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ABSTRACT Zonisamide (Zonegran®) is a broad-spectrum antiepileptic agent that shares some pharma-
cological properties with other anticonvulsants, including phenytoin, carbamazepine, and valproic acid, but
is differentiated from these agents by the ability to significantly block T-type calcium channels. Zonisamide
interacts with the γ-amino-butyric acid (GABA) receptor in an allosteric manner, and thus does not modu-
late GABA receptor effects. However, given the potential of drugs within the latter class for drug abuse in
humans, an evaluation of zonisamide for abuse potential is an important component of its potential side-
effect profile. In the present study, zonisamide was tested in animal models of the subjective and reinforc-
ing effects of central nervous system (CNS) depressant drugs, e.g., diazepam discrimination in rats and
intravenous self-administration in rhesus monkeys, respectively. In addition, zonisamide was evaluated for
physical dependence liability in a chronic infusion model using rats. Zonisamide did not substitute for
diazepam in rats trained to discriminate 2.5-mg/kg diazepam from vehicle nor was it self-administered by
rhesus monkeys experienced in methohexital-reinforced responding. Continuous infusion of zonisamide
(400 or 600 mg/kg/day) did not prevent the loss of body weight associated with discontinued pentobarbital
infusion. These doses of zonisamide did produce some incomplete attenuation of observable signs of pen-
tobarbital withdrawal, likely due to direct sedative or depressant effects of these high doses. These results
suggest that zonisamide would not produce diazepam-like intoxication in humans nor would it likely be
subject to abuse when made more widely available. Further, when administered chronically, zonisamide
would not be expected to produce physical dependence of the CNS depressant type. Taken together, these
results support the prediction that zonisamide would have low abuse liability.  Drug Dev. Res. 54:66–74,
2001. © 2001 Wiley-Liss, Inc.
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INTRODUCTION

Zonisamide (Zonegran®) is a broad spectrum
antiepileptic agent that blocks seizure propagation and
suppresses epileptogenic focus [Ito et al., 1980]. Al-
though the mechanism of action for its anticonvulsant
effects is unknown, zonisamide shares some pharmaco-
logical properties with other anticonvulsants, includ-
ing phenytoin, carbamazepine, and valproic acid. Like
zonisamide, phenytoin and carbamazepine block seizure
propagation [Masuda et al., 1980]; however, unlike
zonisamide, they do not suppress epileptogenic focus

[Hori et al., 1979; Ito et al., 1979]. Valproic acid, on the
other hand, suppresses epileptogenic focus [Fromm et
al., 1987; Hori et al., 1979; Ito et al., 1979]. Since
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zonisamide produces both effects, its anticonvulsant
action is broader than each of these other agents. In
addition, zonisamide is differentiated from these agents
by the ability to significantly block the T-type calcium
channel [Seino et al., 1995]. At therapeutic levels, it dis-
places radiolabeled benzodiazepine from its binding site
within the γ-amino butyric acid (GABA)/benzodiazepine
receptor complex in a manner similar to phenytoin
[Mimaki et al., 1990]. Zonisamide exhibits allosteric
binding to the GABA/benzodiazepine receptor and thus
does not modulate GABA receptor effects [Rock and
Taylor, 1985]. Because zonisamide competitively inhib-
its binding of the benzodiazepine [3H]flunitrazepam to
GABA/benzodiazepine receptors [Mimaki et al., 1990]
and [3H]zonisamide binding is inhibited by the benzo-
diazepine clonazepam [Mimaki et al., 1988], it might be
expected to share other pharmacological properties with
benzodiazepines. Therefore, it is necessary to evaluate
zonisamide for abuse potential similar to that of the
benzodiazepines and other central nervous system
(CNS) depressants.

