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Abstract

We examined the pharmacokinetics and pharmacodynamics of intravenous (1-5 mg,/kg) and oral clozapine (2.5-10 mg/kg) in rats
(terminal half-life = 81.8 min; oral bioavailability = 5.32%). Both dose— and concentration—effect relations of clozapine were character-
ized. Clozapine's effects were similar to those of benzodiazepines because of the similarity in effect—time profiles between the two
classes of drugs. The ICy, value increassed as a function of dose; consequently, clozapine's relative potency decressed linearly with the
logarithm of AUC,_.,,, or bioavailable dose regardless of route of administration. The IC, is an index for the sensitivity of behavioral
performance to clozapine; relative potency provides an index for estimating the extent of acute tolerance. As ICg, increases, relative
potency decreases, and consequently, acute tolerance increases. Our results demonstrated that greater acute tolerance was observed for i.v.
clozapine than for p.o. clozapine; however, clozapine exhibited a single concentration—effect relation across dose and route of
administration after correcting for relative potencies. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Clozapineis an atypical antipsychotic agent with proven
efficacy in the management of refractory schizophrenia
(Stille et al., 1971; Fitton and Heel, 1990). Pharmacologi-
cally, clozapine is a potent antagonist of dopamine and a
number of other receptors, e.g., 5-HT (Richelson, 1984;
Meltzer et a., 1989). Its effects have been extensively
studied in animal research using various behaviora
paradigms (Canon and Lippa, 1977; Canon, 1979; Wenger,
1979; Schaefer and Michael, 1980; Spealman and Katz,
1980; Spealman et al., 1983; Sanger, 1985; Seiden et .,
1985; Fowler and Liou, 1998). Despite its clinical use as a
neuroleptic agent, clozapine's behavioral profiles differ
notably from those of typical neuroleptic agentsin animals
(e.g., Canon and Lippa, 1977; Canon, 1979; Schaefer and
Michael, 1980; Spealman and Katz, 1980; Spealman et al.,
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1983) but are similar to those of anxiolytics like benzodi-
azepines (Spealman and Katz, 1980; Speaman et al.,
1983). Moreover, like benzodiazepines, clozapine exhibits
dose-related, biphasic effects (Canon, 1979); it increases
response rates at lower doses and decreases rates of re-
sponding at higher doses. Unlike typical neuroleptics (e.g.,
haloperidol), clozapine produces a low incidence of ex-
trapyramidal side effects (De Maio, 1972).

In past research, we integrated pharmacokinetics and
pharmacodynamics to study the biphasic effects of benzo-
diazepines (e.g., alprazolam) under an acute dose regimen
(Lau and Heatherington, 1997; Lau et a., 1998). The
pharmacodynamic measure used in those studies was per-
formance under the differential reinforcement of low rate
45-s schedule, which produces ‘‘ spaced responding’’ or
““timing’’ behavior. The differentia reinforcement of low
rate 45-s schedule of reinforcement results in low rates of
responding, as only those responses that occur after a
minimum time interval (in this case, 45 s) following a
previous response are reinforced; responses that occur
before 45 s have elapsed are not reinforced, and the timing
interval is reset. Inter-response time profiles and the num-
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ber of responses can be recorded throughout the session.
That drugs can alter the inter-response time distribution
and disturb its sequential patterning permits one to charac-
terize their putative actions from their effect—time profiles.
The density of reinforcement and shorter-response (or
non-reinforced) rate were used to study dose—response and
effect—time profiles of drugs in our previous pharmacoki-
netic—pharmacodynamic studies cited in this paper.

Although effects of clozapine on differential reinforce-
ment of low rate performance have been investigated in
animals, analyses were limited to time-course data col-
lapsed into single points for constructing dose—response
relations rather than effect—time profiles (Canon, 1979;
Seiden et al., 1985). We first aim to characterize clozap-
ine's effects on the two pharmacodynamic measures under
the differential reinforcement of low rate 45-s schedule for
i.v. and p.o. clozapine in rats. Analyzing the dose-re-
sponse relations and the effect—time profiles in the same
way as those for alprazolam and midazolam (Lau et a.,
1997, 1998) provides comparison between clozapine's be-
havioral profiles and those of the two benzodiazepines,
because pharmacodynamically, clozapine more closely re-
sembles those benzodiazepines than typical neuroleptics
(e.g., Spealman and Katz, 1980). The dose—response curves
also alow comparison of overal potency and efficacy
between intravenous and oral clozapine, whereas effect—
time profiles reflect their continuous pharmacokinetic pro-
files and describe distinct ongoing pharmacological effects.

In humans, oral clozapine is rapidly absorbed and ex-
tensively metabolized with a terminal half-life of approxi-
mately 6 h, and exhibits linear kinetics in the therapeutic
range (Jann et al., 1993; Dain et al., 1997). Estimated
bioavailability of orally administered clozapine ranges from
27% to 50% (Choc et al., 1990; Fitton and Heel, 1990).
Effects of clozapine have previously been characterized in
animals only using dose—effect relations by extravascular
routes of administration (Canon, 1979; Seiden et al., 1985),
but not concentration—effect relations. The second aim
then, was to characterize the pharmacokinetics of i.v. and
p.o. clozapine. Thei.v. route was chosen for its rapid onset
of action without interference from absorption and first-pass
effect, enabling assessment of the absolute bioavailability
of oral clozapine. This pharmacokinetic investigation was
to be conducted in animals of the same species, age,
gender, and under the same food-limited regimen used in
the pharmacodynamic study.

The serum drug concentration—effect relations provide a
more accurate indication of drug action than dose adminis-
tered—effect relations, because pharmacodynamic parame-
ters are estimated using serum concentrations rather than
dose. This is important since pharmacokinetics typically
differs widely between drugs and even among different
routes of administration. For example, a p.o. 20 mg/kg
cocaine dose was shown much more effective than an i.v.
2 mg/kg dose in disrupting differential reinforcement of
low rate performance (Ma et al., 1999). Furthermore, the

integration of pharmacokinetics and pharmacodynamics
permits partition of pharmacokinetic and pharmacody-
namic components in drug action. Thus, a third aim of
integrating pharmacodynamics with the corresponding
pharmacokinetics for both i.v. and p.o. clozapine was to
identify, and thereby quantify, any emerging events in the
time course of drug action, such as acute tolerance. Simul-
taneous pharmacokinetic—pharmacodynamic analysis en-
ables the investigation of a single concentration—effect
relation for clozapine regardless of the dose or route of
administration used.

