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Abstract
NIH-PA Author Manuscript

People diagnosed with depression also tend to have a co-morbid nicotine addiction. Thus, there is
interest in whether medications used to treat depression alter the effects of nicotine. This study
assessed whether the antidepressant drugs citalopram, imipramine, and reboxetine, with differing
specificity for the serotonin and norepinephrine transporter, altered responding controlled by the
conditional stimulus (CS) effects of nicotine. Rats received intermixed 20-min nicotine (0.4 mg
base/kg, SC) and saline sessions. On nicotine sessions, rats had intermittent access to sucrose; no
sucrose was available on saline sessions. After discrimination performance stabilized and a
nicotine generalization curve (0.025–0.4 mg/kg) was established, the antidepressant drugs were
assessed. In these tests, rats were pretreated with citalopram (1–17 mg/kg), imipramine (1–17 mg/
kg), or reboxetine (1–30 mg/kg) before the training dose of nicotine and placement in a chamber
for a 4-min extinction test. At the higher doses, all three antidepressant drugs blocked responding
evoked by the nicotine CS and decreased nicotine-induced hyperactivity. When these higher doses
of citalopram, imipramine, and reboxetine were tested alone (no nicotine), they decreased chamber
activity and/or dipper entries. Nevertheless, all three drugs produced partial or complete blockade
of the CS effects of nicotine at doses that produced no effect on dipper entries or chamber entries.
This finding suggests that both neurotransmitters play a role in the CS effects of nicotine and that
modifications in these systems by antidepressants may be clinically relevant.
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1. Introduction
Despite the common knowledge that tobacco use and its associated nicotine dependence is
harmful and causes premature death, over 440,000 people still die each year in the United
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States as a result of that addiction (Mackay and Erikson, 2002). Nearly 70% of current
smokers express a desire to quit. However, the ability to remain abstinent longer than one
month continues to challenge many individuals, with most relapsing within one week
(NIDA, 2009). The societal cost of cigarette smoking is increasing exponentially with
current annual costs in the U.S. exceeding $193 billion (NIDA, 2009). Clearly, from a
personal and a societal perspective there is great need to further explore and develop more
efficacious cessation programs. Tailoring treatment programs to target populations is one
possible approach (Chua et al., 2011). Of particular interest in the present report are
individuals diagnosed with depression. Research indicates that 40–60% of people with
depression have a co-morbid nicotine addiction (Anda et al., 1990; Glassman, 1993; Hall et
al., 1993; Hughs et al., 1986; Matthew et al., 1981). Given the high co-morbidity, there is
interest in whether medications used to treat depression such as selective serotonin reuptake
inhibitors (SSRI) and/or selective norepinephrine reuptake inhibitors (SNRI) also alter the
effects of nicotine (cf. Weinberger et al., 2010).
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Along these lines, our laboratory has evaluated the effects of two antidepressant drugs
(bupropion and atomoxetine) on nicotine-evoked conditioned responding in a Pavlovian
drug discrimination task (Reichel et al., 2007; Wilkinson et al., 2010). In those studies, rats
had intermixed nicotine and saline sessions. On nicotine sessions, rats had intermittent
access to liquid sucrose across the 20-min session; no sucrose was available on saline
sessions. The nicotine conditional stimulus (CS) in this task comes to evoke anticipatory
seeking of the sucrose [i.e., goal-tracking (Farwell and Ayres, 1979)]. In the study by
Wilkinson et al. (2010), bupropion at 20 mg/kg evoked a goal-tracking conditioned response
comparable to the training dose of nicotine (0.4 mg base/kg). This result indicates that
bupropion, also known as the smoking cessation aid Zyban® and the antidepressant
Wellbutrin®, shares stimulus properties with nicotine. Of note, pretreatment with 20 mg/kg
bupropion before nicotine administration blocked the conditioned responding evoked by the
nicotine CS (Wilkinson et al., 2010). This antagonism of the CS effects of nicotine may
reflect the nicotinic antagonist and/or the norepinephrine reuptake inhibition effects of
bupropion (Ascher et al., 1995; Miller et al., 2002; Slemmer et al., 2000). Related to this
latter effect, Reichel et al. (2007) demonstrated that the antidepressant drug atomoxetine
(Strattera®), a potent SNRI (Viggiano et al., 2004), partially blocked the goal-tracking
conditioned response evoked by a 0.2 mg base/kg nicotine CS (Reichel et al., 2007).
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Given these findings and the co-morbidity of smoking with depression (Weinberger et al.,
2010), the present study examined the effects of clinically used antidepressants that have a
different profile of action on the serotonin versus norepinephrine transporter. To this end, we
evaluated whether reboxetine (Edronax®), a potent SNRI similar to atomoxetine (Wong et
al., 2000; Simpson and Perry, 2003), blocked nicotine-evoked conditioned responding. We
also evaluated imipramine (Tofranil®), a combined SSRI and SNRI, and citalopram
(Celexa®), a potent SSRI (Owens et al., 1997) and their effects on responding controlled by
CS effects of nicotine.

