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813–818, 1998.—Fischer 344 (F344) and Lewis (LEW) rats show considerable neuroanatomical and neurophysiological dif-
ferences within the mesolimbic dopamine system. The aim of our experiments was to study the functional correlates of such
differences by examining open-field behavior and the sensitivity towards the psychostimulant and rewarding effects of am-
phetamine in male and female, F344 and LEW rats. In addition, the consequences of short versus extended habituation to
open-field testing on amphetamine locomotion in these two rat strains was assessed. LEW but not F344 rats irrespective of
gender showed between-session habituation of open-field activity. Amphetamine-induced locomotion was higher in F344
compared to LEW rats and in females compared to male rats. In addition, extended habituation increased the locomotor ef-
fects of amphetamine. The rewarding effects of amphetamine as measured by the conditioned place preference test were
more pronounced in F344 than in LEW rats. Our results suggest that the two rat strains differed in their behavioral response
to mild stress and to amphetamine and that these differences may depend upon differences within the mesolimbic dopamine
system. © 1998 Elsevier Science Inc.
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FISCHER 344 (F344) and Lewis (LEW) rats are frequently
used inbred strains of rats. Numerous neuroanatomical and
neurochemical studies revealed fundamental strain differ-
ences between F344 and LEW rats in a number of brain cir-
cuits including the mesolimbic dopamine system—neurons
projecting from the ventral tegmental area to the nucleus ac-
cumbens. For instance, LEW rats have a fewer number of
spontaneously active dopaminergic neurons (22), less neu-
rofilament proteins, and reduced levels of TH and CCK
within VTA neurons (16) as well as lower basal release of
dopamine, glutamate, and 5-HT in the nucleus accumbens
(5,28,33). The mesolimbic dopamine system is a well charac-
terized brain substrate of locomotion, motivation, and stress
[see (19) for review]. Therefore, we investigated F344 and
LEW rats in three behavioral tests that are known to be at

least partially dependent upon mesolimbic dopaminergic trans-
mission, namely novelty-induced locomotion and the psycho-
stimulant and conditioned rewarding effects of amphetamine.

Strain differences in basal locomotor activity were re-
ported by several investigators. However, whereas in one
study lower activity of the LEW strain was observed (9), an-
other study reported higher activity of this strain compared to
F344 rats (5). One important difference between these studies
that might account for the opposite findings relates to the test
environments. One study (5) used an open field, whereas the
other (9) was performed in activity cages. Because activity
cages are often more similar to the home cage and, therefore,
less novel to the animals, it is possible that the degree of nov-
elty of the test environment might have influenced the behav-
ioral outcomes. More specifically, we hypothesized that dur-
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ing repeated exposure to a novel environment LEW rats will
be more active during initial exposures when the environment
is neophobic, but F344 rats will be more active in later expo-
sures, when due to habituation the environment becomes less
neophobic (more familiar).

Although there is consistent evidence that F344 rats are
more resistant to the behavioral effects of opioids and ethanol
than LEW (34,35), strain differences in the effects of psycho-
stimulants have been less well investigated. Locomotor activ-
ity following metamphetamine and cocaine was shown to be
larger in LEW than in F344 rats (5,13,29), but another study
reported no differences in the psychostimulant effects of co-
caine (18). We therefore examined the locomotor effects of
the prototypical psychostimulant drug amphetamine in the
open field in F344 and LEW rats. In addition, in view of the
evidence that the psychostimulant effects of certain drugs may
depend on the level of previous habituation to the test envi-
ronment (26) we examined the stimulant effects of amphet-
amine in rats with different levels of habituation to the open
field. If the two rat strains differ in the extent of habituation
to the open field then the psychostimulant effects will not only
depend on the genetic background and on the extent of previ-
ous habituation to the test environment per se, but also show
a differential influence of habituation in one vs. the other rat
strain.

The psychostimulant theory of addiction (36) postulates
that the locomotor stimulant and rewarding effects of addic-
tive drugs are mediated by a common neuronal substrate.
One implication of this theory is that the psychostimulant ef-
fects of amphetamine might have predictive value for its re-
warding effects. In other words, animals that respond more to
the stimulant effects of a certain drug (e.g., amphetamine) will
also show a higher sensitivity to its rewarding effects as evi-
denced, for instance, by enhanced place preference condition-
ing established with the drug. Although there is extensive
data supporting this theory, there is also some experimental
evidence inconsistent with this view (6). We, therefore, as-
sessed the rewarding properties of amphetamine in LEW and
F344 rats using the conditioned place preference paradigm to
assess whether there is a relationship between the psychostim-
ulant and the rewarding effects of amphetamine in the two
strains.