2. Materials and methods

2.1. Pharmacodynamics: differential reinforcement of low
rate 45-s performance

2.1.1. Animals

Four male, adult, abino rats of the Sprague—Dawley
strain from HSD (Indianapolis, IN) with a mean, initial
body weight of 384 g (range: 380—388 g) were used. Body
weights were reduced to 80% of free-feeding levels by
limiting daily food rations over a 2-week period as de-
scribed previously (Lau et al., 1999a), and held at this for
the duration of the experiment. They were housed individ-
ually in a temperature-regulated room with a 12 h light—
dark cycle (lights on at 0700 h). Water was continuously
available in the living cages. Experiments were conducted
in accordance with the Guide for the Care and Use of
Laboratory Animals (National Institutes of Health Publ.
No. 85-23, revised 1985).

2.1.2. Drugs

Clozapine (obtained from Sandoz Pharmaceuticals [E.
Hanover, NJ, USA]) was prepared by dissolving 5 mg of
the drug in 25 wl of 1.2 N HCI, then further diluting it to
working concentration with 0.9% NaCl solution. Clozapine
was administered in a volume of 1 ml/kg body weight
either intravenously or orally by gavage. When an i.v.
bolus dose of clozapine was administered, clozapine solu-
tion was delivered in 30 s and was followed by 1 ml 0.9%
sdinein 15 s.

2.1.3. Catheterization

Animals were weighed prior to surgery and then anes-
thetized with ketamine and xylazine as described previ-
oudy (Lau et al., 1996; Ma et al., 1999). Right jugular
vein cannulation was performed under sterile conditions.
When not in use, the catheter was flushed with 0.9% saline
containing 50 units of heparin per milliliter and was sealed
with fishing line.

2.1.4. Apparatus
Four experimental Plexiglas chambers were used, and
have been described previoudy (Lau and Wang, 1996).
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Each chamber, enclosed in a sound-attenuating shell, was
equipped with aresponse lever and stainless steel food-pel-
let receptacle into which 45-mg dustless pellets (BioServ,
Frenchtown, NJ) could be delivered. Session contingencies
were programmed and data were recorded using QuickBa
sic on an IBM-type 486 X compulter.

2.1.5. Procedure

Rats were trained to respond under a differentia rein-
forcement of low rate 45-s schedule as described previ-
ously (Lau and Heatherington, 1997). Once training was
complete, a 3-h session was conducted at the same time
each day. After the intersession performance had stabilized
(i.e., the total and reinforced responses did not vary by
more than 5% from the baseline for 5 consecutive days),
right jugular vein catheters were implanted as described
above.

The animals were alowed at least 2 days to recover
from jugular vein catheterization before being returned to
the daily operant sessions. Once intersession performance
had reestabilized, drug administration series began. All
injections were given immediately prior to a session, and
were separated by 3-5 days in random order within a
series. We found that a preceding dose has no residua
effect on the succeeding dose (e.g., tolerance, sensitiza-
tion) for drugs such as cocaine and caffeine when within-
drug doses were separated by 3-5 days (Wang and Lau,
1998; Lau et al., 1999a). The animals first received i.v.
clozapine with administration of vehicle, 1, 2.5 and 5
mg/kg. All these clozapine bolus doses were administered
in 30 s, with resulting rates of input for thei.v. 1, 2.5 and
5 mg,/kg doses at 0.011, 0.027 and 0.053 mg/s, respec-
tively. The second dosing series consisted of an ord
clozapine dose-response determination (vehicle, 2.5, 5 and
10 mg/kg). Each dosing series was separated by 10
non-injection sessions.

2.1.6. Data analyses

The inter-response time distributions after the adminis-
tration of vehicle and clozapine doses were analyzed for
3-h sessions. The first 2 min of data, which alowed for the
transient effects of handling, were not included in the
analysis. Baseline inter-response time distributions for each
session immediately preceding an injection also were ana-
lyzed. For each rat, there were four baseline-day values
that were averaged and treated as the mean baseline effect
for each route of administration. Responses with inter-re-
sponse times > 45 s (reinforced) and those with inter-re-
sponse times <45 s (shorter or non-reinforced) were
extracted from the inter-response time distributions and
were expressed as rate (responses per minute). The total
number of responses consisted of responses with inter-re-
sponse times > 45 and < 45 s. Efficiency was calculated
as the ratio of reinforced responses to total responses. The
four parameters were transformed to mean percent baseline
values to compensate for individual differences in perfor-

mance; that is, the effect is expressed as a function of
baseline (E = E./E,), where E denotes effect, E, base-
line effect, and E, clozapine effect.

Although we found that the density of reinforcement in
both the 45-55 and > 45 s bins decreased as a function of
dosage for drugs (e.g., aprazolam, caffeine), the 45-55 s
bin function was more sensitive to drug effects than was
the total density of reinforcement (> 45 s). The 45-55 s
bin function also required lower doses to reach maximum
effect than did the measure of the total density of rein-
forcement, and it has been used previously to characterize
the relation between pharmacokinetics and pharmacody-
namics following drug administration under an acute dose
regimen. Thus, in the present study, we also analyzed the
inter-response times in the 45-55 s bin to facilitate a
comparison with our previous studies.

Dose—response curves for intravenous and oral clozap-
ine were constructed using a four-parameter, logistic func-
tion of the following equation by the ALLFIT curve-fitting
program written for the IBM PC (DeLean et al., 1992):

y=[(a=d)/(1+(x/c)")] +d

where, y is the percent of baseline performance in the
45-55 s bhin and x is the drug dose administered. The four
fitted parameters were: a, the E.;,, i.e., the % baseline
performance when x = 0; d, the E,,, i.e., the % baseline
performance for ‘*infinite’’ dose; b, the slope factor which
determines the steepness of the curve; c, the EDy, i.e., the
dose resulting in a response halfway between a and d.

Regression analysis and repeated-measures, one-way or
two-way analysis of variance (ANOVA), followed by
Newman—Keuls tests using SigmaStat (Jandel, San Rafael,
CA) for the evaluation of clozapine's effects, were per-
formed as appropriate.

2.2. Pharmacokinetics

2.2.1. Animals

Seven male rats of the same strain were placed under
conditions, including a food-limited regimen, similar to
those used in the pharmacodynamic study. They were
reduced to 80% of their initial, adult free-feeding body
weights (mean = 384 g; range: 380—393 g) as described
above and held at this weight for 3 months before the start
of the experiment, the time period needed for training and
establishing behavioral baseline performance.