Animal studies have been widely employed for pre-
dicting drug abuse potential of new medications [Adler
and Cowan, 1990; Balster, 1991]. An important aspect of
preclinical evaluation of drug abuse potential is to de-
termine if the drug under study exhibits pharmacologi-
cal equivalence with known drugs of abuse, a finding
which would suggest that the new drug may produce
similar events in human users. Drug discrimination is
an animal model of the subjective effects of psychoac-
tive drugs in humans [Balster, 1990; Holtzman, 1990].
Drugs that substitute for each other in animal drug dis-
crimination studies would be expected to produce simi-
lar subjective effects in humans. For these studies,
zonisamide was assessed for diazepam-like discrimina-
tive stimulus effects in rats. The second procedure, self-
administration, is an animal model of the reinforcing
effects of drugs, e.g., drugs that animals will self-admin-
ister via intravenous (i.v.) infusion overlap substantially
with those that are recreationally abused by humans [Ator
and Griffiths, 1987; Griffiths and Weerts, 1997; Johanson
and Balster, 1978]. For these studies, zonisamide was
tested using a substitution procedure in rhesus monkeys
experienced with methohexital self-administration. Fi-
nally, zonisamide was tested for its ability to substitute
for pentobarbital in rats made physically dependent on
pentobarbital by continuous infusion. Compounds that
prevent pentobarbital withdrawal and thus show cross-
dependence with barbiturates can be predicted to have
physical dependence potential of the CNS depressant
type [Yutrzenka et al., 1985]. While the results of these
tests will not provide direct information on the mecha-
nism of action of zonisamide’s anticonvulsant effects, they
are predictive of the abuse potential of zonisamide.

MATERIALS AND METHODS
Drug Discrimination in Rats

Six adult male Sprague-Dawley rats, obtained from
Harlan Laboratories (Dublin, VA), were placed on daily
feeding of restricted amounts and allowed to gain weight
slowly over the course of the experiment. Rats were main-
tained at body weights between 350–400 g by rationing
the daily amount of Lab Diet #5000 rodent chow (PMI
Nutrition Intl., St. Louis, MO) received after experimen-
tal sessions and on weekends. When sessions were not
being conducted, the rats were individually housed in
wire suspension cages in a temperature-controlled (20–
22°C) vivarium environment with a 12-h light–dark cycle
(lights on at 07:00). Water was freely available in the home
cages. Rats were drug naive and were approximately 3
months old at the beginning of the experiment. They were
weighed daily and acclimated to the laboratory environ-
ment for 1 week prior to the beginning of drug discrimi-
nation training.

During behavioral training and testing, rats were
transported from the vivarium to a laboratory in the same
building, injected and placed into standard two-lever
operant conditioning chambers (Lafayette Instruments
Co., Lafayette, IN) equipped with stimulus lights and a
dispenser capable of delivering 45-mg BIOSERV
(Frenchtown, NJ) food pellets. They were trained to dis-
criminate 2.5 mg/kg diazepam from an equal volume of
vehicle (1:4:5 mixture of ethanol, propylene glycol, and
distilled water). A standard two-lever drug discrimina-
tion procedure, as used previously [Wiley et al., 1998],
was employed. Rats were trained during daily (Monday–
Friday), 15-min sessions. Sessions were conducted be-
tween 14:00 and 16:00 h during the light portion of the
light–dark cycle. After rats had learned to press the le-
vers in order to obtain food reinforcement, they were
injected with either diazepam (2.5 mg/kg) or its vehicle
under a double-alternation schedule. On days when di-
azepam was administered, lever presses on the drug-as-
sociated lever were reinforced under a fixed-ratio (FR)
10 schedule. On days when vehicle was administered,
lever presses on the other (vehicle-associated) lever were
reinforced. In either case, the rat was required to make
10 consecutive responses on the injection-appropriate
lever in order to receive food reinforcement. Responses
on the incorrect lever reset the ratio requirement on the
correct lever.

After rats had acquired the discrimination, test ses-
sions were conducted on Tuesdays and Fridays if the sub-
ject completed the first FR on the correct lever during
the preceding training session. During test sessions, 10
consecutive responses on either lever were reinforced.
Between test sessions, the rats continued the double-
alternation sequence of diazepam and vehicle training
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sessions. The dose–effect curve for diazepam was deter-
mined first, followed by the dose–effect curve determi-
nation for zonisamide. Phenytoin was tested last and only
in two of the rats. Doses of each drug were tested in as-
cending order. Before the start of each dose–effect curve,
rats were administered control tests with vehicle and with
2.5 mg/kg diazepam.

Self-Administration in Rhesus Monkeys

Four adult male rhesus monkeys (Macaca mulatta),
weighing 5.9–10.0 kg, were housed in 1-m3 fiberglass
cubicles with a transparent front door. The monkeys were
fed Purina Monkey Chow twice daily (morning and
evening) and received ad libitum water in their home
cages. Dietary supplements consisting of a chewable
multiple vitamin tablet, Prima Treats (BioServ, French-
town, NJ), and fresh fruits or vegetables were provided
daily. Three monkeys had previously participated in other
self-administration studies; one (M1319) was newly
trained for this study.