 

METHOD

 

Subjects

 

Male and female Fischer 344/NHsd and Lewis/SsNHsd rats
(Harlan NL) were housed four per cage in standard Macrolon
cages under a reversed light–dark cycle (lights off 0700 to
1900 h). At the beginning of the experiment their mean
weights were 347 

 

6

 

 5 (male F344), 368 

 

6

 

 18 (male LEW), 202 

 

6

 

4 (female F344), and 225 

 

6

 

 4 (female LEW). All rats were ex-
tensively handled before the start of the experiment.

 

Apparatus and Procedures

Open field. 

 

The open field consisted of four rectangular
boxes (80 

 

3 

 

80 cm) made of gray PVC and located in a dimly
illuminated room (12 lx as measured at the bottom of the
open-field boxes). A square of 20 

 

3 

 

20 cm in the middle of
each open-field box was designated as the center. Open field
behavior (locomotor activity, time spent in the center, and la-
tency of the first entry to the center) was measured via a com-
puterized animal observation system (Ethovision, Noldus,
NL) that was connected to a camera mounted on the ceiling

above the open-field boxes. All animals were brought into the
testing room for 30 min before the start of each session for ha-
bituation.

Half of the animals (HAB; 

 

n

 

 

 

5

 

 4 per strain and gender)
were tested in the open field on 4 consecutive days for 30 min/
day, whereas the other half of the animals (non-HAB; 

 

n

 

 

 

5

 

 4
per strain and gender) remained undisturbed in their home
cages during this time. On day 5 all animals were tested for 30
min after an injection of saline (1 ml/kg). Immediately after-
wards, all rats received an injection of 

 

d

 

-amphetamine sul-
phate (1.0 mg/kg IP, Sigma) followed by further testing in the
open field for 60 min. We used only a single dose of amphet-
amine that produces in other strains of rats clear but not max-
imal psychostimulant effects.

 

Conditioned place preference. 

 

Amphetamine-induced place
conditioning was performed in shuttle boxes (30 

 

3 

 

60 

 

3 

 

30 cm
w 

 

3 

 

1 

 

3 

 

h) with a transparent Plexiglas top and wooden walls
and housed in a dimly illuminated room. One box was painted
black and fitted with a smooth black floor. The other box was
white with a textured white floor. For training, the two boxes
were separated by a partition that was replaced by a wire
mesh central platform (5 

 

3 

 

2 cm w 

 

3 

 

1) during preexposure
and test sessions. Behavior of the animals (time spent in each
of the compartments) was measured via a computerized ani-
mal observation system (Ethovision, Noldus, NL), which was
connected to a camera mounted on the ceiling above the place
conditioning boxes.

The experiment consisted of three stages: Preexposure: all
animals (n 

 

5

 

 11 per strain and gender) were preexposed for
three daily 15-min sessions. The time the animals spent in
each of the two compartments was measured on the third day
of testing. Animals that displayed preference levels for one
compartment larger than 90% were excluded from the experi-
ment. Conditioning: conditioning was done to the less-pre-
ferred compartment as determined on the third day of preex-
posure with either 1.0 mg/kg 

 

d

 

-amphetamine or 1 ml/kg
saline. All animals received vehicle (1 ml/kg saline) before be-
ing exposed to the other compartment. One conditioning trial
per day and three conditioning trials per compartment were
performed in a counterbalanced manner. Test: on the day fol-
lowing the last conditioning trial rats were exposed to the
boxes with free access to both compartments and the time
they spent in the drug associated compartment was measured.

 

Statistical Analysis

 

Open-field data were analyzed using analysis of variance
(ANOVA) with main factors of strain (F344/LEW), gender
(male/female), and habituation (extended/short) and, where
appropriate, with repeated measurements of the factor of
time. Place preference conditioning data were analyzed by
ANOVA with strain and gender as main factors and prefer-
ence shift (time spent in drug paired compartment after condi-
tioning minus before conditioning) as the dependent variable.