2.2.2. Reagents and high-performance liquid chromatogra-
phy (HPLC)

a-Hydroxymidazolam was obtained from Hoffmann—
LaRoache (Nutley, NJ, USA). N-Desmethylclozapine was
purchased from Sigma (St. Louis, MO). Reagents were
obtained from standard commercial sources. A rapid and
sensitive HPLC microsample (50 w.|) method for the deter-
mination of clozapine and N-desmethylclozapine has been
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described previously (Ma and Lau, 1998). The separation
of clozapine, N-desmethylclozapine and «-hydroxymid-
azolam (as an internal standard) was performed on a
Symmetry C,g column, 150 X 2.1 mm |.D., 5 wm particle
size (Waters Associates, Milford, MA). We used an iso-
cratic mobile phase consisting of methanol—acetonitrile—
28.6 mM sodium acetate buffer pH 2.6 (10:20:70, v /v /V).
Clozapine and N-desmethylclozapine were separated from
serum samples by liquid—liquid extraction. The detection
limit was 2.5 ng/ml for each agent using a UV detector at
230 nm. The within-day and between-day precisions for
clozapine were high with the coefficients of variation in
the range of 2.69—7.31% and 3.02—7.58%, respectively.

2.2.3. Clozapine administration and blood sampling

The animals were allowed to recover for at least 2 days
from jugular vein catheterization prior to the drug adminis-
tration series. Animals were divided into two groups.
Group 1 (N = 4) received i.v. bolus doses of clozapine (1,
2.5 and 5 mg/kg) via the jugular vein catheter. Group 2
(N = 3) received an i.v. bolus dose (2.5 mg/kg) and a p.o
dose (10 mg/kg) of clozapine. Each drug dose was sepa-
rated by 3-5 days in random order. The blood sampling
procedure has been described previously (Ma et a., 1999).
Blood samples (100 wl) were obtained following i.v. 1
mg/kg clozapine administration at 5, 10, 15, 20, 30, 45,
60 and 90 min post-injection. For the i.v. 2.5 and p.o. 10
mg,/kg doses, blood samples were also obtained at 120
min. An additional blood sample was obtained at 180 min
for the i.v. 5 mg/kg dose. To minimize the difference
between the pharmacokinetic and pharmacodynamic ani-
mals, the animal received 45-mg food pellets matched in
number with those earned during the corresponding differ-
ential reinforcement of low rate 45-s sessions at time
points of 15, 30, 45, 60, 90, 120 and 180 min for each
clozapine dose. After 180 min, the animals were returned
to home cages and given food rations sufficient to main-
tain their usual, daily criterion weights.

2.3. Pharmacokineti c—pharmacodynamic modeling

We used the SAAM Il software system (SAAM Insti-
tute, 1997) to perform pharmacokinetic—pharmacodynamic
analyses. To prevent any effect of blood sampling on
behavioral performance, the pharmacokinetic and pharma-
codynamic studies of clozapine were conducted in a be-
tween-subject design as performed in our previous studies
(Lau and Heatherington, 1997; Lau et al., 1997, 1998,
1999a) using pooled data for the pharmacokinetic—
pharmacodynamic analyses, as was done with a cocaine
study (Lau et a., 1999a). For example, in the i.v. dosing
group, pooled data consisted of the pharmacokinetic and
pharmacodynamic data sets for al three doses from each
animal; that is, 104 concentrations for the pharmacokinetic
data and 120 observations for the density of reinforcement
measure. Assessment of the goodness of fit of each pro-

posed model to experimental data was based on Akaike's
information criterion (AIC) to evaluate model order and to
perform model discrimination.

2.3.1. Pharmacokinetic analysis

Serum concentration—time profiles were analyzed using
compartmental modeling. For Group 1 (s1-s4), the clozap-
ine serum concentration—time profile was modeled with an
open two-compartment (cpt) system with elimination from
the central cpt following i.v. administration. Three pharma-
cokinetic models were used (Fig. 1, central panel), one for
each dosing regimen. Each model contained the same set
of pharmacokinetic parameters for the four animals: the
volume of distribution at the central cpt (V,) and the rate
constants [K, 1y, K, 2, and kg 5,]. These pharmacokinetic
parameters were estimated by simultaneously fitting all
data and used to calculate distribution and elimination rate
constants, « and B, respectively, by standard formulae.
The area under the serum clozapine concentration—time
curve from time O to infinity [AUC_,,] was obtained
from SAAM |l software. The volume of distribution at
steady state (V), total clearance (C1), and the mean
residence time (MRT) for i.v. clozapine were calculated by
standard noncompartmental analysis.

For Group 2 (s5-s7), a two-cpt model with an added
absorption cpt was used to analyze the clozapine's serum
concentration—time profile after p.o. 10 mg/kg administra:
tion (Fig. 1, central panel). k, is the first-order absorption
rate constant for clozapine from the absorption site. The
absolute bioavailability (F) is the fraction of oral clozap-
ine dose entering the central cpt intact as clozapine. We
then analyzed the i.v. 2.5 and p.o. 10 mg/kg clozapine
concentration—time profiles simultaneously, assuming the

Pharmacokinetic

Model
F*K
a Penpheral
S Cpt
CIozaplne
Clozaplne (1 F)*kg k<o 1)
___________k'e _______Ee ______
- Density of
Density of .
Reinforcement Reinforcement Cpt
Dummy Cpt E-E 1-6‘8‘ _’keo
‘|" I +Ce'
7 7 \

Pharmacodynamic / AR \
Model

Fig. 1. Diagrammatic representation of integrated pharmacokinetic—
pharmacodynamic Models 1 or 2 [Pharmacokinetics: Group 1 (N = 4;
sl-s4, central panel); Group 2: (N = 3; s5—s7, not shown). Pharmacody-
namics: (N = 4; ssl—ss4)] used to describe the density of reinforcement
(lower panel) after administration of a single i.v. or p.o. dose of clozap-
ine.
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distribution and elimination characteristics were the same,
except for the absorption phase regardless of the route of
administration.

2.3.2. Pharmacodynamic model

The density of reinforcement (45-55 s bin) was used as
a behavioral endpoint to analyze concentration—effect rela-
tions of clozapine. A multi-compartmental model incorpo-
rating one link cpt, representing density of reinforcement
cpt, was used to describe the data and has been described
previously (Lau et a., 1999a). This effect—link model was
based on one proposed by Sheiner et a. (1979), wherein
an effect cpt is linked to the central cpt via the first-order
rate constant (kle), which is very small relative to the
other rate constants (Fig. 1). The parameter kle was fixed
at 0.0001 min~*, a numeric value that has been shown to
be of no consequence (Sheiner et a., 1979). Drug effect—
site kinetics was defined by the loss rate constant, k.
Clozapine decreased the density of reinforcement from
baseline (100%) to 0% (e.g., Fig. 4C-D); thus, the in-
hibitory E,,, model was used to describe and predict this
pharmacodynamic measure, which is expressed in terms of
Ce such that

Ce'
Ce' +ICL,

E=El1

where E,, 1C;, and Ce are the baseline response, the
clozapine concentration required to produce 50% maximal
inhibition, and the concentration in the density of rein-
forcement cpt, respectively, and i is the Hill factor.

