly less ( F[7,42] = 3.24,
p < 0.01) than for the CLZ control point, the SCP vehicle,
and the 0.0625 and 0.125 mg/kg doses. None of the SCP doses
were significantly different from CLZ vehicle.

Seven of the SCP-trained rats (Fig. 1, lower right panel)
produced SCP-appropriate responding at the three highest
doses of CLZ (5.0 mg/kg = 89.3% DLR, 10.0 mg/kg = 98.6%
DLR, 20.0 mg/kg = 100% DLR). One of the other two rats
displayed 100% DLR at the 10.0 mg/kg dose, but failed to
substitute at any other doses, while the other rat consistently
chose the vehicle-lever. The EDs, for the dose effect curve
was 3.09 mg/kg (95% C.I. = 1.237-7.738). The 20.0 mg/kg
dose of CLZ significantly ( F[6,48] = 4.297, p < 0.01) reduced
responding relative to all other doses and control tests.

Substitution Testing

Figure?2 presents the results of testing for the M1 antagonist
trihexyphenidyl and the M2 antagonist BIBN 99. In the CLZ-
trained rats (top left panel) trihexyphenidyl displayed com-
plete substitution for CLZ in six rats at the 3.2 mg/kg dose
(97.8% DLR) and five rats (data for one rat was excluded at
this dose because his response rate was < 5 RPM) at the 6.4
mg/kg dose (100% DLR). The other rat demonstrated CLZ-
appropriate responding only at the 0.80 mg/kg dose (99% DLR).
The EDs, equaled 0.96 mg/kg (95% C.I. = 0.568-1.634). There
were no significant changes in response rates (F[7, 42] = 0.908,
p > 0.05). In the SCP-trained rats (top right panel) complete
substitution was obtained with trihexyphenidyl at the 3.2 mg/
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kg dose for all eight rats and at the 6.4 mg/kg dose for seven
rats (one rat was excluded because his response rate <5 RPM).
The EDs, was 0.81 mg/kg (95% C.I. = 0.472-1.373). Again,
there were no significant changes in response rates (F[8,
56] = 1.505, p > 0.05).

BIBN 99 did not produce CLZ-appropriate responding
(Fig. 2, bottom left panel) or SCP-appropriate responding
(bottom right panel) at the doses tested. There were no sig-
nificant changes in response rates for the CLZ-trained rats
(F[4, 16] = 1.74, p > 0.05). In the SCP-trained rats, the SCP
control response rate was significantly lower than the VEH
and BIBN 99 response rates.

Figure 3 displays the results of Substitution Testing for the
three antidepressants amitriptyline, imipramine and mians-
erin. Amitriptyline (top left panel) produced complete substi-
tution at the three highest doses in six CLZ-trained rats, reach-
ing 98.3% DLR for the 12.0 mg/kg dose. The EDs, was 1.50
mg/kg (95% C.I. = 0.252-8.924). Analysis of response rates
revealed no significant changes (F[6, 30] = 1.247, p > 0.05).
For 9 SCP-trained rats (top right panel) 99.1% DLR was
obtained at the 12.0 mg/kg dose of amitriptyline, and the EDs,
equaled 1.78 mg/kg (95% C.I. = 0.874-3.625). There were no
significant changes in response rates (F[6, 48] = 1.045,
p > 0.05).

Imipramine produced full substitution (95.9% DLR) in
seven CLZ-trained rats (Fig. 3, middle left panel) at the 12.0
mg/kg dose, and two rats at that dose showed partial substitu-
tion (68.5% DLR). The remaining two rats failed to produce
appreciable drug-lever responding at any of the tested doses.
The EDs, for the dose effect curve was 9.62 mg/kg (95% C.1.
= 4.572-14.650). Response rates were significantly reduced
(F[5,50] = 7.922, p < 0.0001) at the 6.0 and 12.0 mg/kg doses
relative to the vehicle and clozapine control points. In the
SCP-trained group (middle right panel) three rats displayed
complete substitution (93% DLR) and one rat partial substitu-
tion (68%) at the 12.0 mg/kg dose of imipramine. One rat’s
response rate was suppressed below 5 RPM at these two doses
and not included. The EDs, equaled 8.08 mg/kg (95% C.I. =
4.306-11.854). Response rates were significantly lower ( F[6,
30] = 4.576, p < 0.01) for the 12.0 mg/kg dose than for the
vehicle control point.

Mianserin produced complete substitution in five CLZ-
trained rats (Fig. 3, bottom left panel) at the 4.0 mg/kg dose
(100% DLR) and at the 8.0 mg/kg dose (98.6% DLR).
Four rats displayed complete substitution at the 16.0 mg/kg
dose (99.3% DLR), three rats substituted at the 2.0 mg/
kg dose (100% DLR), and two rats substituted at the 1.0 mg/
kg dose (99.0%). The EDs, was calculated to be 1.50 mg/kg
(95% C.I. = 0.446-5.278). There were no significant changes
in response rates across doses (F[7, 35] = 1.018, p > 0.05).

Mianserin did not produce any reliable SCP-like re-
sponding in the SCP-trained rats (Fig. 3, bottom right panel).
One rat did display SCP-appropriate responding at all three
doses (3.0 mg/kg = 94% DLR, 4.0 mg/kg = 100% DLR, 8.0
mg/kg = 100% DLR), and one other rat displayed SCP-like
responding at the 2.0 mg/kg (99% DLR). No EDs, was calcu-
lated for this dose effect curve. The 8.0 mg/kg dose produced a
significant reduction ( F[4, 28] = 3.385, p < 0.05) in responding
relative to the vehicle control test.