 

RESULTS

 

Open-Field Behavior

 

Analysis of general locomotor activity across all testing
days revealed no significant outcomes, with the effect of gen-
der approaching significance, 

 

F

 

(1, 12) 

 

5

 

 4.204, 

 

p

 

 

 

5

 

 0.06 re-
flecting a higher activity of female compared with male rats.
The same ANOVA with repeated measurements over days
(four daily sessions) and intervals (10 3-min intervals per ses-
sion) revealed interactions of strain 

 

3

 

 day, 

 

F

 

(3, 36) 

 

5

 

 15.383,
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p

 

 

 

,

 

 0.001, strain 

 

3

 

 intervals, 

 

F

 

 (9, 108) 

 

5

 

 2.240, 

 

p

 

 

 

,

 

 0.05, and
strain 

 

3

 

 days 

 

3

 

 intervals, 

 

F

 

(27, 324) 

 

5

 

 1.764, 

 

p

 

 

 

,

 

 0.05. As
shown in Fig. 1A, LEW rats demonstrated a clear between
session habituation, i.e., a reduction of overall activity from
day to day, over the four days, while no such phenomenon
was observed in F344 rats; in fact, the opposite pattern was ev-
ident; namely, an increase in activity from one day to the next.
In addition, within-session habituation was faster in LEW
rats, as indicated by the fact that LEW rats showed higher ac-
tivity at the beginning of testing, whereas F344 rats were more
active at the end of each open-field exposure (Fig. 1B).

The rate of defecation was significantly different in the two
strains, 

 

F

 

(1, 12) 

 

5

 

 4.63, 

 

p

 

 

 

5

 

 0.05, with F344 rats having a
higher number of fecal bolis than LEW rats (F344 1.53 

 

6

 

 0.40;
LEW 0.38 

 

6

 

 0.21). There were no differences in the percent-
age of time spent by the animals in the center of the open field
(all 

 

F

 

s 

 

,

 

 1).

 

Activity Following Saline and Amphetamine Injections

 

Analysis of locomotor activity following saline injection
yielded a significant interaction of strain 

 

3

 

 habituation, 

 

F

 

(1,
14) 

 

5

 

 8.12, 

 

p

 

 

 

,

 

 0.01. HAB-LEW rats showed less activity
compared with non-HAB-LEW, while in F344 rats there was
no difference between HAB and non-HAB animals (Fig. 2A).

Analysis of locomotor activity following amphetamine
challenge yielded a significant effect of strain, 

 

F

 

(1, 24) 

 

5

 

8.933, 

 

p

 

 

 

,

 

 0.01, and gender, 

 

F

 

(1, 24) 

 

5

 

 19.687, 

 

p

 

 

 

,

 

 0.001, as
well as significant strain 

 

3

 

 interval, 

 

F

 

(19, 456) 

 

5

 

 2.45, 

 

p

 

 

 

,

 

0.001, gender 

 

3

 

 interval, 

 

F

 

(19, 456) 

 

5

 

 6.706, 

 

p

 

 

 

,

 

 0.0001, and
habituation 

 

3

 

 interval interactions, 

 

F

 

(19, 456) 

 

5

 

 1.692, 

 

p

 

 

 

,

 

0.05. Figure 2B shows that F344 rats displayed an earlier onset
and a greater degree of amphetamine hyperactivity. More-
over, the effect of amphetamine on locomotion was larger and
more prolonged in female compared to male rats irrespective
of strain. Further habituation resulted in an earlier onset of
hyperactivity following amphetamine. To account for the dif-
ferences in basal locomotion, an additional ANOVA was cal-
culated with repeated measurements of the factor of drug (sa-
line vs. amphetamine). In addition to a significant main effect
of drug, 

 

F

 

(1, 24) 

 

5

 

 115.2, 

 

p

 

 

 

,

 

 0.0001, significant interactions
of drug 

 

3

 

 strain, 

 

F

 

(1, 24) 

 

5

 

 9.3, 

 

p

 

 

 

,

 

 0.01, drug 

 

3

 

 gender, 

 

F

 

(1,
24) 

 

5

 

 15.9, 

 

p

 

 

 

,

 

 0.001, and drug 

 

3

 

 habituation, 

 

F

 

(1, 24) 

 

5

 

 4.7,

 

p

 

 

 

,

 

 0.05, were found. As is shown in Fig. 2C, amphetamine
had clear stimulant effects. This effect of amphetamine was
larger in F344 than in LEW rats, in female than in male rats,
and in HAB than in non-HAB animals.