Each monkey was surgically implanted with in-
dwelling silicone catheters (0.08 i.d., Ronsil Rubber Prod-
ucts, Belle Mead, NJ) under phencyclidine (1 mg/kg, i.m.)
/ pentobarbital (10–30 mg/kg, i.v.) anesthesia. Catheters
were passed subcutaneously from the catheterized vein
and exited in the midscapular area. They were protected
by stainless steel harnesses and tethers through which
the catheters passed to the rear of the cubicles. The cath-
eter-protection harness and tether were equipped with
swivels allowing animals nearly complete freedom of
movement within the cubicles. A peristaltic pump
(Masterflex, Cole-Palmer, Chicago, IL) was attached to
each catheter and delivered 1-ml infusions in 10 sec. Two
response levers and associated stimulus lights were lo-
cated on the front door of each cubicle. Experimental
contingencies and data recording were accomplished by
a PDP-11 computer located in an adjacent room utiliz-
ing SKED-11 software (State Systems, Kalamazoo, MI).

Each monkey was trained to press the left lever for
0.1 mg/kg/injection sodium methohexital under an FR
10 schedule of reinforcement during daily 1-h experi-
mental sessions. Daily sessions began at approximately
14:00 h during the light portion of the light–dark cycle.
Availability of the drug was signaled by illumination of
two white stimulus lights above the lever. During infu-
sions, the white lights were extinguished and a red light
located between them was illuminated. When rates of
methohexital self-administration were stable, substitution
tests with methohexital and zonisamide were performed.
Tests were conducted with saline before and after the
testing of zonisamide. Substitution tests were comprised
of four consecutive sessions in which a test solution was
made available for self-administration. There were no
external stimuli presented to the monkey to indicate that

the solution had been changed. Between substitution
tests, monkeys were returned to methohexital self-admin-
istration for a minimum of 3 days until stable performance
was again obtained.

Physical Dependence Evaluation in Rats

Male Sprague-Dawley rats (Harlan Laboratories),
weighing 200–225 g at acquisition were housed in indi-
vidual wire cages in an alternating 12-h light–dark envi-
ronment (lights on 07:30–19:30 h) with stringent control
of temperature and humidity. Food and water were avail-
able ad libitum. The infusion experiments were per-
formed in the same room in which the rats were originally
housed. Three to eight rats were included in each treat-
ment group.

Rats were surgically prepared with intraperitoneal
(i.p.) cannulae as described by Teiger [1974]. Rats were
anesthetized with pentobarbital, 40–50 mg/kg by i.p. in-
jection, the abdomen was incised, and a PE-50 cannula
was inserted into the peritoneal space and was sutured
to the abdominal muscle at the point of exit to secure it.
The distal end of the cannula was advanced s.c. to exit
the body through a small incision at the nape of the neck,
where it was also sutured in place. Rats were allowed at
least 2 days of recovery prior to initiation of the study.

Upon recovery from surgery, rats were secured in
harnesses to reduce access to the cannulae and were
placed in individual cages. The in-dwelling cannula was
connected to a flow-through swivel, which in turn was
connected to a 10-ml syringe placed on a Harvard infu-
sion pump. Prior to initiation of compound infusions, all
rats were acclimated to the infusion apparatus for at least
2 days, during which time they received saline infusions.
Control rats continued on saline infusion throughout the
course of the experiment. Compound-treated rats were
infused with a solution of sodium pentobarbital made iso-
tonic with sodium chloride. Compound solutions were
drawn into syringes and diluted with physiological sa-
line so that the desired dosage was administered in a
volume of 8 ml / 24 h (4 ml / 24 h during weekends).
Pentobarbital was administered by continuous infusion
on an escalating dosing schedule for 12 days in order to
induce physical dependence [Yutrzenka et al., 1985].
Dosage with pentobarbital was initiated at 100 mg/kg/
day (expressed as the free acid), and was increased at a
rate of 0–100 mg/kg/day, depending on the degree of de-
pression of the individual animal. By day 12, most rats
were receiving pentobarbital at a rate of 800–900 mg/kg-
day. Body weights of rats were measured daily during
the period of infusion.