Figure 4 shows the results of Substitution Testing for cypro-
heptadine and promethazine. Cyproheptadine produced CLZ-
appropriate responding in all five of the CLZ-trained rats at
the 1.25 and 2.5 mg/kg doses (top left panel). At the lower
doses complete substitution was seen with three rats at the
0.156 mg/kg dose (98.4% DLR), four rats at the 0.3125 mg/
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FIG. 1. Generalization testing with the training drugs is shown for the CLZ-trained rats (upper left panel) and the SCP-trained rats (lower
left panel). Substitution testing with SCP in the CLZ-trained rats (upper right panel) and with CLZ in the SCP-trained rats (lower right panel)
also is shown. The vehicle (VEH) and drug Control Tests, mean % DLR (= SEM), mean responses per min (xSEM), and the number (n)
of rats tested are shown for each testing condition. The CLZ vehicle (C-VEH) and SCP vehicle (SCP-VEH) also were tested prior to

substitution testing.

kg dose (97.1% DLR), and 3 rats at the 0.625 mg/kg dose.
The EDj, for this dose effect curve equaled 0.12 mg/kg (95%
C.I. = 0.033-0.448). A significant increase (F[7, 28] = 4.453,
p < 0.01) in response rates was observed for the four highest
doses (0.3125 to 2.5 mg/kg). In the SCP-trained rats (top right
panel) four rats displayed full substitution at the 10.0 mg/kg
dose (the fifth rat had 77.7% DLR). Three rats displayed full

substitution at the 5.0 mg/kg dose (100% DLR), and one rat
substituted (80.7% DLR) at the 2.5 mg/kg dose. The EDjy,
was 3.49 mg/kg (95% C.I. = 2.644-4.602). Response rates for
the 10.0 mg/kg dose of cyproheptadine and the SCP control
test were significantly less than for all other doses (F[5,
20] = 9.18, p < 0.001).

Promethazine also produced complete substitution in both
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FIG. 2. Results of substitution testing with trihexyphenidyl (top two panels) and with BIBN 99 (bottom two panels) are shown for the CLZ-
trained rats (left panels) and for the SCP-trained rats (right panels). Other details are the same as in Fig. 1.

the CLZ-trained and SCP-trained rats. All five rats displayed
CLZ-like responding (Fig. 4, bottom left panel) at the three
highest doses of promethazine, and two rats showed full substi-
tution at the lowest dose (2.5 mg/kg = 97.8%). The EDs, for
this dose effect curve was 1.11 mg/kg (95% C.1. = 0.165-7.506).
There were no significant differences in response rates (F[5,
20] = 2.41, p > 0.05). In the SCP-trained rats (bottom fight
panel) five rats showed complete substitution at the 10.0 mg/
kg dose, and three rats substituted at the 5.0 mg/kg (99.9%
DLR) and 2.5 mg/kg (98.9% DLR) doses. The EDs, equaled
2.10 mg/kg (95% C.I. = 0.689-6.381) Again, there were no

significant differences in response rates (F[5, 20] = 0.874,

p > 0.05).

Other Tested Compounds

The highest mean %DLR for the other compounds that
did not engender 80% or greater drug-appropriate responding
in either the CLZ-trained rats or the SCP-trained rats are
listed in Table 1 (the compounds that did produce full substitu-
tion are shown for comparison). The binding affinities for
all of the compounds tested are also shown for muscarinic
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FIG. 4. Results of substitution testing with cyproheptadine (top two panels) and promethazine (bottom two panels) are shown for the CLZ-
trained rats (left panels) and for the SCP-trained rats (right panels). Other details are the same as in Fig. 1.

cholinergic (ACh-M) receptors and for the serotonin 5-HT,,
and 5-HT,c receptors.

Chlordiazepoxide produced partial substitution for SCP at
the 10.0 mg/kg dose with three rats displaying greater than
80% DLR (93.2% DLR); however response rates were sig-
nificantly suppressed to 45.2% of vehicle response rates at
thatdose (F[4,16] = 3.73, p < 0.05). Three rats also displayed
greater than 80% DLR (93.1% DLR) for CLZ (only one of
these also substituted for SCP). There were no significant
differences in response rates for the CLZ-trained rats (F[4,
16] =1.078, p > 0.05).

Thioridazine produced greater than 80% DLR (97.3%
DLR) in three of the CLZ-trained rats at the 20 mg/kg dose;

however, response rates were significantly suppressed from
VEH response rates (F[6, 30] = 7.389, p < 0.0001) at both
the 10.0 and 20.0 mg/kg doses. In the SCP-trained rats four
rats displayed complete substitution (97% DLR) at the 5.0
mg/kg dose, and one rat displayed partial substitution (73 %
DLR). One other rat displayed complete substitution at the
three lower doses (99.6% DLR), but not at the 20.0 mg/kg dose
(0% DLR). Analysis of response rates revealed a significant
reduction (F[5, 35] = 4.143, p < 0.005) for the 10.0 and 20.0
mg/kg doses as compared to the vehicle control point.