2. Methods
2.1. Subjects
Sixteen male Sprague-Dawley rats (weighing 278 ± 2 g at the start of the study) were
obtained from Harlan (Indianapolis, IN USA). Rats were individually housed in clear
polycarbonate cages [48.3 × 26.7 × 20.3 cm (l × w × h)] lined with wood shavings in a
temperature- and humidity-controlled room on a 12 h light:dark cycle; all experimental
sessions were conducted during the light portion of the cycle. Water was continuously
available in the home cage. Chow access was restricted to maintain rats at 85% of their freefeeding weight. Approximately every 30 days, the target weight was increased by 2 g.
Pharmacol Biochem Behav. Author manuscript; available in PMC 2013 January 1.
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Experimental protocols were approved by the University of Nebraska-Lincoln Institutional
Animal Care and Use Committee and followed the “Guide for the Care and Use of
Laboratory Animals” (National Research Council, 1996).
2.2. Apparatus
Eight conditioning chambers (Med-Associates, Georgia, VT USA) were used in this study.
Each chamber was enclosed in a light and sound attenuating polyvinylchloride cubicle fitted
with a fan to provide airflow and mask noise. The conditioning chambers measured 30.5 ×
24.1 × 21 cm (l × w × h). The sidewalls were made of aluminum; the ceiling, front, and back
walls were clear polycarbonate. Each chamber was equipped with a recessed dipper
receptacle (5.2 × 5.2 × 3.8 cm; l × w × d) in one aluminum sidewall. When the dipper arm
was raised, it allowed access to 0.1 ml of 26% sucrose solution (w/v) in the receptacle. An
infrared emitter/detector unit located 1.2 cm inside the receptacle and 3 cm from the rod
floor recorded head entries. A second infrared emitter/detector unit located 14.5 cm from the
sidewall containing the receptacle and 4 cm above the rod floor provided a measure of
general chamber activity. A personal computer with Med Associates interface and software
(Med-PC for Windows, version IV) timed the sessions, recorded beam breaks for dipper
entries and chamber crosses, and presented the sucrose.
2.3. Drugs
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(−)-Nicotine hydrogen tartrate and imipramine hydrochloride were purchased from Sigma
(St. Louis, MO, USA). Reboxetine mesylate and citalopram hydrobromide were purchased
from Tocris (Ellisville, MO USA). All drugs were dissolved in 0.9% saline solution, and
injected at a volume of 1 ml/kg. Nicotine was injected subcutaneously (SC), and
imipramine, reboxetine, and citalopram were injected intraperitoneally (IP). Drug doses and
injection-to-placement intervals were selected based on past research (Besheer et al., 2004;
Dekeyne et al., 2001; Marona-Lewicka and Nichols, 1998; Millan et al., 2001; Murray and
Bevins, 2007a,b; Ortman and Meisburger, 1986; Rauhut et al., 2002). For each testing
phase, a unique testing order was used for each rat. A dilute NaOH solution was used to
adjust the pH of the nicotine solution to 7.0±0.2. Nicotine doses are reported in the base
form; all other drug doses are reported in the salt form.
2.4. Discrimination Training

