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(1) 103–110, 1999.—To characterize the
potential interaction between the excitatory and inhibitory neurotransmitter systems, the effects of dizocilpine, CPP, and
lorazepam on open-field behavior and pentylenetetrazol-induced seizures were evaluated in mice. Dizocilpine (0.01–0.1 mg/kg),
CPP (1–10 mg/kg), or vehicle was administered intraperitoneally 15 min prior to lorazepam (0.2–2 mg/kg) or vehicle. Behav-
ioral monitoring began 25 min after the lorazepam injection. Upon completion of testing, unrestrained mice were infused in-
travenously with pentylenetetrazole until the onset of a full tonic–clonic seizure. The highest dose of dizocilpine by itself sig-
nificantly increased the average distance traveled, the number of rears, and the number of stereotypies during the test period.
Lorazepam alone dose dependently decreased activity on all behavioral parameters. Lorazepam also completely antagonized
the hyperactivity produced by dizocilpine when the two compounds were coadministered. This antagonism is most likely due
to an interaction in the regulation of dopaminergic tone which underlies motor activity. Lorazepam exerted a dose-depen-
dent anticonvulsant effect. Dizocilpine alone had no effect on seizure induction and did not potentiate the anticonvulsive ef-
fect of lorazepam when coadministered with lorazepam. CPP reduced the number of rears and the number of stereotypies
during the test period. CPP did not alter the pentylenetetrazol-induced seizure threshold and did not influence the anticonvul-
sant effect of lorazepam. © 1998 Elsevier Science Inc.
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RECENT evidence suggests a regulatory role of excitatory

 

amino acid (EAA) receptors in the function of GABA

 

A

 

/ben-
zodiazepine responses in vivo and in vitro. The EAA recep-
tors, like GABA

 

A

 

 receptors, are widely distributed throughout
the central nervous system (33), and are the principal neu-
rotransmitters involved in fast excitation, while the GABA

 

A

 

system is the principal inhibitory system within the brain. It is,
therefore, likely that these two neurotransmitter systems have
compensatory and regulatory effects on one another. The EAA
receptor family is composed of both metabotropic (G-protein
coupled) and ligand-gated ionotropic receptors. The latter
group can be further subdivided into receptors with selective

 

affinity for 

 

N

 

-methyl-d-aspartate (NMDA), 

 

a

 

-amino-3-hydroxy-
5-methylisoxazole-4-propionate (AMPA), and kainate. In ad-
dition, the NMDA receptor family contains a number of
ligand binding sites that regulate receptor function.

A number of investigators have recently implicated alter-
ations in ligand-gated EAA receptor efficacy and expression
as contributing factors in adaptation to chronic antidepressant
treatment, opiate tolerance, and withdrawal and benzodiaz-
epine tolerance and withdrawal [for review, see (29)]. Skolnick
and colleagues found that, in mice, a wide variety of antidepres-
sant therapies, including tricyclic antidepressants, monoamine
oxidase inhibitors, serotonin selective reuptake inhibitors as
well as electroconvulsive shock reproducibly altered glycine
binding and efficacy at the NMDA receptor complex (29).
Additionally, chronic administration of NMDA receptor an-
tagonists directed at both competitive and noncompetitive
binding sites were found to possess antidepressant-like activ-
ity (28). Extensive evidence has also accrued which indicate
the efficacy of both competitive and noncompetitive NMDA
receptor antagonists in ameliorating symptoms associated
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with opiate tolerance and withdrawal (2,15). Two recent in
vivo benzodiazepine studies have implicated a link between
the compensatory effects of ionotropic EAA receptor activity
and withdrawal from chronic benzodiazepine administration
(12,31). These investigators observed a diminution of toler-
ance to and withdrawal from chronic diazepam administration
in the presence of a variety of ionotropic EAA receptor an-
tagonists. In addition, our laboratory has recently demon-
strated that 3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic
acid (CPP) can attenuate tolerance to and withdrawal from
chronic lorazepam treatment (17). CPP was equally effective
whether administered during or after chronic benzodiazepine
treatment. Two studies utilizing in vitro hippocampal slice
preparations have demonstrated that glutamate or NMDA re-
duces the efficacy of GABA

 

A

 

 receptor-mediated responses
(26,30). The regulation appears to be calcium dependent, and
involves calcium-mediated phosphorylation and dephospho-
rylation events, further suggesting a role of ionotropic EAA
receptors in the regulation of or adaptation to benzodiazepine
administration in vivo.

