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Abstract

A phenotype of heightened anxiety-like behavior is hypothesized to be associated with altered reinforcement behavior. To test this hypothesis,
we studied patterns of sucrose pellet intake and intravenous nicotine self-administration in animals that exhibit anxiety-like behavior at baseline,
Wistar Kyoto (WKY) rats, as compared to normal controls (Wistar rats). WKY rats exhibited significantly reduced sucrose pellet self-
administration behavior as assessed by both fixed and progressive ratio schedules of reinforcement and exhibited significantly reduced self-
administration of intravenous nicotine. On the basis of previously published findings, we hypothesize that altered mesolimbic dopamine
responses, as well as heightened HPA axis functioning, may account for reduced nicotine self-administration and sucrose pellet reinforcement
responding in WKY rats. These studies highlight the role of heightened anxiety-like behavior, resulting from the genetic background of the

animal, in altering behavioral responses to reinforcing stimuli.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Recent clinical evidence suggests that genetic and envi-
ronmental factors contribute to nicotine addiction. In partic-
ular, data from family, adoption, and twin studies support a
significant role for genetics on the initiation and maintenance
of smoking in humans (Sullivan and Kendler, 1999). Of
interest, acute nicotine increases subjective tension in
smokers and non-smokers (Perkins et al., 1994), and a
number of reports reveal that smokers experience higher
levels of stress and anxiety than non-smokers (File et al.,
2002; Jarvis, 1994; Parrott, 1995). Available data indicate
that hypothalamic—pituitary—adrenal (HPA) axis functioning
and activation influences the subjective and behavioral effects
produced by nicotine. For example, adrenalectomy increased,
while acute and chronic corticosteroid administration de-
creased, some of the physiological and behavioral effects
produced by nicotine (Caggiula et al., 1993). In addition,
acute nicotine induced a dose- and time-dependent increase in
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plasma corticosterone, suggesting that the changes in
emotional behavior elicited by nicotine, similar to those
induced by stressful stimuli or other anxiogenic drugs, are
associated with increased HPA axis activation (Porcu et al.,
2003). These findings complement reports showing that
peripherally administered nicotine increased adrenocorticotro-
pin-releasing hormone (ACTH) and corticosterone (Gadek-
Michalska et al., 2002) and plasma ariginine vasopressin
(AVP)(Rhodes et al.,, 2001) and work demonstrating that
intravenous nicotine increased corticosterone in self-adminis-
tering animals (Donny et al., 2000). Importantly, stress has
also been shown to be a principal cause for relapse to
nicotine self-administration behavior in rodents (Buczek et
al., 1999). Relapse is an important consideration since
available treatments help human smokers make successful
quit attempts, but many of these individuals are prone to
reinstate drug-taking over time (Hajek et al., 2005).

One limitation of previous reports is that the role of stress in
drug taking behavior has been studied in “normal” stress-
reactive animals, while addicted humans typically have a
lifetime of stress experience or a baseline stress profile
reflecting a genetic predisposition to exhibit emotional
reactivity. As such, humans who abuse nicotine may do so
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because of a specific genetic profile that increases vulnerability
for drug-taking behavior.

The use of specific strains of rats in controlled laboratory
conditions allows for investigation of the potential role of an
anxious phenotype in increasing susceptibility to drug abuse
or addiction (Piazza et al., 1991). Differences in baseline and
stress-induced anxiety behavior have been noted among
various rat strains (Gentsch et al., 1987; Glowa and Hansen,
1994; Ramos et al., 1997). Accumulating evidence suggests
that a specific inbred strain of rats, Wistar—Kyoto (WKY),
exhibit hyper-responsiveness to stress as measured in a
number of behavioral and physiological assays (Pare, 1994),
including increased plasma ACTH and corticosterone (De La
Garza and Mahoney, 2004; Gomez et al., 1996, Pare and
Redei, 1993; Rittenhouse et al., 2002; Solberg et al., 2001),
and higher basal levels of thyroid-stimulating hormone and
3,5,3 triiodo-thyronine (Redei et al., 2001; Solberg et al.,
2001) that exceed normal controls, including Wistar rats. In
addition, anterior pituitary corticotropin-releasing factor
(CRF) binding and CRF receptor mRNA expression were
significantly decreased, and ACTH response to CRF or
vasopressin was markedly impaired in WKY rats as compared
to Wistar rats (Hauger et al., 2002).