NIH-PA Author Manuscript

Before the start of the experiment, all rats were handled for about 2 min each for 3 days. For
the 3 days immediately preceding acquisition, all rats were given one injection of the
training dose of nicotine (0.4 mg/kg) per day in the home cage to attenuate the initial
locomotor suppressant effects of nicotine (cf. Bevins et al., 2001). Daily training sessions
began the day following the last home cage nicotine injection. Rats were injected with
nicotine (0.4 mg/kg) or 0.9% saline 5 min before placement in the conditioning chamber for
a 20-min session. For each nicotine sessions, there were 36 separate 4-s presentation of
sucrose. The time to the first sucrose delivery and the inter-sucrose interval were varied
across four different computer programs. The average time before the first sucrose delivery
across programs was 137 s with a range of 124–152 s. On intermixed saline sessions,
sucrose deliveries were withheld. Order of nicotine and saline sessions were randomly
assigned to each rat with the restriction that no more than two of the same session type
(nicotine or saline) occurred in a row. There were 12 nicotine and 12 saline training sessions
before the start of testing.
2.5. Testing
After the discrimination was acquired, rats entered a testing phase that consisted of repeating
five day cycles. The first four days of each cycle were continued training sessions (2
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nicotine and 2 saline sessions) as described earlier to ensure maintenance of the
discrimination. If a rat met the testing criterion (see later), then a 4-min extinction test
session occurred in place of a normal training session on day five; sucrose was withheld
during test sessions. If a rat did not meet the criterion, then it remained in the home cage for
that day. Table 1 shows the progression of test phases, as well as the ligand and doses under
study. All doses within a phase were completed before the next phase began.
2.5.1. Nicotine generalization—Nicotine generalization testing immediately followed
acquisition of the discrimination. On test days, rats were injected with the assigned dose of
nicotine or saline 5 min before a 4-min extinction test (see Table 1). Each rat had a unique
testing order and all doses of nicotine were evaluated before moving to the antagonism
phase.

