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Behavioral assays of the responses to psychomotor stimulants can be used to model certain aspects of CNS
pathologies such as psychosis and addiction. However, species-dependent differences in the effects of
neuromodulators in these assays can confound the interpretation of the results. The goal of this study was to
determine the utility of the guinea pig as a model for assessing the behavioral actions of nicotinic receptor
agonists and NMDA receptor antagonists. In the present study, the locomotor activity of adult male guinea
pigs was measured, prior to and following an acute injection of nicotine, MK-801 or phencyclidine. Each
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Nicotine animal received a single dose of the drug.

Phencyclidine Nicotine produced a dose-dependent increase in activity with an EDsq of 1.5 mg/kg. Phencyclidine also increased
MK-801 activity, with an EDs of 3.4 mg/kg. Nicotine produced increases in locomotion in all individual subjects tested,
Dizocilpine whereas at the maximally-effective dose of phencyclidine, only a fraction of the animals had locomotor activation.
Locomotor activity There was no change in activity in response to a single dose of MK-801 (0.5 mg/kg). Haloperidol had a significant
Guinea pig inhibitory effect on locomotor activity independent of the stimulant administered. Thus, both phencyclidine and

nicotine are psychomotor stimulants when given to guinea pigs, although the intensity of the response and the

potencies of these drugs are lower than in mice or rats under otherwise similar conditions.

© 2009 Elsevier Inc. All rights reserved.

The behavioral effects of nicotine and phencyclidine have been well
documented in rat and mouse. In rats, the response to nicotine, as well as
to other psychomotor stimulants, is biphasic, depending upon a number
of factors. Among the most important are the dose administered and the
baseline level of activity. Age, gender and strain also play a role (Clarke
and Kumar, 1983a,b; Nordberg and Bergh, 1985; Freeman et al., 1987;
Ksir et al,, 1987; Itzhak and Martin 1999; Domino, 2001). Similar factors
determine the effects of the NMDA antagonists, phencyclidine and
ketamine. These, too, result in biphasic effects on locomotor activity,
with anincrease in activity at intermediate doses and ataxia progressing
to dissociative anesthesia at higher doses (Sturgeon et al., 1979;
Contreras et al., 1988; Hargreaves and Cain, 1995). Phencyclidine
appears to have stronger locomotor stimulant effects than ketamine,
due to its greater potency at the NMDA receptor (Wong et al., 1988;
Koek et al.,, 1990) and concurrent inhibition of synaptic monoaminergic
transporters (Kari et al,, 1978; Snell et al., 1988; Hiramatsu et al., 1989).

Besides the above-mentioned factors, there are also species-specific
differences in the behavioral and biochemical responses to some
psychoactive agents. Potential sources of this species-specific variability
include differences in pharmacokinetics, receptor composition and
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receptor distribution among different species. For example, guinea pigs
may provide a better model for behavioral studies of ligands interacting
with 5-HT;g and NK5 receptors than rats or mice (Regoli et al., 1994; Wu
et al., 1994; Chung et al., 1995; Zgombick et al., 1997; Pauwels et al.,
1998; Sarau et al.,, 1997, 2000; Emonds-Alt et al., 2002).

Both the 5-HT;g and NKj3 receptors alter the effects of psychomotor
stimulants (Przegalinski et al., 2001; Fletcher et al., 2002; Silva et al.,
2008). Given that behavioral assays of the responses to psychomotor
stimulants are used as models of human disorders such as psychosis
or addiction, species-dependent differences in the effects of neuro-
modulators can confound the interpretation of the results. This can be
a particular concern when attempting to correlate the pharmacology
of these modulators to the effects of these agents in primate models.

The goal of this study was to determine the utility of the guinea pig
as a model for assessing the behavioral actions of drugs representing
two different classes of agents that have been shown to have
locomotor stimulant activity in other species: a nicotinic receptor
agonist and a NMDA receptor antagonist.

1. Methods
1.1. Subjects

96 male Dunkin Hartley guinea pigs (Harlan), weighing 300-
400 g, were used. Subjects were housed 4 per cage, and were
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acclimated to the facility for at least a week, and given access to food
and water ad libitum except during experimental testing.

1.2. Apparatus

Animals were placed into plexiglass Med Associates locomotor
activity boxes (43x43x30cm). The boxes are within ventilated,
sound-attenuating external chambers. Locomotor activity was mea-
sured by infrared photobeam breaks and distance traveled calculated.