Given that chronic corticosterone treatment decreased
behaviors produced by nicotine (Caggiula et al., 1993), we
hypothesized that WKY rats, as compared to Wistar rats, would
exhibit reduced basic reinforcement behavior and nicotine self-
administration.

2. Materials and methods
2.1. Animals

Male, Wistar and WKY rats (Charles River Labs, Charles
River, NC) were used in this study. Wistar rats were used as
controls since these are the outbred progenitor strain from
which WKY were derived. Rats were individually housed and
maintained on a 12-h light—dark cycle, with the light phase
being 7:00 a.m. to 7:00 p.m. Room temperature was
maintained at 25 °C and rats were allowed free access to food
and water throughout all experiments, except partial food
restriction where described. These protocols were approved by
the Animal Care and Use Committee of the Albert Einstein
College of Medicine (AECOM), and all experiments were
conducted at AECOM. The experiments were conducted in
accordance with the National Institute of Mental Health,
“Methods and Welfare Considerations in Behavioral Research
with Animals” report. AECOM is fully accredited by the
Association for Assessment and Accreditation of Laboratory
Animal Care.

2.2. Sucrose pellet self-administration

The experiments were designed to identify basic reinforce-
ment behavior patterns in WKY rats vs. Wistar control rats.
Male, Wistar and WKY Rats (N=12/grp) were subjected to 2
days of partial food restriction (50 g rat chow/1 kg rat weight/

day) prior to beginning the behavioral task (this strategy was
employed to account for differences in baseline body weight
between strains to achieve equivalent food restriction).
Animals were placed in an operant chamber equipped with
two levers and tested once daily for sucrose pellet self-
administration behavior. This particular training procedure has
been used by our lab extensively and is reviewed in a recent
publication (De La Garza, 2005). In short, training and testing
procedures were the same for all animals and took place 5 days
per week (beginning at 9:00 a.m. and completed by 11:00 a.m.
each day). Rats were autoshaped to press the active lever for
delivery of a 45-mg food pellet containing sucrose and
dextrose, hereafter referred to as sucrose pellets (Noyes, New
Brunswick, NJ). Lever presses were recorded on the inactive
lever but had no programmed consequences. One lever press
on the appropriate lever elicited sucrose pellet delivery (fixed
ratio 1 schedule: FR1) and Rate was calculated as Number of
Reinforcers/time (min). Since WKY and Wistar rats exhibited
dissimilar baseline body weight (at the same age, 8 weeks), the
rate at which animals pressed the lever was divided by
individual body weight to control for this difference (Rate/
kg; see Results and Fig. 1).

After 6 days of FR testing, animals were returned to ad
libitum feeding for 1 week. During this time, daily testing for
sucrose pellet self-administration continued, though these data
were not analyzed. Subsequently, animals were again subjected
to partial food restriction and then tested on the progressive
ratio (PR) schedule of reinforcement using the following
sequence of required responses per sucrose pellet delivery: 1,
3, 6, 10, 16, 23, 32, 44, 58, 75, 96, 121... All PR sessions
lasted 2 h or were terminated when the animal had not
responded on the active lever during the previous 10-min
period.