The other compounds that failed to reliably substitute for
clozapine included metergoline, NMDA, phentolamine, and
propranolol. Propranolol produced 54.0% DLR at the 25 mg/
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TABLE 1

THE HIGHEST MEAN %DLR PRODUCED BY EACH DRUG AND EDy, VALUES (FOR DRUGS
PRODUCING >80% DLR) ARE SHOWN FOR THE CLOZAPINE-TRAINED RATS AND THE
SCOPOLAMINE-TRAINED RATS. THE BINDING AFFINITIES FOR ACh-M RECEPTORS
ARE EXPRESSED AS K, OR K, VALUES (nM), AND BINDING AFFINITIES FOR
5-HT,, AND 5-HT,. RECEPTORS ARE EXPRESSED AS pK, OR pK, VALUES

CLZ Group SCP Group Binding Affinities
%DLR EDsy %DLR EDs ACh-M S5-HT,, 5-HTyc
Drug (mg/kg) (mg/kg) (Kp or Kj) (pKp or pKj) (pKp or pKj)
Drugs producing >80% drug-
appropriate responding
Amitriptyline 98.3 1.50 99.1 1.78 6.9% 8.2¢ 7.7¢
3438
12.0°
Clozapine (1) 99.9 0.36 86.3 0.12 3.1 (m1)k 7.6 8.1"
Clozapine (2) 97.0 0.13 NT 48.0 (m2)®
Cyproheptadine 982 0.11 94.7 3.13 19.06 8.5¢ 7.9¢
Mianserin 833 1.50 26.0 ND Inactive® 8.4¢ 8.9¢
469.08
Promethazine 97.0 1.11 99.3 2.10 13.08 NDH NDH
Scopolamine (1) 84.4 3.09 99.8 0.04 1.1 (m1)k Inactive Inactive
2.0 (m2)E
Scopolamine (2) NT — 99.3 0.03
Trihexyphenidyl 83.9 0.96 100.0 0.81 1.6 (m1)® Inactive Inactive
7.0 (m2)E
Drugs producing >60% and <80%
drug-appropriate responding
Chloriazepoxide 56.6 ND 69.9 ND Inactive' Inactive Inactive
Imipramine 73.5 ND 63.0 ND 182.08 7.2¢ 7.0¢
Drugs producing <60% drug-
appropriate responding
BIBN 99 18,5 ND 193 ND 0.32 (m2)’ Inactive Inactive
9.4 (ml)’
Metergoline 43.6 ND NT — Inactive® 7.6¢ 8.6¢
NMDA (1) 498 ND NT — InactiveX Inactive Inactive
NMDA (2) 16.8 ND NT —
Phentolamine 243 ND NT — Inactive® 6.1 6.1
Propranolol 540 ND NT — Inactive®™ 5.7M 6.8"
Thioridazine 584 ND 583 ND 190.0"
18.0°
2.7 (m1)E
14.0(m2)"®

These values should be used for general comparisons only since the conditions, tissues and assays varied among the studies.

ND = Not Determined; NT = Not Tested; % DLR = Percent Drug Lever Responding; K|, = dissociation equilibrium constant;
K; = equilibrium dissociation constant of the competitive inhibitor; pK; = —log K;; pKp = —log mol/L. There were 2 dose
determinations for clozapine, scopolamine and NMDA.

242, K, (nM), rat cortex; 822, K, (nM), rat brain; €32, pK;, rat frontal cortex (5-HT,,), pig choroid plexus (5-HT,c); P54, K,
(nM), human brain caudate; £5, Kp (nM), cloned human receptors; 8, pK, rat frontal cortex (5-HT,,), pig choroid plexus (5-HTx);
639, K; (nM), rat striatum; "62, K; (nM), rat cortex; 24, 12, selective for benzodiazepine receptors on the GABA 4 receptor complex;
16, pK;, rabbit vas deferens; X70, selective for NMDA glutamate receptors; “15, does not inhibit [’'H] QNB binding; ™27, pKbp, pig
cortex (5-HT»a), pig choroid plexus (5-HTxc).

kg dose, but that represented only two rats producing greater 3.0 mg/kg dose). None of these compounds were tested in the
than 80% DLR. Response rates were suppressed to 25.0% SCP-trained rats.
of vehicle response rates at that dose. During the first dose
determination with NMDA, three rats produced greater than
80% DLR at the 30.0 mg/kg dose, but when a second dose
determination was conducted none of the rats substituted at The present study confirms previous reports (7,21,25,50,
that dose. There was only one rat in the phentolamine dose 68,72,73) that the atypical antipsychotic CLZ exerts strong
determination that produced greater than 80% DLR (at the discriminative stimulus effects in a two-lever operant task.

DISCUSSION
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One of the difficulties in determining the neurochemical mech-
anisms responsible for CLZ’s discriminative stimulus proper-
ties (and its antipsychotic effects) is that CLZ interacts with a
large number of different neurotransmitter systems, including
dopamine D, and D, (13,46,48), D5 (60), D, (67), and D5 (61),
cholinergic muscarinic (54), including m1, m2, m3, m4, and
m5 subtypes (4), serotonin 5-HT,, (8,46,55), 5-HT,c (8,55),
5-HT; (71), and 5-HT, and 5-HT, (56), adrenergic alpha 1 and
alpha 2 (29,54), and histamine H1 (10,54) receptors.