1.3. Procedure

Animals were weighed and placed in the locomotor activity boxes for
a 30min habituation period. After the habituation period, the animals
were removed one at a time, injected subcutaneously with nicotine,
phencyclidine, MK-801 or saline, and immediately returned to the boxes
for an additional 60 min. Acquisition of data was paused briefly during
the injections. Data were continuously acquired before and after
injections, cumulated and written each minute. Haloperidol injections
were given just prior to placing the animals in the boxes for the 30 min
habituation period, i.e. 30 min prior to nicotine or phencyclidine.

1.4. Drugs

Nicotine bitartrate, MK-801 maleate and phencyclidine HCI (Sigma
Chemical) were dissolved in phosphate buffered saline. The pH of
nicotine solutions was adjusted to 7.4. Haloperidol (Sigma Chemical)
was dissolved in distilled water, to which was added a few drops of
lactic acid to promote dissolution. All doses are expressed as the free
base of drug.

1.5. Data analysis and statistics

Locomotor activity is expressed as distance traveled (DT) in cm as
calculated by the Med Associates software. Data are expressed as mean +
s.e.m. The statistical significance of the changes in DT as a function of time
and dose were analyzed by a two-way repeated measure ANOVA using
the SigmaStat program. Post hoc multiple comparisons were made using
the Student-Newman-Keuls method with significance level set to
p <0.05. EDsgs were calculated by fitting the dose-response data to the
sigmoidal equation: E= (Enax *[drug]) (EDsg + [drug]).

2. Results
2.1. Baseline

Following first placement in the chambers, animals exhibited
exploratory activity (Fig. 1A). This initial activity decreased to almost
zero by 25 min, reflecting habituation. A two-way repeated measures
ANOVA showed that there was no difference between the different
treatment groups during this initial period [F(5,35)=1.3, p=0.29]
but there was a significant effect of time [F(5,175) = 152.1, p<0.001].
Upon being returned to the chambers following handling and vehicle
injection, there was a brief increase in activity observed for an
additional 5 min, after which vehicle-injected animals exhibited very
little activity (Fig. 1B, x).

2.2. Nicotine

Following injection of 1 mg/kg or higher doses of nicotine there was
an immediate increase in activity that subsided over the following
30 min (Fig. 1B). A two-way repeated measures ANOVA showed
significant treatment [F(5,35) = 5.5, p<0.001] and time [F(11,385) =
13.1, p<0.001] effects as well as a significant treatmentx time
interaction [F(55,385) = 2.6, p<0.001]. The post hoc test revealed that
the activity of the animals that received 1, 3 or 6 mg/kg nicotine was
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Fig. 1. Time and dose-dependence of the effects of nicotine on locomotor activity of the
guinea pig. A. Habituation to the locomotor chambers. Naive animals were placed in the
chamber for 30 min prior to nicotine injection. The plots show the activity as a function of
time and subsequent nicotine dose. Two-way analysis of variance showed a significant
effect of time but no effect of subsequent dose. B. The effects of various doses of nicotine on
locomotor activity. After the habituation period shown in A, animals were injected with
various doses of nicotine. Nicotine produced significant dose-dependent increases in
locomotor activity. *, T and # indicate points at which the activity of the animals in the
indicated groups was significantly greater than the other groups (p<0.05). C. Dose-
response curve for nicotine-induced locomotor activity. The total distance traveled for the
30 min following nicotine injection was calculated and is plotted as a function of nicotine
dose. There was a significant increase in activity with nicotine at 1 mg/kg or above that
peaked at 3-6 mg/kg. *indicates points at which the activity of the animals at the indicated
doses was significantly greater than the vehicle group (p <0.05).

significantly greater than the other groups at 10 and 15 min after
injection (*). At 20 min, the activity of the animals that received 3 and
6 mg/kg was greater than that of the other groups (i) and at 25 min the
6 mg/kg group showed greater activity (#).
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The dose-response curve for nicotine is shown in Fig. 1C.
Nonlinear regression of this data gave an EDsy of 1.5 mg/kg. The
number of animals that responded to each dose of nicotine is shown in
Table 1. All but one of the animals injected with nicotine at a dose of
1 mg/kg or higher showed an increase in locomotor activity in
response to the drug (Table 1).

2.3. Phencyclidine

The animals that received phencyclidine exhibited the same
pattern of baseline activity prior to injection (Fig. 2A). A two-way
repeated measures ANOVA showed that there was no difference
between the different treatment groups during this initial period
[F(4,32) =10.6, p=0.67], but there was a significant effect of time
[F(5,158) =144.4, p<0.001]. The response to phencyclidine differed
from the response to nicotine in terms of the number of animals that
responded to the drug with an increase in locomotor activity. While
96% of the animals responded to nicotine, only half of the animals
responded to phencyclidine (Table 1). This variability in number animals
responding accounts for the large error in the mean values seen at doses
of 6 and 10 mg/kg phencyclidine. The two-way ANOVA showed sig-
nificant drug [F(11,274)=2.7, p=0.002] and time [F(11,274)=2.7,
p<0.001] effects as well as a significant treatment X time interaction
|F(44,274) =2.0, p=0.014].