2.2.1. Statistical analysis

Body weight (g) was analyzed using a one-way analysis of
variance (ANOVA). For FR tests, rate/kg was analyzed using a
repeated-measures ANOVA, with Session as the within-subject
factor and Strain as the between-subjects factor. Planned
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Fig. 1. Body weight (g) in Wistar (open bars) and WKY (filled bars) rats. Data
represent mean+S.E.M, N=12/group. Values significantly different from
Wistar denoted with *p <0.05.
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comparisons were used to compare the individual strains within
a single session and to examine changes in behavioral
performance within each group across the six sessions. For
PR tests, Total Reinforcers was analyzed using a one-way
ANOVA. To analyze rate data during the PR test, Rate/kg was
analyzed using a repeated-measures ANOVA, with Level as the
within-subject factor and Strain as the between-subjects factor.
Planned comparisons were used to compare the individual
strains to each other within a single level and to examine
changes in behavioral performance within each group across
the first six PR levels. In all instances, significant effects were
confirmed by Bonferroni—Dunn post hoc tests. A significance
level of p<0.05 was used for all analyses.

2.3. Intravenous nicotine self-administration

Male, Wistar (N=5) and WKY rats (N=8)(200-275 g,
8 weeks of age) were first trained to press a lever for sucrose
pellets on an FR1 schedule of reinforcement. Once animals
learned the task (>85% drug-appropriate lever responding for 3
consecutive days), an intravenous catheter was surgically
implanted (described below) and animals were allowed 1 week
to recover. All rats were subsequently tested once daily for 1
h (5 days/week) during which they worked for intravenous
nicotine infusions (0.03 mg/kg infusion, expressed as nicotine
base, delivered over ~1 s) on an FR1 schedule. The dose
selected (0.03 mg/kg) is the one that has been demonstrated to
serve as a positive reinforcer in several strains of rats, including
especially Wistar rats (Paterson et al., 2004; Watkins et al.,
1999). The primary objective of this experiment was to
compare the behavioral performance of two unique strains
using a dose of nicotine previously established to serve as a
reinforcer in rodents. (—)-Nicotine bitartrate (Sigma, St. Louis,
MO) was dissolved in sterile saline (0.9% NaCl) and the pH
was adjusted to 7.0 with NaOH. Animals had unrestricted
access to food and water in their home cages during the entire
nicotine self-administration procedure.

2.3.1. Statistical analysis

The number of reinforcers (#Rfs) obtained was analyzed
using a repeated-measures ANOVA, with Session as the
within-subject factor and Strain as the between-subjects factor.
Planned comparisons were used to compare the individual
strains to each other within a single session and to examine
changes in behavioral performance within each group across all
sessions. Significant effects were confirmed by Bonferroni—
Dunn post hoc tests. A significance level of p <0.05 was used
for all analyses.

2.4. Jugular implant surgery

Rats were anesthetized with sodium pentobarbital (30 mg/
kg, i.p.). The implantation needle with the attached catheter
(Braintree Scientific, Braintree, MA; 0.040 in. o.d., 0.025 in.
i.d.) was inserted into the vein lumen in a caudal direction. A
1-cm® syringe filled with sterile saline was inserted into the
free end of the catheter, and the plunger was carefully drawn

back to check the correct position of the catheter. The free
end of the catheter was threaded through a 16-gauge
hypodermic needle and passed subcutaneously through the
top of the pectoral incision to the posterior end of the scalp
incision. The excess of the catheter was cut and attached to a
22-gauge connector pedestal (the pedestal is used as a
connection point for the single-channel swivel in the operant
chamber assuring that tangling of the tubing does not occur
during testing). The connector pedestal (Plastics One,
Roanoke, VA) was then firmly cemented to the skull with
cranioplastic cement and anchored to the boney surface of the
skull and to stainless steel screws implanted into the skull.
The skin was drawn up around the pedestal, secured with
sutures, and the scalp wound edges were covered with topical
antibiotic ointment. Animals were allowed 1 week to recover
from surgery before beginning the intravenous nicotine self-
administration procedure.