Following the 12 days of infusion of pentobarbital,
the infusion lines were disconnected from the internal
cannulae and were flushed with saline. Subsequently, rats
were randomly divided into four groups. Each group was
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continuously infused for 72 h with a different solution as
follows: 1) zonisamide, 400 mg/kg/day (four rats); 2)
zonisamide, 600 mg/kg/day (four rats); 3) 0.9% saline,
adjusted to pH 11.1 (three rats); 4) pentobarbital, 900 mg/
kg/day (three rats). In addition, eight rats received saline
throughout the entire period of infusion and served as
untreated controls. Zonisamide doses were chosen based
on the results of a previous pilot study with different rats
(data not shown) in which higher doses of 900 and 1,350
mg/kg/day produced profound depression on the first or
second day of infusion.

Following substitution of drug, infusion lines were
flushed with saline again and all rats were infused for 72
h with saline for the withdrawal phase. During the sub-
stitution and withdrawal phases of the experiment a num-
ber of observations were made to assess signs of
withdrawal in the rats [Patrick et al., 1994]. For all rats,
body weight and overt signs of hyperexcitability were
determined at 8 and 24 h each day and following changes
in the infusate. At each time point each rat was assigned
a withdrawal score based on the following seven-point
rating scale: a) Response to puff of air directed at head:
0, no response; 1, jumps (does not include flinch); 2, jumps
and vocalizes. b) Squeal when prodded with a blunt in-
strument: 0, no response; 1, vocalizes. c) “High” or “ag-
gressive” posture (standing with all four legs extended,
back arched, with or without piloerection): 0, no high
posture; 1, high posture. d) Response to being grasped
and held gently but firmly for a few seconds: 0, no re-
sponse; 1, struggles or vocalizes; 2, struggles and vocal-
izes; 3, struggles, vocalizes, and claws and/or bites.

The person scoring the withdrawal signs was blind
to the treatment received by each rat.

Drugs

For the rat discrimination study, diazepam (Elkin-
Sinn, Cherry Hill, NJ) was purchased commercially in a
concentration of 5 mg/ml. A vehicle of ethanol : propy-
lene glycol : distilled water in a 1:4:5 volume ratio was
used to dilute this stock concentration to lower doses.
Doses up to 5 mg/kg were administered in a volume of 1
ml/kg. Higher doses were obtained by adjusting the in-
jection volume. Zonisamide (Athena Neurosciences,
South San Francisco, CA) and phenytoin sodium (Re-
search Biochemicals Intl., Natick, MA) were dissolved
in sterile water. Each drug solution was injected at a vol-
ume of 1 ml/kg. Each of the test drugs was injected i.p.
30 min (diazepam) or 60 min (zonisamide and phenytoin)
before the start of the session.

For the monkey study, sodium methohexital was
obtained commercially as Brevital® (500 mg/10 ml vial;
Jones Medical Industries, St. Louis, MO). The stock so-
lution was diluted with 0.9% sterile saline to produce test
concentrations. Zonisamide was dissolved in distilled

water and 1 N sodium hydroxide and diluted with water
to a stock concentration of 50 mg/ml. Test solutions were
prepared by adding sterile saline (0.9%) to the stock so-
lution and adjusted with 1 M hydrochloric acid to pH
<10. Test concentrations were delivered in 1.0 ml/infu-
sion. Test concentrations of zonisamide higher than 0.3
mg/kg/infusion could not be obtained due to precipita-
tion of the drug from solution.

For the rat infusion study, sodium pentobarbital
(Sigma Chemical Co., St. Louis, MO) was dissolved in dis-
tilled water and the solution was made isotonic with so-
dium chloride (pH 9.8). For substitution studies,
zonisamide (free acid) was dissolved in distilled water ad-
justed to pH 11.1 (for doses of 600 mg/kg/day or less) or
11.5 (for doses of 900 mg/kg/day or higher) with 1 N so-
dium hydroxide solution and 1 N hydrochloric acid, then
diluted with 0.9% sodium chloride solution adjusted to
the same pH. The drug solution or vehicle adjusted to the
same pH (in control animals) was given by i.p infusion to
rats in a volume of 8 ml/day (or 4 ml/day on weekends.)