2.3.3. Integration of pharmacokinetics and pharmacody-
namics

Once initial pharmacokinetic parameter estimates were
obtained for the two groups as described above, two
integrated pharmacokinetic—pharmacodynamic models
were generated (Models 1 and 2). For example, for Model
1, three pharmacokinetic models (one for each i.v. dose)
were integrated with their corresponding pharmacody-
namic models (Fig. 1, lower panel). All data were fitted
simultaneously within a group; we used the principle of
parsimony to examine whether parameters could be shared.
Only parameters resulting from Models 1 (Group 1) and 2
(Group 2) were presented. Fig. 1 shows a diagrammatic
representation of the pharmacokinetic—pharmacodynamic
models for a clozapine dose.

3. Results

3.1. Pharmacodynamics:. differential reinforcement of low
rate 45-s performance

Fig. 2 shows the effects of i.v. and p.o. clozapine on
inter-response time distributions for the 3-h sessions.
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Fig. 2. Mean effects of clozapine on inter-response time distributions
during the 3-h sessions: (A) i.v. clozapine (0-5 mg/kg); (B) p.o.
clozapine (0-10 mg/kg). All responses before the first arrow are non-re-
inforced ( < 45 s); others are reinforced ( > 45 s). The region between the
two arrows is the 45-55 s bin (N =4). Responses between the two
arrows (45-55 s hin) were used for the reinforced-response analysis. To
clarify responding at the short end of the inter-response time distribution,
burst responses (<1 s) are shown, and then, the short inter-response
times (the next two hins). Adjacent 5-s bins around the criterion bin also
are shown.

Clozapine increased the shorter inter-response times ( < 45
s) in a dose-related fashion regardless of route of adminis-
tration. Clozapine decreased the inter-response times in
bins > 45 s as a function of dose, with the major de-
creases detected in bins 45-54.9 s. However, clozapine
increased longer inter-response times in the bin of 70—79.9
s somewhat in comparison to those for the vehicle admin-
istration.

Fig. 3 shows an overview of performance for the 3-h
sessions following intravenous and oral clozapine adminis-
tration. Clozapine significantly decreased the density of
reinforcement in the bins of 45-55 and >45 s in a
dose-related fashion, regardless of route of administration
(P < 0.005) as reflected by repeated-measures one-way
ANOVAs (Fig. 3A). The dose-response curve for the
effects of i.v. clozapine on the bins of 45-55 s was parallel
to and significantly smaller than that for the binsof > 45s
by a two-way ANOVA (P < 0.05); however, no signifi-
cant difference was found between the two dose—response
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Fig. 3. Mean (S.E.M.) % baseline dose—response curves after i.v. clozap-
ine (0-5 mg/kg) and p.o. clozapine (0-10 mg/kg) administration for the
3-h sessions: (A) density of reinforcement in the > 45 and 45-55 s hins;

(B) shorter-response rate; (C) total response rate; (D) efficiency. The
abbreviation V denotes vehicle.

curves for the p.o. doses (P = 0.115). Hereinafter, the term
density of reinforcement refers to the density of reinforce-
ment in the 45-55 s bin. Although both i.v. and p.o.

clozapine produced effects on the shorter-response rate, the
overall increases were not statistically significant, P > 0.05
(Fig. 3B); however, the post hoc Newman—K euls compari-
son revealed that the increases in shorter-response rate for
thei.v. 1 and 2.5 mg/kg doses were statistically signifi-
cant (P < 0.01). The opposing relation between the density
of reinforcement and the shorter-response rate after clozap-
ine administration resulted in a somewhat flat total re-
sponse rate for i.v. and p.o. clozapine (P > 0.5; Fig. 3C).
Efficiency for clozapine via the two routes of administra-
tion decreased as a function of dose (P < 0.05; Fig. 3D).
The i.v. and p.o. vehicle injections produced negligible
effects, with values for the four performance indices re-
maining at baseline (P > 0.05).

We analyzed the dose—response curves of the density of
reinforcement simultaneously after i.v. and p.o. clozapine
administration for each animal. Inasmuch as the dose—re-
sponse curves for i.v. and p.o. clozapine were parallel as
shown in Fig. 3A, three parameters of the logistic function
(i.e, E,n» Enax and slope) were shared for the two curves.
Because E,,, had not been reached with either thei.v. or
p.o. clozapine doses used, E.,, was fixed at 0% on the
basis of effect—time profiles (see below, eg., Fig. 40).
The values of E,,,, and slope were 112.74% (+2.38) and
1.24 (4 0.25), respectively, whereas ED., for i.v. and p.o.
clozapine were 1.41 (£+0.10) and 9.67 (+0.64) mg/kg,
respectively. The relative potency measured by the ratio of
the two EDg, was 6.86 (i.e., 9.67/1.41), indicating that
i.v. clozapine was 6.86 times more potent in decreasing the
density of reinforcement than was ora clozapine.
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Fig. 4. Effects of i.v. (0-5 mg/kg and p.o. (0-10 mg/kg) clozapine on effect—time profiles, expressed as % baseline (S.E.M.): (A) and (B)

shorter-response rate; (C) and (D) density of reinforcement.
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The effects of vehicle via the two routes of administra
tion on the shorter-response rate—time profiles and the
density of reinforcement—time profiles were close to base-
line with some minor variations (Fig. 4A-D). After i.v.
clozapine administration (Fig. 4A), the shorter-response
rate increased to maximal effect in a time-related fashion
for the three doses (P < 0.0001) with the peak effects
occurring at 60, 90 and 150 min for the 1, 25 and 5
mg/kg doses, respectively. However, the increase in
shorter-response rate across doses was not statistically
significant in terms of magnitude (P > 0.5). Likewise, ordl
clozapine increased the shorter-response rate as a function
of time with the peak effects occurring at 30, 45 and 90
min for the 2.5, 5 and 10 mg/kg doses, respectively,
P < 0.005 (Fig. 4B), athough the increase across doses
was not statistically significant (P > 0.5). In contrast to its
effect on the shorter-response rate, i.v. clozapine decreased
the density of reinforcement in a dose- and time-related
fashion (P <0.005 and P < 0.000005, respectively) as
reflected by repeated-measures two-way ANOVAs (Fig.
4C). The maximal effect of intravenous clozapine for all

Group 1

Clozapine
i.v. (mg/kg)
—— 1

1 —a— 25

[ — 5

LI L L L DL B

i.v. 5 mg/kg Clozapine

0 30 60 90 120 150 180
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e si

= s2
(B) s 53

s4

Predicted

Serum Clozapine Concentration (ug/ml)
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doses occurred immediately except for the lowest dose (1
mg/kg). The density of reinforcement returned toward or
to baseline in a dose- and time-related fashion; however, it
remained low at the end of the session for the highest dose
(5 mg/kg). Likewise, effects of oral clozapine on the
density of reinforcement exhibited a dose- and time-depen-
dent relation (P < 0.05 and P < 0.01, respectively; Fig.
4D) with the maximal effect occurring at 45 min instead of
immediately, as it did for i.v. clozapine.