NIH-PA Author Manuscript

2.5.2. Reboxetine, citalopram, and imipramine antagonism of nicotine—
Following completion of the nicotine generalization phase, testing cycles continued as
previously described. For an antagonism test, a rat was pretreated with its assigned dose of
reuptake inhibitor or saline at the prescribed injection-to-placement interval (IPI); nicotine
was then administered 5 min before the 4-min test (see Table 1). Given two different IPIs
(15 or 30 min), pretreatment with the saline solution was tested twice; once at each IPI.
Timing of saline pretreatment did not affect conditioned responding evoked by nicotine
(p>0.05). Accordingly, the mean of the two scores for each rat was used for analyses (see
later). As before, each rat had a unique testing order.
2.5.3. Reboxetine, citalopram, and imipramine substitution—Following
completion of the antagonism phase, testing cycles continued as previously described.
Substitution tests were similar to antagonism tests except saline rather than nicotine was
administered 5 min before each of the 4-min tests. Testing order of reuptake inhibitor was
fixed as shown in Table 1. Based on the findings with atomoxetine by Reichel et al. (2007),
we did not expect these antidepressants to substitute for the nicotine CS. Accordingly,
testing order was fixed because the goal of testing the reuptake inhibitor alone was to
determine whether attenuation of nicotine-evoked conditioned responding in the previous
antagonism phase reflected, at least in part, a non-specific effect of the drug interfering with
goal-tracking (see Discussion). Hence, we start with the highest dose of a reuptake inhibitor
that blocked conditioned responding and then moved to a lower dose if an effect was
detected.
2.6. Dependent measures and testing criterion
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The primary dependent measure of conditioning was the rate of infrared beam breaks in the
dipper receptacle per second before the first sucrose delivery during nicotine sessions or
equivalent time during saline or test sessions. In order to qualify to test, dipper entry rate on
each nicotine session had to be at least 0.01 entries per second higher than each saline
session of that testing cycle (cf. Murray and Bevins, 2007a). General chamber activity was
defined as the number of chamber beam breaks per second during the same intervals as
dipper entries.
2.7. Data analyses
For acquisition training, a paired-samples t-test was used to compare the average dipper
entry rate on nicotine versus saline sessions for the last three days of training. For
generalization and antagonism testing phases, dipper entries and chamber activity for each
compound were analyzed with separate one-way repeated measures ANOVAs. Significant
one-way ANOVAs were also followed with pair-wise comparisons using Fisher’s
LSDminimum mean difference (mmd) tests. For substitution tests, each drug/dose combination was
Pharmacol Biochem Behav. Author manuscript; available in PMC 2013 January 1.
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3. Results
One rat was removed from this experiment after the nicotine generalization phase because it
did not maintain the nicotine-saline discrimination. Two other rats were not tested at a single
drug/dose combination in the substitution phase due to inconsistencies in meeting testing
criterion at that point in the study (see Table 1 for the number of rats per phase).
3.1. Discrimination Training
Rats readily acquired the drug discrimination (data not shown) with nicotine differentially
evoking a goal-tracking conditioned response. The mean dipper entry rate (±SEM) across
the last 3 nicotine sessions (0.17 ± 0.022) was significantly higher than that on saline
sessions (0.07 ± 0.008), t(15)=5.78, p<0.001.
3.2. Testing
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3.2.1. Nicotine generalization—Figure 1A shows the mean dipper entry rate for the
nicotine generalization phase. Nicotine-evoked conditioned responding was sensitive to test
dose [Dose main effect, F(5,75)=12.19, p<0.001]. There was a higher rate of dipper entries
at 0.05, 0.1, 0.2, and 0.4 mg/kg nicotine than saline (LSDmmd=0.044). Furthermore, the rate
of dipper entries at 0.025 and 0.05 mg/kg were lower than the 0.4 mg/kg training dose of
nicotine. As displayed in Figure 1B, chamber activity increased with nicotine dose [Dose
main effect, F(5,75)=23.33, p=0.001]. Activity counts were higher at 0.2 and 0.4 mg/kg
nicotine than saline (LSDmmd=0.067). Activity at the nicotine training dose was higher than
all other doses.
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3.1.2. Reboxetine, citalopram, and imipramine antagonism of nicotine—Panels
A, B, and C of Figure 2 show conditioned responding evoked by nicotine after pretreatment
with reboxetine, citalopram, or imipramine, respectively. There was a main effect of Dose
for reboxetine, F(5,70)=10.26, p<0.001, with reboxetine blocking nicotine-evoked
responding to saline levels at the 30 mg/kg dose (LSDmmd=0.04). This reduction in dipper
entries was partial at 3, 10, and 17 mg/kg with responding lower than the nicotine training
dose, but still significantly higher than saline. There was a main effect of Dose with
citalopram, F(6,84)=9.35, p<0.001. Conditioned responding was reduced to saline levels at
10 and 17 mg/kg (LSDmmd=0.04); blockade of responding was partial at 7.8 mg/kg. The
main effect of Dose was also significant for imipramine, F(4,56)=11.12, p<0.001. Dipper
entries were fully blocked by 17 mg/kg (LSDmmd=0.04) and partially reduced at 10 mg/kg.
Panels A, B, and C of Figure 3 show nicotine-induced activity after pretreatment with
reboxetine, citalopram, or imipramine, respectively. For reboxetine, there was a significant
main effect of Dose, F(5,70)=7.53, p<0.001. At 10, 17, and 30 mg/kg, nicotine-induced
hyperactivity was lowered to saline levels (LSDmmd=0.076). For citalopram, there was a
main effect of Dose, F(6,84)=8.10, p<0.001; pretreatment with 17 mg/kg citalopram reduced
the locomotor stimulant effect of nicotine to saline levels (LSDmmd=0.095). For imipramine,
there was a significant effect of Dose, F(4,56)=10.90, p<0.001. Nicotine-induced activity
was fully blocked by 17 mg/kg imipramine (LSDmmd=0.08).
3.1.3. Reboxetine, citalopram, and imipramine substitution—Table 2 displays the
dipper entries and chamber activity from the substitution tests. Recall that nicotine was not
administered after pretreatment with the assigned dose of drug in this phase. Thus, these
tests provide a measure of the non-specific effects of each ligand on dipper entries and
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chamber activity. For reboxetine, dipper entries at 10 and 30 mg/kg were significantly below
saline, ts(14)≥2.47, ps≥0.027. Dipper entries at 17 mg/kg did not differ from saline, t<1.
Activity at all doses of reboxetine (10, 17, and 30 mg/kg) was significantly below saline,
ts(14)≥2.27, ps≥0.039. For citalopram, dipper entries were below saline levels only at the 17
mg/kg dose, t(14)=3.76, p=0.002. However, activity was not affected by either dose of
citalopram, ts<1. For imipramine, dipper entries at 10 mg/kg was significantly lower than
saline, t(13)=5.36, p<0.001; a comparable decrease was not seen at 17 mg/kg, t(14)=1.28,
p=0.22. Activity at 10 mg/kg of imipramine was significantly lower than saline, t(13)=2.59,
p=0.022. Further, there was a tendency for reduced activity at 17 mg/kg, t(14)=2.11,
p=0.053.