Data Analyses

For the rat drug discrimination study, mean (±SEM)
percentage of responses on the diazepam-associated le-
ver and mean (±SEM) overall rate of responding (re-
sponses/sec) were calculated for each control and test
session. Data on percentage of diazepam-lever respond-
ing for rats that responded less than 0.02 response/sec at
a particular drug dose was not included in the mean cal-
culation for this measure. A minimum of 0.02 response/
sec was necessary in order for a rat to receive a rein-
forcer during a test session (i.e., complete the FR require-
ment and choose a lever). Response rate data for all rats
were included in the calculation of mean response rate.
When appropriate, ED50s (with 95% confidence inter-
vals) were calculated for each drug using least-squares
linear regression on the linear part of the dose–effect
curves for percentage of drug-lever responding, plotted
against log10 transformation of the dose. Separate repeated
measures ANOVAs (with Tukey LSD post-hoc tests at P
= 0.05) were used to evaluate significant changes in re-
sponse rates (compared to vehicle control rates).

For the monkey study, data were analyzed on an in-
dividual subject basis. Mean (mean ± range) injection rate
during the last 3 days of each 4-day zonisamide,
methohexital, or saline dose substitution was calculated.
During the first day of a new substitution period, mon-
keys trained in a self-administration procedure will typi-
cally sample any substituted substance, regardless of
reinforcing efficacy. Since evaluation of reinforcing effects
was the purpose of this experiment, data from the first day
of the substitution period were excluded. A test dose is
considered to be reinforcing when the average number of
injections exceeds the average saline vehicle control rates
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and the ranges do not overlap. Methohexital baseline data
consisted of the mean (±SD) number of methohexital in-
fusions during the three baseline sessions which preceded
all of the zonisamide (and saline) substitution tests. Ve-
hicle control data were calculated as the mean ± range on
the last 3 days before each substitution test.

For the rat infusion study, the withdrawal scores
were summed and then averaged for each treatment
group at each assessment. Between-group comparisons
were made using the Mann-Whitney U test. Body weight
changes were assessed as changes in weight (in g) from
baseline weight obtained at the time at which pentobar-
bital was discontinued. Group differences were tested
for significance by ANOVA and t-tests.

RESULTS
Drug Discrimination in Rats

Control tests with the training conditions of 2.5 mg/
kg diazepam and vehicle resulted in almost 100% cor-
rect-lever responding (0% and 100% on the diazepam-
associated lever after vehicle and diazepam injections,
respectively) (Fig. 1, upper panel). This result indicates
that the diazepam-vehicle discrimination had been ac-
quired and that the drug conditions exerted excellent
stimulus control. As expected, diazepam produced full
dose-dependent substitution for the training dose. The
ED50 for diazepam substitution was 1.1 mg/kg (95% CL:
0.8–1.5 mg/kg). Significant response rate suppression
occurred at the 10 mg/kg test dose of diazepam (Fig. 1,
lower panel). Zonisamide and phenytoin failed to substi-
tute for diazepam at any dose (Fig. 1, upper panel). Re-
sponse rates were significantly reduced at the 100 and
176 mg/kg doses of zonisamide and at the 10 and 30 mg/
kg doses of phenytoin (Fig. 1, lower panel).

Self-Administration in Rhesus Monkeys

Figure 2 presents the results of substitution tests
with methohexital (three monkeys) and zonisamide (four
monkeys) in monkeys trained to self-administer 0.1 mg/
kg methohexital. Although the rates of methohexital self-
administration differed somewhat among the monkeys,
they averaged between 60 and 90 infusions per 1-h ses-
sion. In each of three monkeys tested with other doses of
methohexital (M1306, M1213, and M1206), infusion rates
for one or two doses substantially exceeded those obtained
in either saline test. Typically, complete dose–effect
curves in limited access substitution studies of this type
yield inverted U-shaped curves, with low doses produc-
ing results indistinguishable from vehicle, intermediate
doses producing maximal rates of self-administration, and
higher doses producing decreased rates of self-adminis-
tration [Young and Herling, 1986]. The descending limb
of these dose–effect curves probably results from disrup-
tion of responding by the accumulating high intakes of

self-administered drug and/or adjustments in infusion
rates by the subjects to achieve an optimal blood level of
drug by decreasing the number of injections as dose per
injection is increased. An example of this inverted U-
shaped dose–effect curve can be seen in the results of
methohexital testing in monkey M1213. In the case of
monkeys M1306 and M1206, low enough doses of
methohexital were not tested to see the ascending limb
of the inverted U-shaped dose–effect curve, but the de-
scending limb is readily apparent in both subjects.