3.2. The pharmacokinetics of clozapine

3.2.1. Group 1: intravenous 1-5 mg / kg clozapine

The serum concentration—time profiles of clozapine and
pharmacokinetic parametersfor i.v. clozapine (1-5 mg /kg)
are shown in Fig. 5A and Table 1 (Ieft panel), respectively.
Clozapine was eliminated according to a biphasic process
with a distribution half-life (t,,,a) of 6.89 min and a
terminal elimination half-life (t, , 8) of 81.8 min. Dose
dependency was not observed. Clozapine AUC_., in-
creased linearly as a function of dose (Table 1). Fig. 5B, as
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Fig. 5. Serum clozapine concentration—time profiles for Group 1 after: (A) i.v. clozapine administration [1-5 mg/kg; mean (SE.M.)]; (B) 5 mg,/kg
[individual data (sl-s4) and predicted profile]l. Serum clozapine concentration—time profiles for Group 2 after: (C) i.v. 25 and p.o. 10 mg/kg
administration [mean (S.E.M.)]; (D) 10 mg/kg [individual data (s5—s7) and predicted profile].
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Table 1

Clozapine pharmacokinetic and pharmacodynamic parameters (CV%)
estimated by simultaneous pharmacokinetic—pharmacodynamic modeling
of serum clozapine concentration—time profiles and density of reinforce-
ment—time profiles after administration of i.v. bolus clozapine (1-5
mg,/kg)

The superscript ** X' denotes the respective clozapine doses (1-5 mg /kg).
Summary statistics: 10 adjustable parameters, AIC: 1.36.

Pharmacokinetic parameters

Pharmacodynamic parameters

V, (1/kg) 2.36 (2.57) (A) Dose-independent parameters
Vg (I/kg) 8.82 E, (% basdline  123.4(7.10)
Clh kg Y 566 i 3.49(13.1)
Ko (MIN™H)  0.036(218) ke (min~?) 0.018 (7.65)
Ko (Min™1)  0.049(5.66)  (B) Dose-dependent parameters

Koo (min™h)  0023(597)  ICq

a (min~1) 0.101 Dose(mg/kg)  1Cg (ng/mi)

ty,p (min) 6.89 iv.1 0.041 (4.49)

B (min~1) 0.0084 iv.25 0.081 (6.45)

ty,, B (min) 818 iv.5 0.111 (9.25)

MRT (min) 935 Relative potencies

Dose(mg/kg)  AUC_., Dose(mg/kg)  ICLmo/ke /
(wg min/ml) ICxma/k

i.v. 1 mg/kg 10.6 iv.1l 1

iv.25mg/kg 265 iv.25 0.506

i.v. 5mg/kg 53.0 iv.5 0.369

a representative example, shows the observed and pre-
dicted profiles for the four animals (s1-s4) after 5 mg/kg
clozapine administration. The active metabolite, N-de-
smethylclozapine, was not detected after administration of
the 1 and 2.5 mg/kg doses. For the 5 mg,/kg dose, the
concentrations of N-desmethylclozapine in serum were
low and ranged from 2 to 8 ng/ml (data not shown).

3.22. Group 2: intravenous 2.5 and oral 10 mg/kg
clozapine

Serum concentration—time profiles and pharmacokinetic
parameters for the intravenous 2.5 and oral 10 mg/kg
clozapine doses are shown in Fig. 5C and Table 2 (left
panel), respectively. Fig. 5D shows the observed and
predicted profiles for the three animals (s5—s7) for the oral
dose. The concentrations of N-desmethylclozapine in
serum were low and ranged from 2 to 7 ng/ml after
administration of the oral 10 mg/kg dose (data not shown).
The absolute oral bioavailability (F) for oral clozapine
was 5.32% (Table 2, left panel).

3.3. Pharmacokinetic—phar macodynamic modeling

3.3.1. Group 1: i.v. 1-5 mg / kg clozapine

Fig. 6A shows the predicted (solid lines) and observed
(filled circles) effect—time profiles of density of reinforce-
ment for the three i.v. doses, a representative profile
including data (ss1—ss4) for the 2.5 mg/kg dose is shown
in Fig. 6B. The dose-independent parameters (E,, k., and
i) and associated errors are shown in Table 1A. One value
of 1Cy, could not adequately describe the effects of clozap-

ine across doses as judged by visual examination and the
goodness of fit of the data assessed using AIC (AIC =
1.64). However, adequate descriptions of clozapine's ef-
fects for al three doses were attained when IC., was
allowed to vary as a function of dose (AIC = 1.36, Table
1). Table 1B shows the increase of IC,, with dose; as a
result, the relative potency of the three doses, relative to
the lowest dose (i.e., 1 mg/kg), decreases with increasing
dose.

3.3.2. Group 2: i.v. 2.5 and p.o. 2.5-10 mg / kg clozapine

We combined the pharmacodynamic data from the three
p.o. doses with the pharmacokinetic data of Group 2 in
Model 2. Because one set of pharmacokinetic parameters
could describe the concentration—time profiles for i.v.
clozapine, we were able to simulate p.o. concentration—time
profiles for the two lower doses (2.5-5 mg/kg; Group 2)
using pharmacokinetic modeling. This facilitated the inte-
gration of pharmacokinetics with pharmacodynamics for
al p.o. dose levels. The pharmacodynamic data from the
i.v. 25 mg/kg dose was also reanalyzed with the simu-
lated model by simultaneously optimizing the pharmacoki-
netic and pharmacodynamic data for the four doses. The
dose-independent pharmacodynamic (E,, k., and i) and
dose-dependent (IC,) parameters for the four doses are
shown in Table 2A and B). The predicted effect—time
profiles are indicated by solid linesin Fig. 6C; a represen-
tative profile including individual data (ssl—ss4) for the

Table 2

Clozapine pharmacokinetic and pharmacodynamic parameters (CV%)
estimated by simultaneous pharmacokinetic—pharmacodynamic modeling
of serum clozapine concentration—time profiles and density of reinforce-
ment—time profiles after administration of clozapine (i.v. bolus 2.5 and
p.o. bolus 2.5-10 mg/kg)

The superscript ““ X'’ denotes the respective clozapine doses (p.o. 2.5-10
and i.v. 2.5 mg/kg.