2.5. Self-administration apparatus

Experiments were carried out in 12 operant chambers (Med
Associates, St. Albans, VT) enclosed in sound-attenuated
boxes. Each chamber measured 30 x 30 x 24 cm and consists
of one wall with two levers positioned symmetrically 20 cm
apart and 10 cm above the grid floor. A stimulus light
positioned directly above each lever signaled infusion of the
drug as a result of the lever press. A computer-controlled
syringe pump (PHM-100, Med Associates) delivered nicotine
in a volume calculated on the basis of the weight of the animal
(150 pl/kg), delivered over a period of ~1 s, via a counter-
balanced single-channel swivel (Instech). The acquisition of
data and the recording of experimental events were controlled
by a Windows-based computer using Med-PC software (Med
Associates).

3. Results
3.1. WKY rats exhibit lower body weight

Differences in baseline body weight between WKY and
Wistar rats (at the same age, 8 weeks) was apparent (and
expected given information provided from the vendor). These
weight differences persisted throughout testing, though weight
gain over time was similar between groups (Fig. 1). For
Weight, ANOVA revealed a main effect of Strain on Session
1 (F1‘22:140.39, p<00001), Session 2 (F1,22:92.60,
»<0.0001), Session 3 (F2,=63.39, p<0.0001), Session 4
(F12:=129.70, p<0.0001), Session 5 (F;2,=101.23, p<
0.0001), and Session 6 ([;,,=83.54, p<0.0001). The
significant effects for Sessions 1-6 were confirmed by
Bonferroni/Dunn post hoc test (p <0.05).

Differences in body weights between strains may be a
function of different caloric needs (home cage food consump-
tion/day) and perhaps also different rates of consumption of
palatable substances. To control for this potential confound, we
utilized a measure of Rate/kg for all sucrose pellet self-
administration studies.
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3.2. WKY rats exhibit decreased sucrose pellet
self-administration behavior

All animals readily learned the lever-pressing task for
sucrose pellets using the FR1 schedule of reinforcement. The
data revealed a significant increase in responding from Session
1 to 6, and a significantly greater rate of responding in Wistar
vs. WKY rats (Fig. 2). For Rate/kg, ANOVA revealed a
significant main effect for Strain (F; ;3,=32.45, p<0.0001),
Session (F'53,=50.76, p<0.0001) and an interaction for
Strain x Session (F; 13,=3.048, p=0.0123). Planned compar-
isons ANOVA did not reveal a main effect of Strain on Session
1 (F12,=4.219, p=0.052), but a main effect was recorded on
Session 2 (F2,=7.24, p=0.0134), Session 3 ([ ,=5.89,
p=0.0238), Session 4 (F;,,=6.01, p=0.023), Session 5
(F122=4.56, p=0.044), and Session 6 (F;,,=13.98,
p<0.001). The significant effects for Sessions 2-6 were
confirmed by Bonferroni/Dunn post hoc test (p <0.05).

Sucrose pellet self-administration behavior was also assessed
using the progressive ratio (PR) schedule of reinforcement. The
data revealed a significantly greater number of total reinforcers
obtained by Wistar rats vs. WKY rats (Fig. 3). For Total
Reinforcers, ANOVA revealed a significant main effect for
Strain (') 5,=15.75, p=0.0007), and a Bonferroni/Dunn post
hoc test confirmed the significant finding (p<0.0001). An
analysis of rate data (time taken to complete each PR level) was
also performed. Of the 12 animals in each group, two WKY rats
did not complete at least the first 6 PR levels, so these data reflect
the performance of Wistar (V=12) and WKY (N=10). The data
did not reveal significant differences between WKY and Wistar
rats for Levels 1,2, 3,4, 5, or 6 (Fig. 2). ANOVA did not reveal a
significant main effect for Strain (F'} 126=0.69, p =0.406), while
a main effect was observed for Level (F's5126=32.58,
»<0.0001), and no interaction was detected for Strain x Level
(F5,126=0.683, p=0.637). Performance differences on the PR
schedule emerged during Level 7, with the majority of WK rats
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Fig. 2. Food reinforcement using a fixed-ratio schedule in Wistar (open bars)
and WKY (filled bars) rats. Performance was calculated as the Rate ((number of
lever presses (max 30) divided by time (min)) divided by the animal weight
(kg). Data represent mean+S.E.M, N=12/group. Values significantly different
from Wistar denoted with *p <0.05.
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Fig. 3. Top. Food reinforcement using a progressive-ratio schedule in Wistar
(open bars) and WKY (filled bars) rats. Bottom. Analysis of rate data (time
(min) to complete each level) for the first six levels of the PR test. Data
represent mean = S.E.M. Values significantly different from Wistar denoted with
*p<0.05.