Zonisamide was not self-administered by any of the
four monkeys tested at any test dose, nor was there any
indication of an inverted U-shaped dose–effect curve typi-
cal of drug reinforcers. In every test condition, injections
rates for zonisamide did not exceed the range of those
obtained in saline vehicle tests. At 0.3 mg/kg/infusion,
monkeys received maximal doses ranging from 6.6–9.9
mg/kg of zonisamide over the 1-h test sessions. These
doses were without observable effects, nor were there
any health problems attributable to zonisamide exposure.

Fig. 1. Effects of diazepam, zonisamide, and phenytoin on percentage
of diazepam-lever responding (top panel) and response rate (responses/
sec) (bottom panel) in rats trained to discriminate 2.5 mg/kg diazepam
from vehicle. Points above VEH and DZP reflect responding during con-
trol tests with diazepam (2.5 mg/kg) and the vehicle conducted before
each dose–effect curve. For diazepam and zonisamide, values for each
dose represent means (±SEM) of data for six rats, except for percentage
diazepam-lever responding for 176 mg/kg zonisamide (n = 1) and re-
sponse rate for 176 mg/kg zonisamide (n = 2). Only two rats were tested
with each dose of phenytoin. *Response rate is significantly different from
vehicle response rate (P < 0.05).
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Monkeys rapidly resumed responding to methohexital
infusions after 4-day blocks of zonisamide tests, just as
they did following saline tests.

Physical Dependence Evaluation in Rats

Rats infused for 12 days with increasing doses of
pentobarbital (PB) lost an average of over 10% of their
body weight during the first 72 h after replacing pento-
barbital with saline (Sal) in the pump (Fig. 3, upper panel;
PB + Sal group). Rats continuing to receive continuous
saline or pentobarbital infusions continued to gain weight
over this same period (Sal + Sal and PB + PB groups).
Zonisamide (Zon; 400 and 600 mg/kg) did not prevent
the weight loss when it replaced pentobarbital in the
infusate. Rats receiving either dose of zonisamide (PB +
Zon 400 mg/kg and PB + Zon 600 mg/kg) during the
substitution phase displayed a similar pattern and mag-
nitude of weight loss to those seen in rats receiving sa-
line substitution (PB + Sal). At all times measured
between 24 h into the substitution phase and its comple-
tion at 72 h, both groups of zonisamide-infused rats ex-
hibited a statistically greater loss of body weight than
untreated control rats (Sal + Sal) or rats continuing to
receive pentobarbital (PB + PB). When zonisamide in-
fusions were discontinued after 72 h, subjects regained
weight at the same rate as the saline-substituted (absti-
nent) rats, although none of these three groups returned
to baseline weights within the 6 days of postpentobarbital
infusion in this study.

Observable signs of withdrawal were obtained af-
ter discontinuation of pentobarbital infusion (Fig. 3, lower
panel; PB + Sal group and the PB + PB after saline was
substituted for the continued pentobarbital at 72 h).
Zonisamide substitution produced some attenuation of
these observable signs. Both doses of zonisamide (PB +
Zon 600 and PB + Zon 400 groups) produced a signifi-
cant suppression of behavioral withdrawal signs relative
to saline-substituted rats at 24 and 32 h and the higher
dose continued to provide significant suppression at 48
and 56 h. However, the suppression of signs was not com-

Fig. 2. Shown are the mean (± range) infusion rates for the last 3 days of
each 4-day substitution with zonisamide (Z) and methohexital (5) in
rhesus monkeys trained to self-administer i.v. methohexital (0.1 mg/kg/
infusion). Points above S1 and S2 represent the mean number of infu-
sions (± range) during control tests with saline conducted before and after
the dose–effect curve determination for zonisamide. Points above MET
represent the mean (± SD) for baseline methohexital tests conducted
throughout the study. Data are shown individually for each monkey.