The results of the present study clearly demonstrated that
blockade of cholinergic receptors plays an important role in
CLZ’s discriminative stimulus effects in rats. In particular,
antagonism of muscarinic M1 receptors appears to be suffi-
cient for eliciting CLZ-appropriate responding. Cross-general-
ization between CLZ and SCP was shown in that SCP elicited
CLZ-appropriate responding in CLZ-trained rats and CLZ
elicited SCP-appropriate responding in SCP-trained rats. Such
cross-generalization is generally considered to be unique to
drugs that share a common mechanism for their discriminative
stimulus effects (see 58). Also, the discriminative stimulus prop-
erties of SCP are less complicated than CLZ’s and are medi-
ated by central muscarinic receptors (33,34,52,66). Although
SCP displays strong affinities for each of the muscarinic recep-
tor subtypes (5), antagonism of the M1 receptor appears to
be the mechanism mediating SCP’s discriminative stimulus
properties as both Jung et al. (34) and the present study (see
Fig. 2) demonstrated that trihexyphenidyl generates SCP-
appropriate responding in rats trained to discriminate SCP
from saline in two-lever discrimination tests. Neither SCP or
trihexyphenidyl display any binding affinity to 5-HT,s or
5-HT,yc receptors (see Table 1). The highly selective (30 fold
difference in M2/M1 binding affinity) M2 antagonist BIBN 99
(16) did not substitute for either SCP or for CLZ at the tested
doses. Trihexyphenidyl has four times greater affinity for m1
receptors relative to m2 (5) and SCP has a higher affinity for
M1 receptors than for M2 receptors (20) and a higher affinity
for m1 than for m2, m3, m4, and m5 receptor subtypes (5).
In addition, CLZ’s strongest affinity for muscarinic receptors
is at the m1 receptor site (5), and trihexyphenidyl substituted
completely for CLZ in the present study. Finally, nicotinic
cholinergic receptors do not appear to play a role in CLZ’s
discriminative stimulus properties as Villanueva et al. (69)
reported that nicotine does not substitute for CLZ in CLZ-
trained rats and that CLZ does not substitute for nicotine in
nicotine-trained rats. Also, they found no interaction between
CLZ and nicotine when various doses of CLZ and nicotine
were combined, although Brioni et al. (6) recently reported
that CLZ produced a significant attenuation of the nicotine
cue.

Mianserin was the only drug tested in the present study
that substituted for CLZ but failed to produce reliable SCP-
appropriate responding. Mianserin’s asymmetrical substitu-
tion with the two training drugs in the present study is interest-
ing, since there was complete cross-generalization between
CLZ and SCP. While miaserin failed to generate SCP-appro-
priate responding in the present study, we (36) recently re-
ported that SCP does produce mianserin-appropriate re-
sponding in rats trained to discriminate mianserin (4.0 mg/kg)
from saline (again, mianserin did not produce SCP-appro-
priate responding; see Barry and Krimmer [2] for discussion
of asymmetrical generalization between drugs).

All of the compounds that produced full substitution for
CLZ (amitriptyline, CLZ, cyproheptadine, promethazine,
SCP, and trihexyphenidyl) display nanomolar affinity for mus-
carinic receptors (see Table 1), with the exception of mianserin
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which has a Kp of 469.0 nM (22). Because of the tremendous
variability between studies in terms of the species, tissues,
and assays reported in Table 1, a correlational analysis of
muscarinic and/or serotonergic binding affinities with EDjs’s
and %DLR for the drugs tested in the present study really is
not appropriate; however, a visual inspection of trends can be
made. For example, imipramine and thioridazine displayed
partial (but symmetrical) substitution for both CLZ and SCP,
and have more moderate binding affinities for muscarinic re-
ceptors than the drugs that fully substituted for CLZ (with
the exception of mianserin). The interaction of many antide-
pressants with muscarinic receptors as antagonists also has
been shown in functional assays. For example, both amitripty-
line and imipramine block oxotremorine (muscarinic agonist)
induced hypothermia and tremors (53). Also, it has been
shown that the rate-suppressing effects of oxotremorine on
operant responding (both fixed ratio and fixed interval sched-
ules) are reversed by scopolamine, atropine, and amitriptyline
(38) and by thioridazine and clozapine (38). The compounds
in the present study that failed to produce reliable CLZ-appro-
priate responding (see Table 1) either have no affinity for mus-
carinic receptors (i.e., chlordiazepoxide, metergoline, NMDA,
phentolamine, propranolol) or display only minimal affinity
for muscarinic receptors (i.e., imipramine).

Hoenicke et al. (25) have suggested that blockade of both
5-HT,, and 5-HT,c receptors mediates the discriminative stim-
ulus effects of CLZ in pigeons. They argued that the drugs
which produced full substitution for CLZ (cyproheptadine,
metergoline, mianserin, pizotifen, and fluperlapine) block
both 5-HT,s and 5-HTyc receptors (27,46,55); whereas, the
drugs that failed to generate CLZ-appropriate responding in
their study either have minimal or no serotonergic antagonism
or they are selective for 5-HT,, vs. 5-HT, receptors (see
25). If blockade of both 5-HT,, and 5-HT,c receptors is the
necessary pharmacological mechanism responsible for CLZ’s
discriminative stimulus effects, then both mianserin and me-
tergoline should have substituted for CLZ in the present study;
however, only mianserin produced CLZ-appropriate re-
sponding in rats. Interestingly, metergoline demonstrates no
significant affinity for muscarinic receptors; whereas, mian-
serin does display some (albeit weak) affinity for muscarinic
receptors (see Table 1). This suggests the possibility that block-
ade of 5-HT,4 and 5-HTyc receptors alone is not sufficient in
rats to generate CLZ-appropriate responding, but that some
blockade of muscarinic receptors must also occur. This sugges-
tion is also supported by the finding that ritanserin, a selective
5-HT,, and 5-HT,¢ antagonist (27), does not reliably substitute
for CLZ in rats (72,73). Hoenicke et al. (25) suggested that
promethazine may have a putative 5-HT,c antagonist action
in pigeons because it produced CLZ-appropriate responding;
however, promethazine’s cholinergic binding properties may
be important, as promethazine displays a strong affinity (K; = 13
nM) for muscarinic receptors (62). Also, the lack of clozapine-
appropriate responding produced by the selective serotonin
antagonist ritanserin (72,73) or by metergoline (the present
study) cannot be attributed to a lack of tolerance to CLZ’s
anticholinergic effects because the ratsin the CLZ discrimina-
tion group received two to three injections of CLZ every week
over a period of many months. Examination of the rates of
responding for the control tests with vehicle and CLZ (see
figures) reveals no significant differences. This indicates that
the rats had developed tolerance to any rate suppressant ef-
fects of CLZ that may have been present initially.