4. Discussion
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As noted earlier, there is high co-morbidity between chronic smoking and depressive
symptoms (e.g., Weinberger et al., 2010). As such, there is interest in whether medications
used to treat depression may also alter the effects of nicotine. Along these lines, earlier work
by Reichel et al. (2007) found that atomoxetine (1 to 10 mg/kg) partially antagonized
nicotine-evoked conditioned responding; nicotine-induced hyperactivity was also reduced to
saline levels with pretreatment of 3 or 10 mg/kg atomoxetine (see later). Consistent with
these findings, Gould et al. (2005) found that atomoxetine (2 mg/kg) blocked nicotine (0.125
mg/kg) enhancement of prepulse inhibition of the acoustic startle response in mice.
Atomoxetine has also been shown to attenuate context fear conditioning deficits of mice
induced by withdrawal from nicotine (Davis and Gould, 2007). Further, pretreatment with
reboxetine decreased self-administration of nicotine in rats; reboxetine did not affect general
chamber activity in that self-administration study (Rauhut et al., 2002).
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Given this research, along with the bupropion work discussed in the Introduction (see also
Wilkinson et al., 2010), the present study sought to evaluate whether other antidepressant
drugs with varying affinity for the noradrenergic versus serotonergic transporter, reboxetine
(SNRI), imipramine (mixed SSRI and SNRI), and citalopram (SSRI), would block the
interoceptive stimulus effects of nicotine. Pretreatment with any of the three reuptake
inhibitors blocked conditioned responding evoked by the nicotine CS and decreased
nicotine-induced hyperactivity. Although this outcome suggests a role for both serotonin and
norepinephrine in the CS effects of nicotine, a detailed analysis of the action of these ligands
alone in the substitution tests suggests a more cautious/complex interpretation should be
considered. That is, reboxetine and imipramine alone, both of which block norepinephrine
reuptake, at doses that blocked the effects of nicotine also decreased chamber activity and
dipper entries relative to saline. Citalopram alone, which blocks serotonin reuptake, did not
significantly affect general chamber activity, but it did attenuate dipper entries to a level
below that of saline. Nevertheless, all three drugs produced a partial or complete blockade of
the effects of nicotine at doses that, in our hands, produced no significant effect on dipper
entries or chamber entries. This suggests that both neurotransmitters play a role in the CS
effects of nicotine and that modifications in these systems by antidepressants may be
clinically relevant.
These potential non-specific effects suggest that motor impairment (reboxetine and
imipramine) and/or a decrease in the incentive value of the goal or its associated stimuli
(reboxetine, imipramine, and citalopram) also contribute to the decreased conditioned
responding to the nicotine CS. This latter possibility is considered given that the average
dipper entry rate on saline sessions in this study, as well as our other published studies using
this training protocol (e.g., Murray et al., 2007b; Reichel et al., 2010), is always above 0.
This observation suggests that there is some residual goal-tracking controlled by a learned
association between the stimuli that compose the dipper receptacle and sucrose and/or by the
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sucrose and its olfactory cues that are still present on saline sessions (i.e., sucrose
inaccessible, but present in the dipper well).
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Although the self-administration and fear conditioning work described earlier did not find
evidence for such non-specific effects, other reports have found such effects with the ligands
used in the present study (e.g., Dekeyne et al., 2002; Evenden, 1998; Martin et al., 1982).
Dekeyne et al. (2002), for example, found that reboxetine and imipramine decreased lever
pressing rate maintained by food reinforcement. In that same study, food intake was
decreased by citalopram when assessed outside the experimental chambers used to measure
schedule-controlled responding. Consistent with these latter studies, in the report by Reichel
et al. (2007), dipper entries were decreased by pretreatment with the highest dose of
atomoxetine (10 mg/kg) alone. Given that this observation was isolated to the 10 mg/kg
dose, and the 1 and 3 mg/kg dose also partially blocked nicotine-evoked responding without
altering dipper entries when given alone, little was made of that observation in that paper.
However, the present results suggest that the results from this earlier report should be
interpreted with the same complexity regarding blockade of the CS effects of nicotine along
with attenuation of the incentive value of sucrose or its associated stimuli (e.g., receptacle).
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Regarding this interpretive complexity, it was recently suggested that decreased dipper
entries by reboxetine, imipramine, and citalopram in the saline session may not reflect
diminished incentive value of the goal or its associated stimuli. Rather, saline (i.e., nonnicotine state) should be considered a CS−; a stimulus that indicates the absence of the
reinforcer. Procedurally, saline is clearly a CS− in this discriminated goal-tracking task [or a
negative drug feature; see Bevins and Murray (2011)]. Whether saline as a CS− is
behaviorally similar to more widely studied exteroceptive stimuli remains untested (cf.,
Murray et al., 2011; Rescorla, 1969). This CS− account reframes the interpretation of the
decreased dipper entries by the antidepressant, suggesting that it reflects an enhancement of
these CS− effects (i.e., processes involved in response inhibition).
The present research was not designed to dissociate between the different accounts the
substitution tests findings with the antidepressants. Regardless, the findings here, and
elsewhere, on serotonin and/or norepinephrine transporters suggests that such ligands should
be considered within the framework of treating depressed individuals that have co-morbid
nicotine dependence. However, the evidence for potential non-specific effects suggests that
care should be taken to sufficiently evaluate the effects of these pharmacotherapies and how
they not only alter smoking behavior and associated urges, but also adherence to medication
regimens.
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•