The activity following injection of 1 mg/kg phencyclidine (Fig. 2B, W)
was similar to that following vehicle injection (Fig. 2B, x). Following
injection of 3 mg/kg phencyclidine there was an increase in the average
DT for the group at 5min following the injection due to a huge increase
in activity of one animal. Otherwise, responses to this dose were not
different from vehicle-injected animals (Fig. 2B, A). Following injection
of 6 mg/kg phencyclidine an increase in activity appeared at 20-50 min
after the injection (Fig. 2B, V). A post hoc test revealed that the activity
of the group that received 6 mg/kg phencyclidine had significantly
elevated activity at 20-45 min after injection (#). After injection of
10 mg/kg phencyclidine there was an immediate increase in activity as
well as an increase that appeared even later, 50-60 min after injection
(Fig. 2B, #). For the group receiving 10 mg/kg, the activity was
significantly greater than the other groups at 60 min (f).

The dose-response curve for phencyclidine is shown in Fig. 2C.
Nonlinear regression of this data gave an EDsg of 3.4 mg/kg.

2.4. MK-801

A single dose of MK-801 (0.5 mg/kg) was tested. This dose has
been shown to increase locomotor activity of rats (Hiramatsu et al.,
1989) and mice (Tricklebank et al., 1989). This dose of MK801 had no
effect on guinea pig locomotor activity (Fig. 3).

Table 1
Number of animals responding in each treatment group.

Pre-treatment Drug treatment Dose Number Number Percent

t=—30min t=0min tested  responding responding
Saline 0.25ml/kg 8 1 13
Nicotine 0.01 mg/kg 4 0 0
Nicotine 0.1 mg/kg 6 1 17
Nicotine 1 mg/kg 8 4 50
Nicotine 3 mg/kg 8 8 100
Nicotine 6 mg/kg 8 7 88
PCP 1 mg/kg 6 3 50
PCP 3 mg/kg 8 3 38
PCP 6 mg/kg 8 5 63
PCP 10 mg/kg 8 4 50
MK-801 0.5mg/kg 8 1 13
Vehicle Nicotine 3 mg/kg 8 7 88
Haloperidol Nicotine 3 mg/kg 9 8 89
Vehicle PCP 6 mg/kg 8 2 25
Haloperidol PCP 6 mg/kg 8 1 13
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Fig. 2. Time and dose-dependence of the effects of phencyclidine on locomotor activity
of the guinea pig. A. Habituation to the locomotor chambers. Naive animals were placed
in the chamber for 30 min prior to phencyclidine injection. The plots show the activity
as a function of time and subsequent phencyclidine dose. Two-way analysis of variance
showed a significant effect of time but no effect of subsequent dose. B. The effects of
various doses of phencyclidine on locomotor activity. After the habituation period
shown in A, animals were injected with various doses of phencyclidine. Phencyclidine
produced significant dose-dependent increases in locomotor activity. *, £ and # indicate
points at which the activity of the animals in the indicated groups was significantly
greater than the other groups (p<0.05). C. Dose-response curve for phencyclidine-
induced locomotor activity. The total distance traveled for the 30 min following
phencyclidine injection was calculated and is plotted as a function of phencyclidine
dose. There was a significant increase in activity with phencyclidine at 1 mg/kg or above
that peaked at 6-10 mg/kg. *indicates points at which the activity of the animals at the
indicated doses was significantly greater than the vehicle group (p<0.05).

2.5. Haloperidol

Both nicotine and phencyclidine increase DA release in the striatal
areas implicated in locomotory responses and in the DA mesolimbic and
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Fig. 3. Time-dependence of a single dose of MK-801 on locomotor activity of the guinea
pig. Naive animals were placed in the chamber for 30 min prior to phencyclidine
injection. At time 0, animals were injected with 0.5 mg/kg MK-801, which produced no
statistically significant change in locomotor activity.
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Fig. 4. Effects of haloperidol on nicotine-induced locomotor activity. Data have been
cumulated into 15 min blocks for 30 min prior to and 60 min following nicotine injection.
Animals received an injection of either vehicle or haloperidol (1 mg/kg) just prior to being
placed in the chamber at time = — 30 min. At time = 0, the animals received either 3 mg/kg
nicotine or an equivalent volume of the vehicle. A. Haloperidol significantly decreased the
exploratory activity normally observed during the animals' first 15min in the chamber. The
distance traveled in response to nicotine was reduced in the haloperidol-injected animals.
*, 1 and # indicate points at which the activity of the animals in the indicated groups was
significantly different from that of the other groups (p <0.05). B. Since the activity during
the —30 to — 15 min period was decreased by haloperidol, the data have been normalized
to the initial activity exhibited by each animal. For normalization, the DT during the time
period from —30 to — 15 min was set to 100% for each animal. DT during subsequent time
periods is expressed as a percentage of that initial value. This permits a comparison of the
relative ability of nicotine to alter activity relative to the baseline —30 to — 15 min
behavior. When the activities were normalized to the distance traveled during the first
15 min, however, haloperidol had no significant effect on the response to nicotine.