The finding that the anxiolytic chlordiazepoxide produced
partial substitution for both SCP and CLZ in the present study
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is interesting since chlordiazepoxide is a selective agonist for
the benzodiazepine site on the GABA, receptor complex
and is inactive at both muscarinic and serotonergic receptors
(12,24). However, it has been shown that benzodiazepines
produce reductions of 5-HT turnover in cortical areas, al-
though the exact mechanism for these effects is not clear (40).
Also, it has been shown that the benzodiazepine antagonist
flumazenil increases levels of acetylcholine in the hippocam-
pus; whereas, the benzodiazepine agonist diazepam decreases
acetylcholine levels (30).

In addition to muscarinic and serotonergic receptors, a
number of other neurotransmitter receptors have been stud-
ied, but none appear to be viable candidates as pharmacologi-
cal mediators of CLZ’s discrminative stimulus effects. Antago-
nism of 5-HT; receptors with MDL 72222 in rats (72,73) and
ondansetron (GR38032F) in pigeons (25) does not generate
CLZ-appropriate responding. Also, stimulation of serotoner-
gic receptors does not appear to produce CLZ-appropriate
responding in either rats or pigeons. The 5-HT,, agonist
8-OH-DPAT does not substitute for CLZ in pigeons (25) and
buspirone (also a 5-HT), agonist) does not substitute for CLZ
in rats (72,73).

Blockade of dopamine receptors also does not appear to
be sufficient to produce CLZ-like responding in either rats or
pigeons. The dopamine D, antagonist SCH 23390 does not
substitute for CLZ in rats (50,68) or pigeons (25). Likewise, the
D, antagonist haloperidol fails to produce CLZ-appropriate
responding in rats (7,68,72,73), and the D, antagonist sulpiride
does not substitute for CLZ in either rats (51) or pigeons (25).
The precise role of dopamine D, receptors remains to be
determined since CLZ is the only neuroleptic that displays a
high affinity for these receptors (67), and there are no selective
D, antagonists available for testing. A similar problem exists
for dopamine D; (60) and Ds (61) receptors.

The present study found that phentolamine (alpha norad-
renergic antagonist) and propranolol (beta noradrenergic an-
tagonist) did not substitute for CLZ in rats, and previous
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studies have reported that prazosin, a selective alpha-1 antago-
nist (43), does not substitute for CLZ in rats (50) or pigeons
(25). Thus, blockade of adrenergic alpha and beta receptors
does not appear to produce CLZ-appropriate responding in
either rats or pigeons. Likewise, NMDA failed to substitute
for CLZ in the present study suggesting that stimulation of
glutamate NMDA receptors is not sufficient to produce CLZ-
appropriate responding in rats. This result is in contrast to a
report by Schmidt (57) that NMDA (7.5, 15.0, and 30.0 mg/
kg, SC) substituted in rats trained to discriminate CLZ from
saline in a T-maze. While there are obvious differences be-
tween the T-maze and two-lever discrimination procedures,
it is not clear why NMDA produced CLZ-appropriate re-
sponding in the Schmidt study and not in the present study,
especially since there is no evidence to indicate that CLZ
interacts directly with NMDA receptors.

The precise pharmacological or neurochemical mecha-
nism(s) responsible for CLZ’s antipsychotic effects remain
unclear, and current theories about schizophrenia and the
clinical effects of neuroleptic drugs have suggested that sero-
tonergic (3,31,44,46) or cholinergic (59,64) systems may play
an important role in the neuropathology of schizophrenia and
may prove to be the underlying neural mechanisms responsi-
ble for CLZ’s unique profile as an atypical neuroleptic (1,18).
Some clinical evidence for the importance of cholinergic and
serotonergic antagonist properties of antipsychotic drugs has
already been shown. For example, the M1 antagonist trihexy-
phenidyl demonstrates efficacy in alleviating negative symp-
toms in certain populations of schizophrenics (64,65). Simi-
larly, the selective 5-HT,,/5-HT,c antagonist ritanserin has
been shown to produce a decrease in the negative symptoms
of schizophrenics who were being treated with typical neuro-
leptics (17). If either or both of these theories prove to be
correct, having established animal models (like drug discrimi-
nation procedures) based on these pharmacological mecha-
nisms (i.e. cholinergic and serotonergic) will prove to be very
important for the identification of other putative atypical anti-
psychotic drugs (e.g., olanzapine; see 47).

REFERENCES

1. Baldessarini,R. J.; Frankenburg, F. R.: Clozapine: a novel antipsy-
chotic agent. N. Eng. J. Med. 324:746-754; 1991.

2. Barry H., lII; Krimmer, E. C.: Discriminable stimuli produced by
alcohol and other CNS depressants. In: Lal, H., ed., Discriminative
properties of drugs. New York: Plenum; 1977:73-92.

3. Bleich, A.; Brown, S. L.; Kahn, R.; van Praag, H. M.: The role
of serotonin in schizophrenia. Schiz. Bull. 14:297-315; 1988.

4. Bolden, C.; Cusack, B.; Richelson, E.: Clozapine is a potent and
selective muscarinic antagonist at the five cloned human musca-
rinic acetylcholine receptors expressed in CHO-K1 cells. Eur. J.
Pharmacol. 192:205-206; 1991.