The present study examines the potential interaction be-
tween the glutamatergic and GABAergic neurotransmitter
systems in a well-characterized behavioral paradigm in male
CD-1 mice. Other investigators have demonstrated that both
competitive and noncompetitive NMDA antagonists produce
hyperlocomotion in mice (3,18,32). Based on the evidence for
a functional interaction between the major excitatory and in-
hibitory neurotransmitter systems outlined above, it is ex-
pected that coadministration of a benzodiazepine will antago-
nize the hyperlocomotion typically observed with NMDA
antagonists. We administered the NMDA open channel blocker,
dizocilpine, a competitive NMDA antagonist, CPP, and a pos-
itive allosteric modulator of the GABA

 

A

 

 receptor complex,
lorazepam, alone or in combination prior to evaluating open-
field activity and pentylenetetrazole-induced seizure thresh-
old. We have previously used this model to describe both
acute and chronic responses to a number of different benzodi-
azepine site ligands including “typical” benzodiazepine ago-
nists (13), the beta-carboline inverse agonist FG 7142 (25),
and the benzodiazepine antagonist flumazenil (23).

FIG. 1. Effect of CPP, dizocilpine (DIZ), and/or lorazepam (LRZ) on the average distance traveled. Data from distance traveled was recorded
at 5-min intervals for a total of 20 min. Dizocilpine (0.01, 0.05, or 0.1 mg/kg), CPP (1, 5, or 10 mg/kg) or vehicle (VEH) was administered intrap-
eritoneally 15 min prior to lorazepam (0.2, 0.5, 1, or 2 mg/kg) or vehicle (n > 6). Behavioral testing began 25 min after the lorazepam injection.
Bars represent mean response 6 SEM. Significant differences (p , 0.05) from vehicle control or from 0.1 mg/kg dizocilpine are indicated by *
and †, respectively, as determined by ANOVA and Dunnetts Multiple Comparison or Student–Newman–Keuls post hoc tests.
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METHOD

 

Materials

 

Male Crl: CD-1(ICR)BR mice, 6–8 weeks of age, were
purchased from Charles River Laboratories (Wilmington,
MA), maintained on a 12 L

 

;

 

12 D cycle and given food and
water ad lib. Lorazepam (M.W. 321.2) was generously donated
by Wyeth Ayerst (Radnor, PA). (R)-CPP (M.W. 252.21) and
dizocilpine [(

 

1

 

)-MK-801 maleate—M.W. 337.37] were pur-
chased from Tocris Cookson, Inc. (Ballwin, MO). All other
reagents were obtained from standard commercial sources.

 

Drug Administration

 

CPP, lorazepam, and dizocilpine were dissolved in poly-
ethylene glycol (PEG) 400

 

;

 

saline (1

 

;

 

1) and administered in a
constant volume (100 

 

m

 

l) intraperitoneally. Vehicle-treated
mice received PEG 400

 

;

 

saline (1

 

;

 

1) alone.

 

Open-Field Activity

 

Activity for all groups, including distance traveled, rears and
stereotypy, was assessed in 5-min intervals for 20 min in an
Omnitech Digiscan apparatus (Columbus, OH). The use of this
automated activity monitor has been described in detail in pre-
vious publications (4,13,17,19,23,25). Animals were randomly
assigned to one of several treatment groups (

 

n

 

 

 

>

 

 6 per group).
Dizocilpine (0.01, 0.05, or 0.1 mg/kg), CPP (1, 5, or 10 mg/kg) or
vehicle was administered intraperitoneally 15 min prior to
lorazepam (0.2, 0.5, 1, or 2 mg/kg) or vehicle. Behavioral testing
began 25 min after the lorazepam injection. Between each run,
the interior of the activity chamber was cleaned with 70% etha-
nol and dried. All testing occurred between 0900 and 1200 h.