Summary statistics: 13 adjustable parameters, AIC: 3.23.

Pharmacokinetic parameters Pharmacodynamic parameters

V, (I/kg) 2.11(0.46) (A) Dose-independent parameters
Vg (I /kg) 8.68 E, (% baseline)  133.5(2.29)
Cl (/h/kg) 4.65 [ 3.87(357)
ko1 (Min™1)  0.033(1.97)  kg(min~1) 0.108 (4.48)
ko1 (Min™1)  0.076(1.27)  (B) Dose-dependent parameters
Ka, 2 (Min~1)  0.034(165  ICg
a (min~b) 0.134 Dose(mg/kg)  I1Cg (ng/mlb)
ty o (min) 5.16 p.o. 2.5 0.011(1.31)
B (min~1) 0.0082 p.0.5 0.013 (2.45)
ty,, B (min) 84.2 p.o. 10 0.024 (2.14)
F (%) 5.32(0.77) iv.25 0.073(1.54)
k, (min~1) 0.030(1.52)  Relative Potencies
Dose(mg/ky)  AUCg_., Dose(mg/kg)  ICLme/ke /
(wg min/ml) ICZmo/ke
p.o.25mg/kg 1.62 p.0. 25 1
p.o. 5mg/kg 324 p.o.5 0.783
p.o.10mg/kg 6.48 p.o. 10 0.441
iv.25mg/kg 323 iv.25 0.144
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Fig. 6. Measured and predicted density of reinforcement—time profiles after i.v. administration of clozapine: (A) mean (S.E.M.) for 1-5 mg/kg; (B)
individual animals (ss1—ss4) for the 2.5 mg,/kg dose. Measured and predicted density of reinforcement—time profiles: (C) mean (S.E.M.) for thei.v. 2.5
and p.o. 2.5-10 mg/kg doses; (D) individua animals (ssl-ss4) for the p.o. 10 mg,/kg dose.

p.o. 10 mg/kg dose is shown in Fig. 6D. Like Group 1,
one ICg, value could not appropriately describe the i.v.
and p.o. data as reflected by visual examination and the
goodness of fit of the data (AIC = 4.05, which was greater
than that shown in Table 2). Nevertheless, the IC, value
for the i.v. 2.5 mg/kg dose was somewhat similar to that
estimated from Model 1. Relative to the p.o. 2.5 mg/kg
dose, the relative potencies of p.o. clozapine decreased as a
function of dose; however, the relative potency of the i.v.
2.5 mg/kg dose was the lowest (Table 2).

3.4. Effects of dose, AUC,_.,,, and route of administration
on the relative potencies of clozapine

Fig. 7A—C shows the relative potencies of i.v. and p.o.
clozapine (Tables 1B and 2B) plotted against the logarithm
of dose or AUC,_.., for the density of reinforcement. The
relative potency of i.v. clozapine decreased linearly and in
parallel with those of p.o. clozapine with respect to the
AUC,_.,, administered or bioavailable dose as indicated
by the values of slope, R?, and P (Fig. 7A—C). Although

the dose range of oral clozapine (2.5-10 mg/kg) adminis-
tered is greater than that for i.v. clozapine (1-5 mg/kg),
AUC,_.., values of the former were smaller than those of
the latter because of the low F value of ora clozapine
(5.32%). The administered p.o. doses of 2.5, 5 and 10
mg/kg were equivalent to bioavailable doses of 0.133,
0.266 and 0.532 mg/kg, respectively. This is why the
curve of p.o. clozapine shifts to the left from that of i.v.
clozapine (Fig. 7C) and in accordance with the curve
plotted against AUC ,_.,, (Fig. 7A).

To determine the effects of route of administration on
the relative potency of clozapine, we calculated the po-
tency values for the 1, 25 and 5 mg/kg i.v. clozapine
doses relative to the p.o. 25 mg/kg dose; they were
0.268, 0.136 and 0.099, respectively. The relative potency
of the i.v. 2.5 mg/kg dose closely followed the value of
0.144 estimated from Model 2 (Table 2). The relative
potency of clozapine is solely dependent on the AUC,_.,
or dose that was bioavailable when the values of relative
potency for all six doses relative to the p.o. 2.5 mg/kg
dose were expressed (Fig. 7D-E). Collectively, the rela-
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Fig. 7. Relations between potencies of clozapine relative to the lowest
dose of each route of administration for the density of reinforcement and
the logarithm of: (A) AUC_.. (B) administered dose; (C) bioavailable
dose. Relations between potencies of clozapine relative to the p.o. 2.5
mg,/ kg dose and the logarithm of: (D) AUC,_..; (E) bicavailable dose;
(F) administered dose. The solid lines are the predicted values for the
pharmacodynamic function. The equation and the associated statistics (R?
values) for each regression analysis are included. All regressions attained
the P < 0.0001 level.

tive potency of clozapine decreased significantly and lin-
early with the logarithm of AUC,_.,) or bioavailable dose,

regardless of route of administration. Therefore, it be-
comes important that one adjusts the administered p.o.
clozapine doses for F in order to examine the effects of
route of administration on relative potency; otherwise, two
independent curves are obtained as shown in Fig. 7F. The
p.o. 2.5 mg/kg is the most efficacious dose used in this
study.

3.5. Concentration—effect relations of density of reinforce-
ment for i.v. and p.o. clozapine

Inasmuch as ICg, values were different across doses for
each route of administration, three parallel curves of con-
centration—effect relation for density of reinforcements
could be plotted for either i.v. or p.o. clozapine. The
predicted effects are plotted against concentrations at the
effect site for thei.v. 1 mg/kg dose (i.e., solid line) in Fig.
8A using the pharmacodynamic parameters shown in Table
1. Fig. 8A also shows that the mean observed effects
across sessions for each i.v. dose (filled symbols) are
plotted against the respective concentrations, however,
these concentrations for the three i.v. doses have been
corrected for the respective relative potencies. It is appar-
ent that the concentration—effect relation of the i.v. 1
mg/kg dose can describe those of i.v. clozapine across
doses if the relative potency of each dose was determined.