Fig. 3. Effects of zonisamide and pentobarbital on body weight (upper
panel) and behavioral signs of withdrawal (lower panel) in rats. Rats in
the Sal + Sal group had previously received chronic infusion with saline
and continued to receive saline infusion during the period shown in the
figure. Rats in the other four groups had previously received chronic infu-
sion with pentobarbital such that they were pentobarbital-dependent at
the beginning of the time period shown in the figure. At time 0, rats in
these groups were withdrawn from pentobarbital. During the substitu-
tion period, these pentobarbital-dependent rats received 900 mg/kg/day
pentobarbital (PB + PB), saline (PB + Sal), 600 mg/kg/day zonisamide
(PB + Zon600), and 400 mg/kg/day zonisamide (PB + Zon400). At the
end of the substitution period (as indicated by arrow), rats in all groups
were withdrawn from the drug received during substitution and were
infused only with saline. *Difference (P < 0.05) from Sal + Sal. Plus signs
equals difference (P < 0.05) from PB + Sal.
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plete, in that both zonisamide-treated groups exhibited
significantly more signs than untreated control rats or
those continuing to receive pentobarbital at most time
points from 32–72 h into substitution. In both vehicle-
substituted and zonisamide-treated rats, the ‘response
to handling’ scores accounted for 65–75% of the total
withdrawal score. It does not appear that any one behav-
ioral sign of withdrawal was suppressed to a greater de-
gree than others.

DISCUSSION

In the drug discrimination study, zonisamide com-
pletely failed to substitute for diazepam, as did pheny-
toin. Response–rate decreasing effects were obtained in
each case, showing that behaviorally active dosage ranges
were tested. Carbamazepine and gabapentin, two addi-
tional nonbenzodiazepine/nonbarbiturate anticonvul-
sants, also failed to substitute for diazepam in rats trained
in diazepam discrimination procedures (J.L. Wiley, un-
published data). In contrast to the results obtained with
these anticonvulsants, benzodiazepines typically cross-
substitute for one another with potencies predicted by
their affinity for benzodiazepine receptors [Young and
Glennon, 1987]. In addition, cross substitution is usually
found among benzodiazepines and barbiturates [Ator and
Griffiths, 1997], reflective of the similarities in the acute
intoxications produced by these classes of drugs [de Wit
and Griffiths, 1991]. Based on these results, it would be
predicted that zonisamide would not produce acute sub-
jective effects similar to those of the benzodiazepines or
barbiturates and would not have abuse potential of the
CNS depressant type.

Results of our self-administration study provide
further support for the conclusion that zonisamide lacks
abuse potential and has a different profile of behavioral
effects than classical CNS depressant drugs. Whereas
benzodiazepines and barbiturates are typically self-ad-
ministered by rhesus monkeys under these conditions
[methohexital results in present study; Balster and Hayes,
1993; Bergman and Johanson, 1985; Griffiths and Weerts,
1997; Johanson, 1987; Winger et al., 1975], none of the
doses of zonisamide were self-administered or produced
other effects that were reliably distinguishable from tests
with the saline vehicle, even at the highest doses tested
where animals received total intakes of zonisamide up to
about 10 mg/kg. (Doses above 0.3 mg/kg/infusion could
not be tested due to problems with solubility.) These re-
sults suggest that zonisamide does not have reinforcing
effects; however, the lack of any observable behavioral
effects at the highest zonisamide doses brings into ques-
tion whether an adequate dose range of zonisamide was
tested. Of importance to the development of zonisamide
for clinical use is abuse potential at doses close to those
used therapeutically in humans. Comparisons between

unit doses in drug self-administration studies and thera-
peutic doses in humans are difficult because unit doses
are dose per injection rather than total dose. In order to
provide evidence for reinforcing effects, subjects must
self-administer many unit doses. Hence, the best way to
consider potency in i.v. self-administration studies is to
compare relative potencies among test compounds and
then extrapolate to human use situations [Balster and
Hayes, 1993]. In the present study with methohexital,
the minimally effective unit dose was 0.03 mg/kg/infu-
sion. In similar studies, the minimal reinforcing dose of
pentobarbital is 0.03 to 0.1 mg/kg/infusion [Nader et al.,
1991]. If zonisamide were as potent a reinforcer as
methohexital and pentobarbital, we might have expected
to see reinforcing effects in the same dose range. Since
even 0.3 mg/kg/infusion of zonisamide was without rein-
forcing effects, zonisamide would need to be more than
10–30 times less potent than these barbiturates if rein-
forcing effects were to be present at higher doses than
were tested. Indeed, if the next highest dose in a dose–
effect curve determination (1 mg/kg infusion) had been
tested and had produced evidence for self-administra-
tion, then zonisamide would have been 30–100 times less
potent than these barbiturates. A typical abused dose of
pentobarbital in humans is about 200 mg. Thus, if
zonisamide lacks reinforcing effects at 10 times higher
doses than pentobarbital in humans as well as in mon-
keys, then doses up to 2 g should be without reinforcing
effects in humans. This dose is 5–10 times greater than
typical therapeutic doses of zonisamide. Thus, an ad-
equate dose range of zonisamide was tested in this self-
administration study to allow for the conclusions that it
lacks reinforcing effects in monkeys at doses comparable
to those far in excess of likely human doses, even if po-
tential abusers were to exceed therapeutic doses. To the
extent that they have been tested, other nonbenzodia-
zepine, nonbarbiturate anticonvulsants, including
vigabatrin and remacemide, are also not self-administered
in monkeys trained to self-administer a barbiturate
[Hudzik et al., 1996; Takada and Yanagita, 1997]. Indeed,
the anticonvulsant carbamazepine has been evaluated for
its ability to attenuate cocaine self-administration [Carroll
et al., 1990; Sharpe et al., 1992].