discontinuing responding during Level 7, while all Wistar rats
worked past Level 8 (and several to Level 10).

3.3. WKY rats exhibit reduced nicotine self-administration
behavior

Separate groups of rats were used for the intravenous
nicotine self-administration experiment. During Session 1,
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Fig. 4. Intravenous nicotine self-administration in Wistar (open circles, N=5)
vs. WKY (filled circles; N=8) rats. Data represent mean+S.E.M. Values
significantly different from Wistar denoted with *p <0.05.
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Wistar and WKY rats infused nicotine in a similar fashion.
Differences between Wistar and WKY rats emerged at Session
6 and persisted for the remainder of the study (Fig. 4). For
Number of Reinforcers (#Rfs), ANOVA revealed a significant
main effect for Strain (F264=293.03, p<0.0001), Session
(F23264=1.60, p<0.05), and an interaction for Strain X
Session (F23264=3.37, p<0.0001). Planned comparisons
revealed differences between strains for the majority of
Sessions, especially after Session 8. ANOVA did not reveal a
main effect of Strain for #Rfs on Session 1-5,7, and 11, but a
main effect was recorded for Session 6 (F;,=17.03,
p=0.0017), Session 8 (Fy;;=14.35, p=0.0030), Session 9
(F1.11=10.02, p=0.0090), Session 10 (F,;;=28.93,
p=0.0002), Session 12 (F;;;=5.16, p=0.0442), Session 13
(Fy1,,1=8.74, p=0.0130), Session 14 (F,; ;,=21.40,
p=0.0007), and all subsequent sessions (15—24; statistics not
shown). All significant effects were confirmed by Bonferroni/
Dunn post hoc test (p <0.05).

4. Discussion

The current report reveals that WKY rats exhibit reduced
sucrose pellet reinforcement and reduced intravenous nicotine
self-administration behavior, as compared to Wistar rats. This
is the first report to demonstrate baseline patterns of sucrose
pellet reinforcement and intravenous nicotine self-administra-
tion behavior in WKY rats; a unique strain characterized by a
genetic predisposition to exhibit anxiety-like behavior.

Active seeking of sucrose pellets through self-administra-
tion is used as a basic measure of reward (De La Garza, 2005).
Importantly, previous work demonstrated that home cage food
consumption is reduced in WKY rats in response to acute stress
(Pare et al., 1999) or after exposure to a novel environment
(Pare, 1994), as compared to controls. However, active self-
administration of food in an operant task, at baseline (non-
stressed), had not been determined in WKY rats. In sucrose
pellet self-administration experiments, Wistar rats significantly
outperformed WKY rats measured using both FR and PR
schedules of reinforcement. While both strains of rats exhibited
a significant improvement in sucrose pellet self-administration
performance from Day 1 to Day 6, differences between strains
was noted on 5 of 6 days tested. In subsequent tests, using the
PR schedule of reinforcement, an overall analysis revealed that
Wistar rats outperformed WKY rats in total reinforcements
obtained. In the absence of any additional information, these
data may have been interpreted to indicate that WKY rats
exhibit reduced motivation for sucrose pellet reinforcement.
However, an analysis of the time taken to complete each PR
level revealed that Wistar and WKY rats performed similarly
during the first 6 levels. At PR level 6, each animal had pressed
the lever 59 times, suggesting that WKY and Wistar rats were
similarly motivated to work for sucrose pellets as a reinforcer,
at least initially. A logical deduction may be that reduced
overall responding for sucrose pellet reinforcement in WKY
rats reflects more rapid satiation engendered by the reinforcing
substance. The analysis of rate data using the PR schedule of
reinforcement also indicates that reduced responding in WKY