Likewise, Fig. 8B shows the predicted concentration—
effect relation at the effect site for the p.o. 2.5 mg/kg dose
(solid line) and the observed concentration—effect relations
(open symbols) for p.o. clozapine (2.5-10 mg/kg). To
include i.v. clozapine in the ora clozapine concentration—
effect curve, the mean observed effects across sessions for
each i.v. dose were plotted against the concentrations at
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Fig. 8. Predicted and observed density of reinforcement plotted against clozapine concentrations at effect sites corrected for potencies of clozapine relative
to thei.v. 1 mg/kg dose: (A) predicted (i.v. 1 mg/kg) and observed (i.v. 1-5 mg/kg). Predicted and observed density of reinforcement plotted against
clozapine concentrations at effect sites corrected for potencies of clozapine relative to the p.o. 2.5 mg/kg dose: (B) predicted (p.o. 2.5 mg/kg) and
observed (p.o. 2.5-10 mg/kg); (C) predicted (p.o. 2.5 mg,/kg) and observed (i.v. 1-5 and p.o. 2.5-10 mg/kg).



L. Sun, C.E. Lau / European Journal of Pharmacology 398 (2000) 225-238 235

the respective effect sites standardized against their rela
tive potencies in relative to the p.o. 2.5 mg/kg dose but
not to the i.v. 1 mg/kg dose (Fig. 8C). Collectively, the
concentration—effect relation of the p.o. 2.5 mg/kg dose
can describe those of clozapine across doses and routes if
the relative potency for each dose was determined.

4, Discussion

This study presents the first attempt to simultaneously
characterize the dose— and concentration—effect relations
of i.v. and p.o. clozapine in rats. Pharmacokinetic parame-
ters assessed for Group 2 were similar to those for Group 1
(Tables 1 and 2, Ieft panels), indicating that between-group
variability was minimal. Although t, ,, B corresponded to
previously found in rats (Baldessarini et al., 1993), vaues
of both t,,, 8 and F for clozapine were much smaller
than those reported in humans (Choc et a., 1990; Dain et
al., 1997). Clozapine is extensively metabolized in humans
(Stock et a., 1977; Dain et d., 1997). The two major
metabolites are N-desmethylclozapine and clozapine-N-
oxide; however, only the former metabolite is pharmaco-
logically active (Kuoppamaki et al., 1993). In the present
study, the low F value of oral clozapine (5.32%, Table 2)
corresponded to its high extraction ratio (about 0.94) esti-
mated from i.v. clozapine clearance (94.33 ml min~!
kg1, Table 1) and the hepatic blood flow of rats (assum-
ing 100 ml min~! kg™ 1), suggesting that oral clozapine
undergoes extensive hepatic first-pass metabolism. This
means that upon oral administration, approximately 94%
of the dose enters the body as metabolites. Because we
only monitored serum clozapine and N-desmethylcloza-
pine concentrations, the complete metabolic profiles were
unknown in the present study.

Assessed by the values of AUC,_,, or bioavailable
dose, p.o. clozapine is more effective than i.v. clozapinein
decreasing the density of reinforcement (Tables 1 and 2).
In contrast, analyzed by dose—response determinations, i.v.
clozapine was 6.9 times more potent than p.o. clozapine
(Fig. 3A). This paradox derives from the two different
approaches in determining drug potency for dose—response
and concentration—effect relations. The former estimates,
the EDg, from time-course profiles, collapsed into single
points with no consideration of pharmacokinetics, whereas
the latter estimates the IC5, from concentration—effect
profiles. Furthermore, the absolute oral bioavailability is
also helpful in adjusting administered doses to bioavailable
doses, especialy for drugs with low bioavailability. Esti-
mation of EDg, from the effect—bioavailable-dose plot
would have resulted in a different value than that of
effect—administered-dose plot, but parallel to those of con-
centration—effect plots. Therefore, the pharmacodynamic
parameters derived from the concentration—effect relation
rather than dose-response relation appear to be more
accurate. Due to the high correlation of IC5, and E, ., an

added advantage in estimating drug potency by concentra-
tion—effect instead of dose—response determinations is the
use of lower doses which avoid many of the adverse
effects from higher doses. For example, for the density of
reinforcement, the E,, was reached in concentration—ef-
fect curves (Fig. 8A—C), but not in dose-response curves
(Fig. 3A).

Using IC;, as a marker of acute tolerance was first
suggested by Hudson et al. (1983). We used this approach
to demonstrate cocaine's differential effects on locomotor
activity and operant behaviors (Lau et al., 1999b). In this
context then, the increase in the 1Cg, with dose for both
i.v. and p.o. clozapine may be explained by the phe-
nomenon of acute tolerance. The IC., may be considered
an index for the sensitivity of behavioral performance to
clozapine, and the relative potency and index for the extent
of acute tolerance across doses and routes of administra-
tion. In this way, the extent of acute tolerance to clozapine
varies directly with ICg, but inversely with relative po-
tency; that is, as ICy, increases, acute tolerance also
increases since relative potency has decreased. This bears
direct application to estimating the extent of acute toler-
ance with dose and route of administration, as greater
acute tolerance occurs after i.v. clozapine administration
than p.o. administration. Although tolerance developed to
clozapine’s effects under chronic dose regimens
(Waldmeier and Maitre, 1976; Sanger, 1985; Csernansky
et al., 1993; Das and Fowler, 1995; Trevitt et al., 1998),
acute tolerance to clozapine has not been previously shown
in animals and humans. Hysteresis in the concentrati on—ef-
fect curve is generally used as an indicator for the occur-
rence of acute tolerance. In the present study, hysteresis
was not apparent except at the 5-min time-point for the
lowest i.v. dose as reflected in the effect—time profile (Fig.
6A). However, the decrease in relative potency with dose
did provide a useful index for estimating the extent of
acute tolerance to clozapine.

Metabaolite profiles, as well as acute tolerance, can ater
the values of 1Cg, for drugs after administration of differ-
ent doses by various routes. In the present study, N-de-
smethylclozapine (an active metabolite) concentrations
were low after the largest oral clozapine dose (10 mg/kg),
which were comparable to those for thei.v. 5 mg/kg dose
as described in Section 3. One would expect an even lower
concentration for the two smaller oral clozapine doses (2.5
and 5 mg /kg). Thus, N-desmethylclozapine is unlikely to
be involved in the increases in IC, with dose for the two
routes of administration because of their similarities in
metabolite profiles. If indeed N-desmethylclozapine pro-
duced behavioral effects similar to clozapine, a different
profile would likely be observed; that is, the IC5, would
decrease with dose. Taken together, acute tolerance to
clozapine's effects is the most plausible explanation for
our results.