mesocortical pathways related to drug reinforcement and addictive
behaviors (Ary and Komiskey, 1980; Vickroy and Johnson, 1980, 1982;
DiChiara and Imperato, 1988). To test if the acute effects of these
psychomotor stimulants are mediated through the D, system, haloper-
idol, an antagonist at D, receptors, was injected prior to nicotine or
phencyclidine. The effects of administering 1 mg/kg haloperidol, a dose
that has been shown to be an effective dose in guinea pigs (Klawans et al.,
1977; Carlson and Almasi, 1978; Brent, 1991, 1995), 30 min prior to
either 3 mg/kg nicotine or 6 mg/kg phencyclidine were tested. Haloper-
idol alone had a significant inhibitory effect on the initial exploratory
activity (Fig. 4A). The ANOVA revealed significant group and time effects
before nicotine [group: F(2,22)=5.0, p=0.02; time: F(2,22)=36.0,
p<0.001] or phencyclidine injection [group: F(2,21)=4.5, p=0.02;
time: F(1,21) =53.0, p<0.001]. The post hoc test showed that following
haloperidol injection the DT was significantly decreased compared to the
vehicle-treated animals for the time period of — 30 min to — 15 min prior
to either nicotine or phencyclidine (*). There was no difference between
the groups for the — 15 to 0 min time block.
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Fig. 5. Effects of haloperidol on phencyclidine-induced locomotor activity. Data have been
cumulated into 15 min blocks for 30 min prior to and 60 min following phencyclidine
injection. Animals received an injection of either vehicle or haloperidol (1 mg/kg) just
prior to being placed in the chamber at time = — 30 min. At time = 0, the animals received
either 6 mg/kg phencyclidine or an equivalent volume of the vehicle. A. Haloperidol
significantly decreased the exploratory activity normally observed during the animals' first
15 min in the chamber. The distance traveled in response to phencyclidine was reduced in
the haloperidol-injected animals. *Indicates the activity of the indicated group was
significantly less than the other groups (p <0.05). B. Since the activity during the —30 to
—15 min period was decreased by haloperidol, the data have been normalized to the
initial activity exhibited by each animal. For normalization, the DT during the time period
from —30to — 15 min was set to 100% for each animal. DT during subsequent time periods
is expressed as a percentage of that initial value. This permits a comparison of the relative
ability of phencyclidine to alter activity relative to the baseline —30 to — 15 min behavior.
When the activities were normalized to the distance traveled during the first 15 min,
however, haloperidol had no significant effect on the response to phencyclidine.
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There were significant group and time effects post nicotine (3 mg/
kg) injection following haloperidol [group: F(2,22)=5.1, p=0.02;
time: F(3,66) =29.0, p<0.001; group x time: F(6,66) =4.8, p<0.001].
All three groups were significantly different from one another for the
first 15 min following nicotine injection (*#.,1). The differences between
the groups at later times, when the overall level of activity is decreasing,
were not different.

There were no significant differences between the groups post
phencyclidine (3 mg/kg) injection in the presence of haloperidol [group:
F(2,21)=0.4, p=0.676 (Fig. 5A) due to the fact that only 2 of 8 animals
in the vehicle-phencyclidine group responded to the drug. Including
only those responders in the analysis revealed significant group and
time effects [group: F(2,15)=12.5, p=<0.001; time: F(3,45)=3.8,
p=0.02], with the post hoc test showing a significant increase in DT for
the vehicle-phencyclidine group but no difference between the vehicle-
vehicle and haloperidol-phencyclidine groups.

Since haloperidol alone decreased locomotor activity, the data were
normalized relative to the activity prior to nicotine or phencyclidine
injection, as described in the figure legends. Graphs of the relative
changes in activity as compared to this initial level of activity are shown
in Figs. 4B and 5B. When normalized in this manner, the data show no
difference in the responses to nicotine in the presence and absence of
haloperidol.