 

Amphetamine-Induced Place Conditioning

 

ANOVA with preference shift as a dependent variable and
drug (saline/amphetamine), strain (F344/LEW), and gender
(male/female) as main factors revealed a significant interac-
tion of drug 

 

3

 

 strain, 

 

F

 

(1, 41) 

 

5

 

 4.1, 

 

p

 

 

 

,

 

 0.05. As Fig. 3 illus-
trates, both male and female F344 rats, but not LEW rats of
either gender, showed a significant place preference for the
drug-associated compartment after amphetamine but not af-
ter saline.

 

DISCUSSION

 

Our experiments revealed strain and gender differences in
open-field behavior (mild stress-induced locomotion) and in
the sensitivity to the psychostimulant and rewarding effects of
amphetamine. In the open-field test LEW rats exhibited be-
tween- and within-session habituation of novelty-induced lo-
comotion, whereas F344 rats showed no between-session and
less within-session habituation. These results may at least par-
tially explain the discrepant findings on strain differences in
locomotor activity: LEW rats were shown to have higher lev-
els of activity than F344 rats in a large unfamiliar test environ-
ment (5), but lower activity in smaller, less neophobic activity
boxes (9). Different degrees of familiarity with the test appa-
ratus might have contributed towards these opposite findings.

Locomotor activity in an unfamiliar environment is typi-
cally regarded as a behavioral stress response (15). Therefore,
habituation of activity in such an environment can be seen as

FIG. 1. Basal locomotor activity of male and female F344 and LEW
rats in the open field under habituated and unhabituated conditions.
The upper panel represents means and standard errors of total dis-
tance traveled during four daily 30-min sessions (between-session
habituation). The lower panel shows means and standard errors of
distance traveled in 10 3-min intervals averaged across the daily four
sessions (within-session habituation).
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a form of coping with stressful events. At least two different
neuronal systems have been shown to be involved in such ha-
bituation to stress. Hooks and Kalivas (17) showed that the
mesoaccumbens pallidal circuitry is involved in mediating ha-
bituation of locomotor activity in an unfamiliar environment.
Given the well-known F344/LEW differences in the mesolim-
bic dopamine system, these differences might subserve the
differential coping response of the two strains to a stressor. In
addition, results of Bodnoff et al. (3) suggest that the benzodi-
azepine receptor system is another brain circuitry involved in
habituation to novelty. LEW rats have a higher number of
BDZ receptors (30), which may account for the faster habitu-
ation in this strain compared to the F344 strain of rats.

In addition to locomotor activity, defecation was assessed
as an index of emotionality during open-field exposure. This
measure again revealed higher emotionality in F344 rats and
is in accordance with additional observations of higher emo-
tionality in several behavioral tests (Stöhr et al., submitted).
In a recent report Ramos et al. (24) described rat strain differ-
ences in anxiety related behaviors. They found that both F344
and LEW rats displayed the highest levels of anxiety com-
pared with four other inbred strains of rats. However, differ-
ences in anxiety between F344 and LEW rats were inconsis-
tent. Whereas, for instance, higher defecation of LEW rats
compared with F344 rats was found in the open field, the op-
posite pattern of strain differences (i.e., lower defecation of
LEW rats) was found in the black–white box test. Because of
the methodological differences (e.g., one open-field exposure
vs. five open-field exposures), it is difficult to compare their
results with ours.

Both the open-field and the conditioned place preference
tests revealed strain differences in response to amphetamine:
LEW rats were less sensitive than F344 rats to the locomotor
and rewarding effects of amphetamine. Lower sensitivity to
the psychostimulant effects of amphetamine in LEW com-
pared to F344 rats was also found by George et al. (13), al-
though in this case only male rats were examined. This is
somewhat surprising, as the LEW strain is known to show
higher sensitivity to the locomotor activating and rewarding
effects of other psychostimulant drugs such as metamphet-
amine and cocaine (5,13,18,29). George et al. (13) examined
cocaine and amphetamine-induced locomotor activity in sev-
eral different rat strains including F344 and LEW rats. They
found that remarkable strain differences in the locomotor ef-
fects of these two psychostimulant drugs exist. However, the
strain differences were not consistent for cocaine and amphet-
amine, i.e., whereas out of four rat strains F344 rats had the
highest ED50 for cocaine, this strain had the lowest ED50 for
amphetamine-induced locomotor activity. Diverging from
other hypotheses [e.g., see (19) for review], these authors con-
clude that the psychostimulant effects of these two drugs might
be at least partially mediated via different brain substrates.