 

Pentylenetetrazole-Induced Seizures

 

As previously described (27), unrestrained mice were in-
fused intravenously via tail vein with a solution of pentylene-

FIG. 2. Effect of CPP, dizocilpine (DIZ), and/or lorazepam (LRZ) on the average number of rears. Data from number of rears was recorded at
5-min intervals for a total of 20 min. Dizocilpine (0.01, 0.05, or 0.1 mg/kg), CPP (1, 5, or 10 mg/kg) or vehicle (VEH) was administered intraperi-
toneally 15 min prior to lorazepam (0.2, 0.5, 1, or 2 mg/kg) or vehicle (n > 6). Behavioral testing began 25 min after the lorazepam injection. Bars
represent means response 6 SEM. Significant differences (p , 0.05) from vehicle control or from 0.1 mg/kg dizocilpine are indicated by * and †,
respectively, as determined by ANOVA and Dunnetts Multiple Comparison or Student–Newman–Keuls post hoc tests.
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tetrazole (7.5 mg/ml) at a rate of 0.60 ml/min, beginning 15
min following the conclusion of open-field activity measure-
ment. Infusion was terminated at the onset of a full tonic–
clonic seizure, as determined by two trained observers. Seizure
threshold was quantitated as the total dose of pentylenetetra-
zole (in mg/kg) at the time of seizure onset.

 

Data Analysis

 

Comparisons between groups were performed using analy-
sis of variance and Dunnetts Multiple Comparison tests for 1)
vehicle vs. CPP; 2) vehicle vs. dizocilpine, and 3) vehicle vs.
lorazepam. Student–Neuman–Keuls comparisons were made
among the vehicle, dizocilpine, lorazepam, and dizocilpine/
lorazepam groups at single indicated concentrations.

 

RESULTS

 

Dizocilpine alone significantly increased (

 

p

 

 

 

<

 

 0.05) all
three behavioral parameters at a dose of 0.1 mg/kg (Figs. 1–3).
The time course of drug effects on horizontal activity is pre-

sented in Fig. 4, and demonstrates increased activity at all
time points. The two lower doses of dizocilpine (0.01 and 0.05
mg/kg) increased average total activity to a lesser extent, and
differences from vehicle were not significant. CPP at 5 and 10
mg/kg reduced the average total distance traveled (Fig. 1), al-
though the difference was not significant. CPP did not signifi-
cantly decrease (

 

p

 

 

 

<

 

 0.05), and the average total number of
rears (Fig. 2) and the average total number of stereotypies
(Fig. 3) at 5 and 10 mg/kg. As expected, the three highest
doses (0.5, 1.0, and 2.0 mg/kg) of lorazepam dose dependently
(

 

p

 

 

 

<

 

 0.05) decreased the average total distance traveled in
male Crl: CD-1(ICR)BR mice (Fig. 1). This decrease in open-
field activity occurred at all time points (Fig. 4). Lorazepam
also significantly decreased (

 

p

 

 

 

<

 

 0.05) the average total num-
ber of rears (Fig. 2) and stereotypies (Fig. 3) in a dose-depen-
dent manner at concentrations ranging from 0.5–2.0 mg/kg.
Only the lowest dose of lorazepam (0.2 mg/kg) failed to have
a significant effect on any of the parameters.

Coadministration of the highest doses of lorazepam (2 mg/
kg) and dizocilpine (0.1 mg/kg) significantly decreased (

 

p

 

 

 

<

 

0.05) the average total number of rears and stereotypies com-

FIG. 3. Effect of CPP, dizocilpine (DIZ), and/or lorazepam (LRZ) on the average number of stereotypies. Data from number of steroetypies
was recorded at 5-min intervals for a total of 20 min. Dizocilpine (0.01, 0.05, or 0.1 mg/kg), CPP (1, 5, or 10 mg/kg) or vehicle (VEH) was admin-
istered intraperitoneally 15 min before lorazepam (0.2, 0.5, 1, or 2 mg/kg) or vehicle (n > 6). Behavioral testing began 25 minutes after the
lorazepam injection. Bars represent mean response 6 SEM. Significant differences (p , 0.05) from vehicle control or from 0.1 mg/kg dizocilpine
are indicated by * and † respectively, as determined by ANOVA and Dunnetts Multiple Comparison or Student-Newman-Keuls posthoc tests.
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pared to both vehicle-treated and dizocilpine-treated animals.
The average distance traveled was also reduced compared to
the dizocilpine-treated animals. Lorazepam at 0.2 or 2 mg/kg,
when coadministered with 0.1 mg/kg dizocilpine, completely
attenuated (

 

p

 

 

 

<

 

 0.05) the increase in all three behavioral pa-
rameters produced by dizocilpine alone (Figs. 1–3). Values for
animals coadministered lorazepam (0.2 or 2 mg/kg) and dizo-
cilpine (0.1 mg/kg) were nearly identical to those for animals
receiving the same dose or lorazepam alone. The combination
of the lowest doses of lorazepam (0.01 mg/kg) and dizocilpine
(0.2 mg/kg) had no significant effect on open-field activity.