5. Bolden, C.; Cusack, B.; Richelson, E.: Antagonism by antimucari-
nic and neuroleptic compounds at the five cloned human musca-
rinic cholinergic receptors expressed in Chinese hamster ovary
cells. J. Pharmacol. Exp. Ther. 260:576-580; 1992.

6. Brioni, J. D.; Kim, D. J. B.; O'Neill, A. B.; Williams, J. E. G.;
Decker, M. W.: Clozapine attenuates the discriminative stimulus
properties of (—)-nicotine. Brain Res. 643:1-9; 1994.

7. Browne, R. G.; Koe, B.K.: Clozapine and agents with similar
behavioral and biochemical properties. In: Colpaert, F. C,;
Slangen, J. L., eds.: Drug discrimination: Applications in CNS
Pharmacology. Amsterdam: Elsevier Biomedical Press; 1982:
241-254.

8. Canton, H.; Verriele, L.; Colpaert, F.: Binding of typical and
atypical antipsychotics to 5-HT,. and 5-HT, sites: Clozapine po-

tently interacts with 5-HT;c sites. Eur. J. Pharmacol. 191:93-96;
1990.

9. Casey, D. E.: Clozapine: neuroleptic-induced EPS and tardive
dyskinesia. Psychopharmacol. 99:S47-S53; 1989.

10. Chang, R. S. L.; Tran, V. T.; Snyder, S. H.: Heterogeneity of
histamine H; receptors: Species variations in [*H]mepyramine
binding of brain membranes. J. Neurochem. 32:1653-1663; 1979.

11. Claghorn, J.; Honigfeld, G.; Abuzzanab, F. S.; Wang, R.;
Steinbook, R.; Tauson, V.; Klerman, G.: The risks and benefits
of clozapine versus chlorpromazine. J. Clin. Psychopharmacol.
7:377-384; 1987.

12. Cooper, J. R.; Bloom, F. E.; Roth, R. H.: The biochemical basis
of neuropharmacology. New York: Oxford University Press;
1996:152-154.

13. Coward, D. M.;Imperato, A.; Urwyler, S.; White, T. G.: Biochemi-
cal and behavioral properties of clozapine. Psychopharmacol.
99:56-S12; 1989.

14. Crow, T.: Positive and negative symptoms in schizophrenia. In:
Henn, F.A.; DeLisi, L.E., eds. Neurochemistry and Neuropharma-
cology of Schizophrenia. New York: Elsevier Science Publish-
ing; 1987:178-189.

15. Culp, D. J.; Marin M. G.: Characterization of muscarinic choliner-
gic receptors in cat tracheal gland cells. J. Appl. Physiol. 61:1375-
1382; 1986.

16. Doods, H.; Entzeroth, M.; Ziegler, H.; Schiavi, G.; Engel, W.;



718

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

3s.

36.

37.

Mihm, G.; Rudolf, K.; Eberlein, W.: Characterization of BIBN
99: a lipophilic and selective muscarinic M2 receptor antagonist.
Eur. J. Pharmacol. 242: 23-30; 1993.

Duinkerke, S. J.; Botter, P. A.; Jansen, A. A. I.; van Dongen,
P. A. M; van Haaften, A. J.; Boom, A. J.; van Laarhoven, J. H. M.;
Busard, H. L. S. M.: Ritanserin, a selective 5-HT,,- antagonist,
and negative symptoms in schizophrenia. Brit. J. Psychiatry 163:
451-455; 1993.

Ellenbroek, B. A.: Treatment of schizophrenia: A clinical and
preclinical evaluation of neuroleptic drugs. Pharmac. Ther. 57:1-
78; 1993.

Extance, K.; Goudie, A.: Inter-animal olfactory cues in operant
drug discrimination procedures in rats. Psychopharmacology
(Berl.) 73:363-371; 1981.

Freedman, S. B.; Beer, M. S.; Harley, E. A.: Muscarinic M1, M2
receptor binding: Relationship with functional efficacy. Eur. J.
Pharmacol. 156:133-142; 1988.

Goas, J. A.; Boston, Jr., J. E.: Discriminative stimulus properties
of clozapine and chlorpromazine. Pharmacol. Biochem. Behav.
8:235-241; 1978.

Golds, P. R.; Przyslo, F. R.; Strange, P. G.: The binding of some
antidepressant drugs to brain muscarinic acetylcholine receptors.
Brit. J. Pharmacol. 68:541-549; 1980.

Goldstein, A.: Biostatistics: An introductory text. New York: Mac-
Millan Company; 1964.

Haefely, W.; Polc, P.; Pieri, L.; Schaffner, R.; Laurent, J.-P.: Neuro-
pharmacology of benzodiazepines: Synaptic mechanisms and neu-
ral basis of action. In: Costra, E., ed. The benzodiazepines: From
molecular biology to clinical practice. New York: Raven Press;
1983: 21-66.

Hoenicke, E.M.; Vanecek, S. A.; Woods, J. H.: The discriminative
stimulus effects of clozapine in pigeons: involvement of 5-hydroxy-
tryptamine-1c and 5-hydroxytryptamine-2 receptors. J. Pharma-
col. Exp. Ther. 263:276-284; 1992.

Honigfeld, G.; Patin, J.; Singer, J.: Clozapine: antipsychotic activity
in treatment-resistant schizophrenics. Advances in Ther. 1:77-
97; 1984.

Hoyer, D.: Molecular pharmacology and biology of 5-HT, recep-
tors. Trends Pharmacol. Sci. 9:89-94; 1988.