Based on results from the self-administration and
drug discrimination experiments, acute doses of
zonisamide are not expected to produce intoxicating or
reinforcing effects similar to those produced by CNS
depressants and benzodiazepines. However, since
zonisamide would typically be administered for lengthy
periods in the treatment of convulsive disorders, it was
important to predict whether or not it would have high
liability for producing physical dependence. Results of
the physical dependence evaluation revealed that sub-
stitution of sublethal doses of zonisamide (400 or 600 mg/
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kg-day) in pentobarbital-dependent rats resulted in de-
creased body weight to a similar extent as did saline sub-
stitution and only partially suppressed the behavioral
signs of withdrawal that were observed. Previous stud-
ies have shown that many depressant drugs that are rec-
ognized as having dependence-producing properties
prevent the loss of body weight in this procedure. In-
cluded among these are pentobarbital itself (e.g., the data
included in this report), most available benzodiazepines
such as brotizolam, alprazolam, bromazepam, nordia-
zepam, temazepam, and midazolam [Patrick et al., 1985,
1986, 1992; Yutrzenka et al., 1989] and other sedative-
hypnotic drugs such as methaqualone [Yutrzenka et al.,
1990.] The correlation between suppression of the weight
loss in this procedure and dependence liability in hu-
mans seems high. In addition, when zonisamide infusions
were terminated after 72 h, animals only gained weight,
providing no evidence of further withdrawal weight loss.
This inability of zonisamide to suppress the loss of body
weight associated with withdrawal from pentobarbital or
to cause weight loss after its discontinuation suggests that
it is very unlikely to cause physical dependence of the
CNS-depressant type.

On the other hand, zonisamide produced partial sup-
pression of the behavioral signs associated with pentobar-
bital withdrawal. Although this partial suppression may have
been due to some cross-dependence with pentobarbital,
similar suppression of behavioral signs has been observed
for other drugs, such as the tricyclic antidepressant ami-
triptyline and the competitive N-methyl-D-aspartate an-
tagonist (cis-4-phosphomethyl)-2-piperidinedicarboxylic
acid [Patrick et al., 1994], which failed to suppress weight
loss and also failed to show signs of dependence liability
in drug self-administration or drug discrimination stud-
ies. Since the observable signs of barbiturate withdrawal
are excitatory in nature (e.g., increased response to stimu-
lation, aggressive postures), drugs such as zonisamide
with acute depressant effects could be expected to at-
tenuate some of these signs. Indeed, pilot studies with
higher infusion doses of zonisamide did result in exces-
sive depression (data not shown), precluding their use in
these experiments.

In summary, zonisamide was tested in three ani-
mal procedures widely used for abuse potential assess-
ment of CNS-depressant drugs. The results were negative
in all three tests. Zonisamide did not produce diazepam-
like acute discriminative stimulus effects in rats, was not
self-administered by barbiturate-experienced rhesus
monkeys, and did not produce clear cross-dependence
with pentobarbital in a chronic infusion model in rats. In
the latter model there was some attenuation of withdrawal
signs after pentobarbital infusion, but this may have been
due to the acute depressant effects of zonisamide; it had
no effect at all on weight loss. Taken together, these re-

sults support the prediction that zonisamide is unlikely
to be abused as it becomes more widely available through
clinical use as an anticonvulsant.
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