3. Discussion

The major conclusion of these studies is that phencyclidine and
nicotine each produce increases in the locomotor activity of guinea
pigs, although both the magnitude and the duration of the response to
these drugs is lower than the responses observed utilizing mice or rats
under otherwise similar conditions. Additionally, the potencies of
these agents to produce behavioral effects are lower in the guinea pig
than in other species.

Clarke and Kumar (1983a,b) observed depression of locomotor
activity and ataxia 20-min following administration of nicotine (0.1-
0.5 mg/kg) in rats. After this time, nicotine resulted in an increased
locomotor activity up to a certain dose (0.4-0.8 mg/kg). Higher doses
of nicotine produced only a monotonic decrease in activity (Clarke
and Kumar, 1983a,b; Ksir et al., 1987), although some studies report
only decreases in activity with acute nicotine across a wide dose range
(Domino, 2001). In addition, a biphasic dose-response relationship
following nicotine has been noted in mice (Itzhak and Martin, 1999;
Nordberg and Bergh, 1985).

Stolerman et al. (1995) suggested that the differential effects of
nicotine in rats may be associated with the use of experimentally-
naive rats in studies which have observed locomotor depression
versus the use of rats that have been previously exposed or habituated
to the chambers in studies which saw an increase in locomotor
activity. This suggests that the effect of nicotine may be dependent on
the baseline activity level prior to its administration. In our study, the
level of habituation of guinea pigs that occurs during the first 30 min
following placement in the chamber is comparable to that of rats. As a
result, we observed a significant enhancement in locomotor activity
following nicotine (1-6 mg/kg) administration in guinea pig.

Our data for effective doses of phencyclidine in the guinea pig are
similar to previous studies. Johnson et al. (1978) showed enhanced
motor activity of guinea pigs given 2.5, 5.0 or 7.5 mg/kg phencycli-
dine. In their study, all of the animals responded with an increase in
activity to the lower doses but only a fraction responded to the highest
dose. Their study differed in several respects from the protocol used
here. Major differences are that the animals were habituated for up to
3 weeks prior to drug administration and that each animal received all
3 doses of the drug given three or four days apart. Such extensive
habituation could serve to maximize the ability of the procedure to
assess the locomotor stimulant effects of drugs, but because the
baseline would be low, might diminish its ability to assess locomotor

suppressant effects of drugs (i.e., floor effect). In this regard, the
present procedure, with more limited habituation, and only a single
administration of drug, might be more sensitive to both types of drug
action.

A number of other studies have shown phencyclidine-induced
increases in locomotor in rats (Murray and Horita, 1979; Castellani
and Adams, 1981; Kitaichi et al., 1994; Ogren and Goldstein, 1994)
and mice (Stavchansky et al., 1985; Gleason and Shannon, 1997) at
dose ranges similar to those that produces increases in activity of
guinea pigs, although the doses required are slightly higher for the
guinea pig, and the absolute amount of stimulation was lower in the
guinea pig. A third difference is that at the maximally-effective dose
(6 mg/kg) only 50% of the guinea pigs tested showed enhancement in
locomotor activity following phencyclidine administration.

Both nicotine and phencyclidine increase DA release in the striatal
areas implicated in locomotor responses and in the DA mesolimbic
and mesocortical pathways related to drug reinforcement and
addictive behaviors (DiChiara and Imperato, 1988; Koob and Bloom,
1988; Vickroy and Johnson, 1980, 1982). In this regard, it was
worthwhile to test the effects of the D2-selective antagonist,
haloperidol in order to assess whether the stimulant effects could
be blocked. However, haloperidol at the dose tested, reduced the
baseline level of activity prior to administration of the stimulant
drugs, thereby confounding the assessment of antagonism. Previous
studies in rats and mice have shown that baseline activity decreases
following antagonist doses of haloperidol (Kuo et al., 1999; Emerich et
al, 1991). When the data were normalized to account for this
decrease in baseline activity, nicotine resulted in the same percentage
increase over baseline in the presence or absence of haloperidol. Thus,
it cannot be concluded that haloperidol had a specific effect on
nicotine-induced locomotor activation. Testing of lower doses of
haloperidol in combination should be considered in future studies.

In summary, the effects of nicotine and phencyclidine in guinea
pigs are qualitatively similar to those in rats or mice, but the
magnitude of effect appears to be significantly lower in guinea pigs.
The low level of baseline activity in guinea pigs did not allow for
sufficient dynamic range under the current conditions within which
to reliably assess the locomotor suppressant effects of drugs. It will be
interesting to further explore to what extent this quantitative
difference holds for other pharmacological classes of drugs.
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