Hoyer, D.; Clarke, D. E.; Fozard, J. R.; Hartig, P. R.; Martin,
G.R.; Mylecharane, E. J.; Saxena, P. R.; Humphrey, P. P. A.: VIL.
International union of pharmacology classification of receptors for
S-hydroxytryptamine (serotonin). Pharmacol. Reviews 46:157-
203; 1994.

Hyttel, J.; Larsen, J. J.; Christensen, A. V.; Arnt, J.: Receptor-
binding profiles of neuroleptics. In: Casey, D. E.; Chase, T. N.;
Christensen, A. V.; Gerlach, J., eds.: Dyskinesia: Research and
Treatment. New York: Springer-Verlag; 1985:9-18.

Imperato, A.; Dazzi, L.; Obinu, M. C.; Gessa, G. L.; Biggio, G.:
The benzodiazepine receptor antagonist flumazenil increases ace-
tylcholine release in rat hippocampus. Brain Res. 647:167-171;
1994.

Igbal, N.; Goldsamt, L. A.; Wetzler, S.; Scwartz, B. J.; van Praag,
H. M.: Serotonin and schizophrenia. Psychiatric Annals 23:186—
200; 1993.

Jenck, F.; Moreau, J.-L.; Mutel, V.; Martin, J. R.: Brain 5-HT¢
receptors and antidepressants. Prog. Neuro-Psychopharmacol. &
Psychiat. 18:563-574; 1994.

Jung,M.; Costa, G. T.; Kelly P. H.: Discriminative stimulus proper-
ties of muscarinic agonists. Psychopharmacology 93:139-145;
1987.

Jung, M.; Perio, A.; Worms, P.; Biziere, K.: Characterization of
the scopolamine stimulus in rats. Psychopharmacology 95:195-
199; 1988.

Kane, J.; Honigfeld, G.; Singer, J.; Meltzer, H.: Clozapine for
the treatment-resistant schizophrenic: a double-blind comparison
versus chlorpromazine/benztropine. Arch. Gen. Psychiatry 45:
789-796; 1988.

Kelley, B. M.; Porter, J. H.; Varvel,S. A.: Mianserin as a discrmina-
tive stimulus in rats: asymmetrical cross-generalization with sco-
polamine. Psychopharmacology 120:491-493; 1995.

Leander, J. D.: Antagonism of oxotremorine-induced behavioral

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

S8.

KELLEY AND PORTER

suppression by antimuscarinic drugs. Psychopharmacology 75: 5-
8; 1981.

Leander, J. D.: Interactions of clozapine, thioridazine, and mezi-
lamine with oxotremorine on schedule-controlled responding.
Psychopharmacology 80:29-30; 1983.

Leysen, J. E.; Awouters, F.; Kennis, L.; Laduron, P. M.; Vanden-
berk, J.; Janssen, P. A. J.: Receptor binding profile of R 41 468,
anovelantagonist at 5-HT, receptors. Life Sci. 28:1015-1022; 1981.
Lidbrink, P.; Corroi, H.; Fuxe, K.; Olson, L.: The effects of benzo-
diazepines, meprobamate, and barbiturates on central mono-
amine neurons. In: Garattini, S.; Mussini, E.; Randell, L. O.: The
benzodiazepines. New York: Raven Press; 1973:203-223.
Lieberman, J. A.; Saltz, B. L.; Johns, C. A.; Pollack, S.; Kane, J.:
Clozapine effects on tardive dyskinesia. Psychopharmacol. Bull.
25:57-62;1989.

McKinney, M.; Lee, N. H.; Anderson, D. J.; Vella-Rountree, L.;
El-Fakahany, E. E.: Non-selectivity of amitriptyline for subtypes
of brain muscarinic receptors demonstrated in binding and func-
tional assays. Eur. J. Pharmacol. 157:51-60; 1988.

Massingham, R.; Dubocovich, M. L.; Shepperson, N. B.; Langer
S.Z.: In vivo selectivity of prazosin but not of WB4101 for postsyn-
aptic alpha-1 adrenoceptors. J. Pharmacol. Exp. Ther. 217:467-
474; 1981.

Meltzer, H. Y.: Clinical studies on the mechanism of action of
clozapine: The dopamine-serotonin hypothesis of schizophrenia.
Psychopharmacology 99:S18-S27; 1989.

Meltzer, H. Y.; Luchins, D. J.: Effects of clozapine in severe
tardive dyskinesia: A case report. J. Clin. Psychopharmacology
4:316-322; 1984.

Meltzer, H. Y.; Matsubara, S.; Lee, J. C.: Classification of typical
and atypical antipsychotic drugs on the basis of dopamine D;, D,
and serotonin, pK; values. J. Pharmacol. Exp. Ther. 251:238-
246; 1989.

Moore, N. A.; Tye, N. C.; Axton, M. S; Risius, F. C.: The behav-
ioral pharmacology of olanzapine, a novel atypical antipsychotic
agent. J. Pharmacol. Exp. Ther. 262:545-551; 1992.

Murray, A. M.; Waddington, J. L.: The interaction of clozapine
with dopamine D, versus dopamine D, receptor-mediated func-
tion: behavioral indices. Eur. J. Pharmacol. 186:79-86; 1990.
Naber, D.; Hippius, H.: The European experience with use of
clozapine. Hospital and Community Psychiatry 41:886-890; 1990.
Nielsen, E. B.: Cholinergic mediation of the discriminative stimu-
lus properties of clozapine. Psychopharmacology 94:115-118;
1988.

Ortmann, R.; Meisburger, J. G.;Bischoff, S.; Hauser, K.; Bittiger,
H.; Waldmeier, P. C.: The clozapine cue in rats as tools for the
characterization of neuroleptics. (Abstract). Psychopharmacology
89:547; 1986.