rats was likely not due to impaired learning or reduced
locomotor activity.

Reduced responding for sucrose pellet reinforcement in
WKY rats is predicted to be the result of the underlying stress
profile exhibited by these animals. Specifically, we have
previously demonstrated that WKY rats exhibit prolonged
corticosterone release in response to an acute stressor (De La
Garza and Mahoney, 2004). Of interest, antagonism of the
corticotropin-releasing factor (CRF)-type; receptor has been
predicted to mediate stress-induced anorexia (Hotta et al.,
1999), and this is worth considering since WKY rats have been
shown to possess significantly reduced CRF; mRNA in brain
(Hauger et al., 2002). The behavioral effects shown here
coincide also with data in Wistar rats exposed to the endotoxin
lipopolysaccharide (LPS). In these animals, acute LPS expo-
sure increased corticosterone release and increased CRF gene
activation in anterior pituitary, and these responses coincided
with significant reductions in sucrose pellet and sweetened
milk self-administration behavior (De La Garza et al., 2005,
2004). Importantly, the data in this report provide preliminary
evidence of altered reinforcement behavior in WKY rats.

This report also revealed striking differences between WKY
rats vs. Wistar controls in the intravenous nicotine self-
administration paradigm. In particular, WKY rats self-admin-
istered significantly less nicotine than Wistar rats, as measured
using an FR1 schedule of reinforcement. Intravenous self-
administration is considered an animal model predictive of the
reinforcing properties of drugs and is used to determine abuse
potential, and these data are predicted to offer valuable
information on alterations to nicotine-seeking behaviors
stemming from a genetic predisposition to exhibit anxiety-like
behavior.

The data obtained in Wistar rats in the current study are
similar to that reported previously (Paterson et al., 2004;
Watkins et al., 1999), suggesting that reduced nicotine
responding in WKY rats may be specifically related to the
rat strain. One explanation for differences in responding
between strains is that WKY responded less robustly because
of their underlying neurobiological profile of increased HPA
axis activity and increased anxiety-like behavior. In fact, acute
stress or corticosterone administration has been shown to
reduce responsiveness to nicotine (Caggiula et al., 1993), and
stress has been shown to lower blood nicotine levels (Winders
et al., 1998). As such, WKY rats may self-administer less
nicotine because it is perceived as less reinforcing, which
follows the statement that, “nicotine can affect behavior
contingent upon the genetic makeup of the individual subject
being studied” (Rosecrans, 1995).

Differential effects of nicotine in WKY rats are unlikely to
be related to altered density and function of neuronal nicotinic
acetylcholine receptors (Picciotto et al., 2000). Namely, the
distribution of these receptors, as determined using [*H]cystine
binding, was found to be similar in WKY vs. Wistar rats (Gattu
et al., 1997a,b).

Differential bioavailability of nicotine after acute or chronic
exposure may also account for the differences observed. In
fact, both cotinine and nornicotine (principal metabolites of
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nicotine) are pharmacologically active (Crooks et al., 1997)
and each maintain self-administration behavior in rats (Bardo et
al., 1999). These data indicate that alterations to the metabo-
lism of nicotine could alter circulating levels of nicotine or
major metabolites in brain and, thus, alter self-administration
behavior. We are not aware of any data in WKY rats (as
compared to Wistar rats) that support or contradict this
possibility.