Numerous pharmacodynamic models have been used to
demonstrate acute tolerance under various infusion-dose
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regimens for psychoactive drugs in humans (e.g., Chow et
al., 1985; Kroboth et al., 1993) and animals (e.g., Ekblom
et a., 1993). We have tried to use some of these models;
however, they did not describe our data well. To our
knowledge, the extent of acute tolerance has not been
characterized following bolus administration via i.v. and
extravascular routes with pharmacodynamic models. In
fact, a tolerance model developed for morphine under
constant infusion could not totally account for both the rate
and extent of acute tolerance in the same study after anii.v.
bolus dose (Ekblom et al., 1993). This may be due to
differences in the rate of tolerance development for the
two dose regimens, such as a possible fast and dow
tolerance component (Brase et al., 1976). Therefore, mod-
els describing slower tolerance development under con-
stant infusion dose regimens may not be able to account
for the possible rapid tolerance development under a bolus
dose regimen (Ekblom et a., 1993).

Rate of drug administration has been suggested as an
important determinant of both the clinical effects and
development of acute tolerance to benzodiazepines
(Greenblatt et al., 1977; Ellinwood et al., 1985). Indeed,
the effects of rates of drug administration on pharmacody-
namics have been demonstrated in humans (Wakelkamp et
al., 1998) and in rats (Cleton et al., 1999). In the present
study, the rates of input or absorption of clozapine differed
markedly with both routes of administration and dose size.
The rate of absorption for the p.o. 10 mg/kg dose was
considerably slower (about 0.00115 mg/s) on the basis of
its k, value (Table 2) than the rates of input for the three
i.v. doses (0.011-0.053 mg/s), athough the absorption
rate of p.o. clozapine could not be precisely determined
from the present study. Assuming constant k,, absorption
rates for the two lower p.o. doses would likewise be even
slower. Because ICy, varied directly with rates of input
across doses and routes of administration of clozapine, less
acute tolerance was seen with the slowest input rate than
with more rapid input rates, findings consistent with a
previous frusemide study (Wakelkamp et al., 1998). The
input rate of clozapine seems to explain the effects of dose
and route of administration on the extent of acute tolerance
to clozapine. The rate of input may not be as crucial in
acute tolerance development to other drugs, however. For
example, acute tolerance to midazolam was not developed
with three different rates of administration in rats
(Mandema et d., 1991). Using the same acute-dose regi-
men under the differential reinforcement of low rate 45-s
schedule, acute tolerance may explain the potency differ-
ences between i.v. and p.o. cocaine (Maet al., 1999), but it
was not evident in i.v. cocaine with different input rates
(Lau et al., 1999a). It is unlikely that a preceding dose had
residual effects on succeeding doses, which were separated
by 3-5 days in our behavioral paradigm; otherwise, acute
tolerance to clozapine would have been greater for p.o.
clozapine than i.v. clozapine, as the i.v. dose series was
administered prior to the p.o. dose series.

Although clozapine is used as an antipsychotic agent, it
possesses pharmacological (De Maio, 1972; Ellinwood et
al., 1983) and behavioral (e.g., Canon, 1979; Spealman et
al., 1983) characteristics similar to benzodiazepines. Ac-
cording to 3-h collapsed data, clozapine, resembling the
effects of benzodiazepines (e.g., aprazolam, midazolam)
and cocaine, increased the shorter-response rate and de-
creased the density of reinforcement (Fig. 3A-B; Lau et
al., 1998, 1999a). However, two distinct patterns were
seen in effect—time profiles of shorter-response rates, al-
though the profile for density of reinforcement was similar
across these drugs (Lau and Heatherington, 1997; Lau et
al., 1998, 1999a). Thus, the shorter-response rate profile
may be said to reflect the drug’s putative pharmacological
action (e.g., stimulatory, sedative), while density of rein-
forcement profile is an index of timing performance under
the differential reinforcement of low rate 45-s schedule.
The increased shorter-response rate is the stimulatory ef-
fect reported herein. Following i.v. administration, for
example, cocaine increased the shorter-response rate im-
mediately, whereas alprazolam increased the shorter-re-
sponse rate at a later time. This observation is consistent
with their putative pharmacological actions; cocaine is a
psychomotor stimulant and alprazolam is a sedative agent,
despite both drugs showing a similar pattern of disappear-
ance in serum drug concentration via i.v. administration.
However, two peaks were observed in the shorter-response
rate—time profiles for the two benzodiazepines after s.c.
administration due to the difference in onset of the stimula-
tory and sedative effects (Lau and Heatherington, 1997;
Lau et a., 1998). We used the stimulation—sedation model
to characterize the effect—time profiles of the two benzodi-
azepines. The first peak occurred before onset of the
sedative effect, while the second occurred after offset of
the sedative effect; however, the first peak was absent for
i.v. aprazolam due to the rapid effect onset by the i.v.
route. Following i.v. and p.o. clozapine, the first peak is
absent at the corresponding alprazolam site, while the
observed peak for each dose is comparable to the second
alprazolam peak in location (Fig. 4A—B). This could result
from differences in the rate and extent of the stimulatory
and sedative effects produced by clozapine and the two
benzodiazepines; as a result, the first peak is absent for
clozapine. The same stimulation—sedation model could be
used to characterize the effect—time profiles of i.v. and p.o.
clozapine (unpublished data), implying that effects of
clozapine on shorter-response rates were similar to those
of the two benzodiazepines.

In summary, the behavioral and pharmacological pro-
files of clozapine can be discriminated from those charac-
terizing benzodiazepines through behavioral and pharma-
cokinetic—pharmacodynamic analyses. Acute tolerance was
evident in concentration—effect relations of clozapine, but
not in dose—response or effect—time profiles. The extent of
acute tolerance was dependent on biocavailable dose or
concentration regardless of route of administration. A sin-
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gle concentration—effect relation described effects of
clozapine on the density of reinforcement for timing be-
havior as a pharmacodynamic endpoint across the doses
and routes used. Increases in ICg, with dose of clozapine
correspond to decreases in efficacy in concentrations at
effect sites, indicating that acute tolerance development is
a continuous, dynamic process and provides a suitable
basis for investigation of the in-vivo pharmacodynamics of
clozapine. Furthermore, effects of dose and routes of ad-
ministration on acute tolerance presented herein may have
direct implications in optimizing therapeutic dose regimens
for clozapine.
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