Overton, D. A.: Discriminable effects of antimuscarinics: Dose
response and substitution test studies. Pharmacol. Biochem. Be-
hav. 6: 659-666; 1977.

Rehavi, M.; Maayani, S.; Sokolovsky, M.: Tricyclic antidepressants
as antimuscarinic drugs: in vivo and in vivo studies. J. Eur. Pharma-
col. 26:1559-1567; 1977.

Richelson, E.; Nelson, A.: Antagonism by neuroleptics of neuro-
transmitter receptors of normal human brain in vitro. Eur. J.
Pharmacol. 103:197-204; 1984.

Roth, B. L.; Ciarnello, R. D.; Meltzer, H. Y.: Binding of typical
and atypical antipsychotic agents to transiently expressed 5-HT¢
receptors. J. Pharmacol. Exp. Ther. 260:1361-1365; 1992.

Roth, B. L.; Craigo, M. C.; Choudhary, M. S.; Uluer, A.; Monsma,
Jr.,F.J.; Shen, Y.; Meltzer, H. Y.; Sibley, D. R.: Binding of typical
and atypical antipsychotics agents to 5-hydroxytryptamine-6 and
5 hydroxytryptamine-7 receptors. J. Pharmacol. Exp. Ther. 268:
1403-1410; 1994.

Schmidt, W.J.; Volz, T. L.: Clozapine-like discriminative stimulus
effects of N-Methyl-p-Aspartate (NMDA). J. Psychopharmacol.
102:A66; 1992.

Schuster, C. R.; Balster, R. L.: The discriminative stimulus proper-
ties of drugs. In: Thompson, T.; Dews, P. B., eds. Advances in
Behavioral Pharmacology (Vol. 1). New York: Academic Press;
1977:85-138.



CLOZAPINE DISCRIMINATION IN RATS

59.

60.

61.

62.

63.

64.

65.

Snyder, S. H.; Banerjee, S. P.; Yamamura, H. I.; Greenberg, D.:
Drugs, neurotransmitters, and schizophrenia. Science 184:1243—
1253; 1974.

Sokoloff, P.; Giros, B.; Martres, M.; Bouthenet, M.; Schwartz,
J.: Molecular cloning and characterization of a novel dopamine
receptor (Ds) as a target for neuroleptics. Nature 347:146-151;
1990.

Sunahara, R.; Guan, H.; O’Dowd, B.; Seeman, P.; Laurier, L.;
Ng, G.; George, S.; Torchia, J.; van Tol, H.; Niznik, H.: Cloning
of the gene for a human dopamine Ds receptor with higher affinity
for dopamine than D;. Nature 350:614-619; 1991.

Syvalahti, E. K. G.; Lauren, L.; Markkanen, J.; Kunelius, R.:
Interaction of psychotropic drugs with brain muscarinic cholino-
ceptors: similarities of biperiden with pirenzepine in receptor
binding properties. Pharmacol. Toxicol. 60:66-69; 1987.
Tamminga. C. A.: Atypical neuroleptics and novel antipsychotic
drugs. In: Coyle, J. T.; Enna, S.J., eds.: Neuroleptics: Neurochemi-
cal, Behavioral, and Chemical Perspectives. New York: Raven
Press; 1983: 281-295.

Tandon, R.; Greden, J. F.: Cholinergic hyperactivity and negative
schizophrenic symptoms. Arch. of Gen. Psychiatry 46:745-753;
1989.

Tandon R.; Greden, J. F.; Silk, K. R.: Treatment of negative
schizophrenic symptoms with trihexyphenidyl. J. Clinical Psycho-
pharmacol. 8:212-215; 1988.

66.

67.

68.

69.

70.

71.

72.

73.

719

Tang, A. H.; Franklin, S. R.: Discriminative stimulus properties
of physostigmine in rats. Eur. J. Pharmacol. 153:97-104; 1988.
Van Tol, H. M.; Bonsow, J. R.; Guan, H. C.; Sanahara, P.; Seeman,
H. B.; Civelli, O.: Cloning of the human dopamine D, receptor
with high affinity for the antipsychotic clozapine. Nature 350:610—
614; 1991.

Villanueva, H. F.; Arezo, S., Rosecrans, J. A.; Porter, J. H.: Dis-
criminative stimulus properties of clozapine. Soc. Neurosci. Ab-
stracts 16:248; 1990.

Villanueva, H. F.; Arezo, S.; Rosecrans, J. A.: Nicotine does not
interact with the discriminative stimulus effects of clozapine in
rats. Drug Dev. Res. 26:195-202; 1992.

Watkins, J. C.: The NMDA receptor concept: origins and develop-
ment. In: Watkins, J. C.; Collingridge, G. L., eds.: The NMDA
receptor. Oxford: IRL Press at Oxford University Press; 1989:
1-17.

Watling, K. J.; Beer, M. S.; Stanton, J. A.: Effects of clozapine
and other neuroleptics on binding of [’'H]-Q ICS 205-930 to central
5-HT; receptor sites. Br. J. Psychol. 98 (Suppl.):813p; 1989.
Wiley, J. L.; Porter, J. H.: Serotonergic drugs do not substitute
for clozapine in clozapine-trained rats in a two-lever drug discrimi-
nation procedure. Pharmacol. Biochem. Behav. 43:961-965; 1992.
Wiley, J. L; Porter, J. H.: Effects of serotonergic drugs in rats
trained to discriminate clozapine from haloperidol. Bull. Psy-
chonomic Soc. 31:94-96; 1993.