Perhaps the most enticing explanation for the observed
results concerns the differential ability of nicotine to stimulate
DA release in the nucleus accumbens or prefrontal cortex. In
fact, recent data from our group reveal distinct neurochemical
profiles for WKY rats, as compared to Wistar rats, at baseline
and in response to acute stress, including specifically reduced
DA in prefrontal cortex (De La Garza and Mahoney, 2004). The
“law of initial value” (Wilder, 1957, 1958) comes to mind as an
explanation, which specifies that drugs act on neurobiological
systems with optimal levels of neurotransmitter activity, with
too much or too little activity being associated with disruption
of behavior (Cools and Robbins, 2004). In fact, it has been
shown that stimulants (those used to treat ADHD) are more
effective in reducing hyperactivity in people with high baseline
levels of activity than in individuals with lower baseline levels
of activity (Teicher et al., 2003). While the question at hand
involves drug-reinforced behavior, the fact that WKY rats
exhibit a distinct neurochemical baseline, with specific changes
in baseline DA, raises the possibility that altered responsiveness
to nicotine is a result of this unique neurobiological profile. In
fact, enhanced vulnerability to cocaine self-administration has
previously been associated with elevated impulse activity
(higher basal firing rates and bursting activity) of midbrain
DA neurons (Marinelli and White, 2000).

The possibility arises that lower or higher doses of nicotine
may give rise to a different self-administration pattern in WKY
rats. This assumption is based on the finding that in normal
stress-reactive animals, higher doses of nicotine are less
reinforcing and perceived as more aversive (Corrigall and
Coen, 1989; Rose and Corrigall, 1997). As specified above, the
dose selected (0.03 mg/kg) is the one that has been
demonstrated to serve as a positive reinforcer in several strains
of rats, including especially Wistar rats (Paterson et al., 2004;
Watkins et al., 1999). The primary objective of this preliminary
report was to compare the behavioral performance of two
unique rat strains using a dose of nicotine previously
established to serve as a reinforcer in rodents. Future studies
should investigate the dose response for nicotine in both strains
with the underlying goal to determine whether, for example,
low doses of nicotine serves as a reinforcer in WKY rats, but is
not perceived as reinforcing for Wistar rats.

Data from experiments using the maternal deprivation
model of early-life stress may also aid in interpreting the
findings in this report. Maternal deprivation induces a variety
of physiological and neurochemical changes that may mimic
early adolescent experiences in humans that lead to psychopa-
thology (including anxiety and depression) in adulthood
(Gutman and Nemeroff, 2002). Recent evidence suggests
maternally deprived rats exhibit heightened responsiveness to

psychostimulants (Matthews et al., 1996a,b), effects thought to
arise from altered stress system reactivity. A careful analysis of
the data reveals that maternally deprived male rats exhibited
reduced cocaine self-administration behavior (Matthews et al.,
1999) and reduced behavioral sensitization to cocaine (Li et al.,
2003). These findings are complemented by work in non-
human primates, in which maternally deprived monkeys
exhibited diminished preference for sweetened water as
compared to non-deprived controls (Paul et al., 2000). Reduced
reinforcement in maternally deprived animals coincides with
reduced sucrose pellet and nicotine reinforcement in anxiety-
prone WKY rats (current study) and reduced sucrose pellet and
sweetened milk reinforcement in animals exposed to a bacterial
endotoxin that increases corticosterone release and activates
pituitary CRF mRNA (De La Garza et al., 2005, 2004). While
acute or repeated stress exposure during adulthood (transitory
stress profile) in animals may increase drug-taking behavior or
responsiveness to psychostimulants, it appears that exposure to
early-life stress (e.g., maternal deprivation) or a genetic
predisposition to exhibit anxiety-like behavior (e.g., WKY
rats) is associated with decreased responsiveness to psychos-
timulants and reduced reinforcement behavior.