Neither dizocilpine nor CPP had any effect on pentylenetet-
razol-induced seizure threshold (Fig. 5). Lorazepam (0.2–2.0
mg/kg) exhibited a dose-dependent increase in the amount of
pentylenetetrazol that was needed to induce a seizure, which
paralleled alterations in open-field activity (Fig. 5). Coadminis-
tration of either the highest or lowest doses of dizocilpine and
lorazepam significantly protected the animals from seizures
compared to vehicle- or dizocilpine-treated groups, but was in-
distinguishable from those receiving lorazepam alone (Fig. 5).

 

DISCUSSION

 

Open-field behavior was evaluated as a pharmacodynamic
parameter due to its noninvasive nature, simplicity of mea-

surement, and the availability of data regarding acute effects
of benzodiazepines (19). Horizontal activity, rears, and ste-
reotypy have been previously shown to be the most sensitive
and reliable measures following benzodiazepine administra-
tion. The observed effects of lorazepam on open-field activity
are consistent with previous studies (4,9,13). Lorazepam uni-
formly and clearly decreased open-field activity on several
different behavioral parameters. The behavioral results fol-
lowing administration of NMDA receptor antagonists are also
consistent with previously published reports. Several investi-
gators have observed hyperlocomotion following dizocilpine
administration, which has been attributed to increased
dopamine synthesis and metabolism (3,11,18,20). The lack of
a uniformly significant effect of CPP on open-field activity is
also consistent with Svensson and colleagues, who found, us-
ing a similarly automated system, that analogous doses (3–20
mg/kg) of D-CPPene decreased locomotor activity during the
first 30 min of observation, had no effect at 30–60 min, and in-
creased activity when the observation period was extended to
160 min (32). The contrasting effects of CPP and dizocilpine
on open-field behavior may reflect a different mechanism of
action, as several investigators have concluded that competi-
tive NMDA antagonists, such as CPP, have little or no effect
on dopamine metabolism (3,32). In contrast to effects ob-
served with dizocilpine, other investigators have reported sed-

FIG. 4. Time course of CPP, dizocilpine (DIA), and/or lorazepam (LRZ) effects on the average distance traveled. Data from distance traveled
was recorded at 5-min intervals for a total of 20 min. Dizocilpine (0.1 mg/kg), CPP (10 mg/kg), or vehicle (VEH) was administered intraperito-
neally 15 min before lorazepam (2 mg/kg) or vehicle (n > 6). Behavioral testing began 25 min after the lorazepam injection. Symbols respresent
mean response 6 SEM.
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ative effects of both competitive and noncompetitive NMDA
antagonists in both rats and mice using time on an inclined
plane (TIP) and the elevated plus maze (8,16).

Coadministration of lorazepam and dizocilpine completely
attenuated the hyperactivity on all three parameters seen with
dizocilpine alone and returned activity levels to or below con-
trol values. This is in direct contrast to Behrens and Gattaz,
who showed that diazepam caused a dose-dependent en-
hancement of the stereotypies induced by dizocilpine (1). It
has been reported that the increase in spontaneous locomo-
tion observed following dizocilpine administration can be at-
tributed to stimulation of dopamine synthesis and release
(18,32). Other investigators have found that benzodiazepines
significantly reduce dopamine synthesis and release through
action at the benzodiazepine binding site on the GABA re-
ceptor complex (14,24). This would result in a functional an-
tagonism of the hyperlocomotion that is due to a dizocilpine-
induced increase in dopaminergic tone. However, animals
that received both compounds were similar to those that re-
ceived lorazepam alone. Several investigators have demon-

strated that glutamatergic system may modulate GABAergic
responses via an increase in cytosolic calcium concentration
(26,30). This mechanism of action is supported by the present
results because the open channel blocker dizocilpine inhibits
this NMDA-mediated calcium flux and would prevent modu-
lation of the GABA receptor. Since the hyperlocomotion ob-
served following dizocilpine administration may be due to a
non-NMDA mechanism, the attenuation demonstrated with
coadministration of dizocilpine and lorazepam does not con-
clusively indicate a functional interaction of the glutamatergic
and GABAergic neurotransmitter systems. However, this ar-
gument is strengthened by the present data, which demon-
strate that a dose of lorazepam, which by itself does not pro-
duce sedation, also reduces the hyperlocomotion seen with
dizocilpine alone. In addition, previous work in our labora-
tory has shown that administration of CPP partly attenuated
behavioral tolerance to chronic lorazepam, additional evi-
dence of the functional interaction of these two systems (17).