The observed strain differences in the sensitivity towards
amphetamine may be due to differences at the level of the hy-

 

FIG. 2. Locomotor activity following either saline or amphetamine
injections in male and female F344 and LEW and HAB and non-
HAB rats. The upper panel shows means and standard errors of total
distance traveled during 30 min following an injection of saline. The
middle panel shows distance traveled in 15-min intervals during 60
min following an injection of amphetamine. The lower panel com-
pares total distance traveled following saline with total distance trav-
eled following amphetamine under habituated and unhabituated
conditions.
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pothalamus–pituitary–adrenal system: LEW rats have been
shown to exhibit a deficient neuroendocrine response to stress
(12,14,25,31,32). For instance, stress- or drug-induced corti-
costerone release is attenuated in LEW compared to F344
rats (29). An involvement of corticosterone in the psychostim-
ulant effects of amphetamine is suggested by the findings of
Cador et al. (4) that the depletion of endogenous corticoste-
rone by adrenalectomy in rats attenuates, whereas the implan-
tation of pellets releasing high amounts of corticosterone po-
tentiates, amphetamine-induced locomotion. Likewise, Piazza
and co-workers (20,23) have shown that the sensitivity to-
wards the psychostimulant and reinforcing effects of amphet-
amine is highly correlated with endogenous corticosterone
levels, i.e., rats with a high stress-induced corticosterone re-
lease show higher amphetamine-induced locomotion and are
more likely to develop amphetamine self-administration.
Therefore, it is tempting to speculate that the observed strain
differences in the psychostimulant and rewarding effects of
amphetamine are at least partially mediated by differences in
the hypothalamus–pituitary–adrenal axis between F344 and
LEW rats.

Alternatively, the observed strain differences in the sensi-
tivity to the psychostimulant and rewarding effects might be
due to strain differences in the pharmacokinetics of amphet-
amine. In fact, it has been reported (5) that F344 LEW differ-

ences exist in the pharmacokinetics of metamphetamine:
LEW rats had higher blood and brain concentrations of
metamphetamine and amphetamine following an injection of
metamphetamine. Therefore, it seems not very probable that
F344 rats, following an injection of amphetamine, will have
higher blood and brain concentrations of this drug, which
might account for their higher sensitivity to amphetamine’s
psychostimulant and rewarding effects.

Major gender differences in the effects of amphetamine
were detected in our experiments: female rats of both strains
showed a greater behavioral activation after amphetamine
than their male counterparts. Furthermore, place condition-
ing induced by amphetamine was greater in female F344 rats
compared to male F344 rats. This is in line with other findings
of enhanced amphetamine-induced locomotion and stereo-
typed behavior in female rats (21,26,27). In addition, gender
differences in the neurochemical effects of amphetamine have
been reported such as a potentiated amphetamine-induced
dopamine release in the striatum of females (8) or increased
amphetamine-induced c-

 

fos

 

 expression in the dorsal striatum
(7). However, a recent review and meta-analysis reviewing
several amphetamine place-conditioning experiments re-
vealed no evidence for gender differences in the rewarding
properties of amphetamine (1).

Our experiments further showed that extended habitua-
tion enhances the effect of amphetamine on locomotor activ-
ity. A similar result was obtained by Russell and co-workers
(26), who showed stronger amphetamine-induced stereotyped
behavior in rats following habituation to the test environ-
ment. Surprisingly, an enhanced amphetamine-induced loco-
motion following extended habituation to the open field was
not strain dependent, although habituation of novelty-
induced locomotion was found only in the LEW rat strain.

In summary, our results support the view that there exist
rat strain differences in the response to mild stress. Further-
more the sensitivity towards the locomotor stimulating and
conditioned rewarding effects of amphetamine was depen-
dent upon the genetic background (i.e., rat strain and gender).
We hypothesise that two neuronal systems may account for
these differences that are well known to contribute to the be-
havioral effects of stress and amphetamine: the hypothala-
mus–pituitary–adrenal axis and the mesolimbic dopamine sys-
tem. Strain and gender differences have been found in both of
these systems, with increased responsiveness in female com-
pared with male rats and in F344 compared with LEW rats
(2,8,10,11). In parallel, rats with the higher sensitivity within
these systems (i.e., female and F344 rats) also showed a larger
behavioral response to amphetamine.
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