One final consideration is previous data showing that WKY
rats consumed more nicotine than Brown Norway rats using an
oral self-administration procedure (Todte et al., 2001). An
analysis of the data reveals that WKY and Brown Norway rats
consumed similar amounts of nicotine during initial exposure,
a forced consumption period, and after the forced consumption
period. The significant finding specified was from a separate
“control” group of rats exposed to two periods (6 days each) of
only water then given free choice between nicotine or water. In
this group, a significant increase in nicotine consumption was
observed in WKY rats. Yet, it was not explained how repeated
exposure to two bottles of water over 12 days accentuated
consumption of nicotine in WKY rats. In fact, the observed
“significant” effect largely depended on a 25% increase in
consumption in nicotine in WKY rats and a corresponding
decrease of 22% in Brown Norway rats in the control
condition.

Given that differential sensitivity to nicotine may be
accounted for by the stress profile of the animal, it is
important to discuss the effects of repeated nicotine exposure
on WKY rats and controls. An important role for plasma
corticosterone has been demonstrated following chronic
nicotine. For example, plasma corticosterone remained elevat-
ed 14 days after computer-delivered intravenous nicotine
delivery (Mathieu-Kia et al., 2002), and an anxiogenic effect
has been reported in rats exposed to nicotine for 7 or 14 days
(Irvine et al., 1999). A recent report revealed that short-term
abstinence (artificially induced by not testing animals over the
weekend), increased self-administration of nicotine on the
ensuing test day (Paterson and Markou, 2004). This increase
in nicotine self-administration was predicted to arise via
activation of the HPA axis. Early reports showed that daily
injections of nicotine (200 pg/kg, i.p.) resulted in an
adaptation of the nicotine-induced rise in plasma corticoste-
rone (Cam and Bassett, 1984). In control animals, repeated
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nicotine exposure leads to tolerance of nicotine-induced
corticosterone responses. In contrast, repeated nicotine treat-
ment potentiated stress-induced gastric ulceration in rats
(Wong et al., 2002). This is relevant to the current discussion
since one of the principal means by which WKY rats were
first identified was through the gastric ulcers they developed
in response to acute stress exposure (Pare, 1989). As such, it is
possible that WKY rats will be especially susceptible to
nicotine-induced stress and this may have influenced nicotine
self-administration behavior. On the basis of preliminary data
from our lab (data not shown), WKY rats exhibited similar
neuroendocrine responses to acute systemic nicotine exposure,
yet we hypothesize that WKY rats may exhibit heightened
neuroendocrine responses to nicotine as a result of repeated
exposure. This unique profile of HPA axis activation in
response to repeated nicotine exposure is predicted to
influence nicotine self-administration behavior in WKY rats
as compared to Wistar controls.

For the current report, it is important to mention that all
subjects (WKY and Wistar rats) were evaluated under similar
testing conditions, including shipping conditions (ordered from
the same vendor), accommodation to testing chambers prior to
testing, daily handling, recovery from surgery, and housing
conditions.

One limitation worth noting is the lack of physiological
measures of stress (e.g., corticosterone) in the WKY vs. Wistar
rats immediately before and after test sessions to assure that
stress-induced effects (in WKY rats) did not contribute to
altered reinforcement behaviors. Notwithstanding, our previous
data indicate that corticosterone levels are similar at baseline
for WKY rats and Wistar rats (De La Garza and Mahoney,
2004), and we do not anticipate, therefore, that this was a
confound in the current study.

Many questions remain unanswered regarding the complex
relationship between heightened HPA axis activity and liability
to nicotine abuse (Majewska, 2002; Mathieu-Kia et al., 2002).
The completed experiments provide preliminary answers to
questions regarding differences in reinforcement behavior
between WKY rats and Wistar rats, and serve as a starting
point for understanding the role of an anxiety, based on the
genetic profile of the animal, in altering nicotine self-
administration behavior.
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