Lorazepam alone exerted an anticonvulsant effect in this
study that is consistent with previous work (4). In contrast,

FIG. 5. Effect of CPP, dizocilpine (DIZ), and/or lorazepam (LRZ) on seizure protection. Dizocilpine (0.01, 0.05, or 0.1 mg/kg), CPP (1, 5, or 10
mg/kg) or vehicle (VEH) was administered intraperitoneally 15 min prior to lorazepam (0.2, 0.5, 1, or 2 mg/kg) or vehicle (n > 3). Fifteen min-
utes following the conclusion of open-field activity measurement, pentylenetetrazol (7.5 mg/ml) was infused via the tail vein at a rate of 0.6 ml/
min, and was terminated at the induction of a clonic–tonic seizure. Bars represent mean response 6 SEM. Significant differences (p , 0.05) from
vehicle control or from 0.1 mg/kg dizocilpine are indicated by * and †, respectively, as determined by ANOVA and Dunnett’s Multiple Compar-
ison or Student–Newman–Keuls post hoc tests.
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neither dizocilpine nor CPP had any effect on pentylenetetra-
zol-induced seizures. Other investigators have demonstrated
that both competitive and noncompetitive NMDA antago-
nists have anticonvulsant properties in a wide range of seizure
models. These antagonists protect against electroconvulsive
shock (7), sound-induced seizures in genetically susceptible
mice and rats (5,6), kindled seizures (10,22), and chemically
induced seizures (7,21). The lack of effect of CPP and dizo-
cilpine in the present study could be due to the nature of the
protocol used in our seizure model. Other models of pentyl-
enetetrazol-induced seizures use a kindling protocol with
repeated administration of the convulsant. Activation of the
NMDA receptor complex, combined with inactivation of the
GABA receptor complex, may be critical to the development
of kindling (9). In that model, NMDA antagonists block the
excitatory component in the model and inhibit the seizure. In
an acute model, such as the one used in the present experi-
ments, there may not be enough time for NMDA receptors to
be activated above baseline levels. Therefore, inhibition of
NMDA receptor function by either competitive or noncom-
petitive NMDA antagonists would be expected to have little
or no effect. In addition, NMDA receptor channels need to be
open for dizocilpine to bind and exert an effect. Alternately, if
glutamatergic modulation of the GABA receptor complex is
due to NMDA-mediated calcium flux, inhibition of this flux
by CPP and dizocilpine prevents regulation of the GABA re-
ceptor and results in no effect on pentylenetetrazol-induced
seizures. Coadministration of dizocilpine and lorazepam pro-
duced an anticonvulsant effect in this seizure model. How-

ever, administration of both compounds did not result in a
larger response than administration of lorazepam alone. The
inability of dizocilpine to alter the anticonvulsant effect of
lorazepam is additional evidence that the attenuation in loco-
motor activity described above may not be due to a direct ef-
fect at the GABA

 

A

 

/benzodiazepine site. It again implies that
the functional interaction of dizocilpine and lorazepam may
be via either the dopaminergic neurotransmitter system or the
blockade of NMDA-mediated calcium influx.

The present study demonstrates the antagonism of dizo-
cilpine-induced hyperactivity by coadministration of dizo-
cilpine and lorazepam. This attenuation in all three behav-
ioral parameters is likely due to an interaction between the
GABAergic and glutamatergic neurotransmitter systems in
regulating the dopaminergic tone which underlies motor ac-
tivity. Alteration of NMDA receptor activity may have prom-
ise in limiting the negative symptoms of tolerance and depen-
dence associated with chronic benzodiazepine administration.
Similarly, the decreased function of the NMDA receptor
complex with aging may underlie the acute sensitivity of aged
animals to the hypnotic effects of benzodiazepines, which
does not appear to be attributable to alterations in benzodiaz-
epine binding, GABA

 

A

 

 receptor function, or altered clear-
ance of benzodiazepines.
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