Nicotine acquired differential control of goal-tracking conditioned response

•

Antidepressant drugs citalopram, imipramine, and reboxetine blocked
conditioned responding

•

Stimulus effects of nicotine appear to involve the noradrenergic and
serotonergic systems

•

At some doses antidepressant drugs alone alter chamber activity and/or dipper
entries

•

motor effects or a decrease in incentive value of sucrose also contributes to
decreased responding
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Figure 1.

Panel A shows the mean (± SEM) dipper entry rates during nicotine generalization testing.
Panel B shows the mean (± SEM) chamber beam breaks per second (activity) during
nicotine generalization testing. # denotes a significant difference (p<0.05) from saline; *
denotes a significant difference from the training dose of nicotine (0.4 mg/kg).
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Figure 2.

Panels A, B, and C show the mean (± SEM) dipper entry rates during reboxetine,
citalopram, and imipramine antagonism testing, respectively, of nicotine evoked conditioned
responding. * denotes a significant difference (p<0.05) from nicotine, but not saline (i.e., full
blockade); + denotes a significant difference from nicotine and saline (i.e., partial blockade).
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Figure 3.

Panels A, B, and C show the mean (± SEM) chamber beam breaks per second (activity)
during reboxetine, citalopram, and imipramine antagonism testing, respectively. * denotes a
significant difference (p<0.05) from nicotine, but not saline (i.e., full blockade).
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15

14

15

14

15

15

15

15

15

15

15

16

n

NIH-PA Author Manuscript

Table 1
Dion et al.
Page 14

Pharmacol Biochem Behav. Author manuscript; available in PMC 2013 January 1.

Dion et al.

Page 15

Table 2

Dipper entries and activity for substitution tests.
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Drug

Dipper Entries/sec (Mean ± SEM)

Chamber Beam Breaks/sec (Mean ± SEM)

Saline

.048 ± .008

.256 ± .025

Reboxetine (10 mg/kg)

.028 ± .004*

.157 ± .024*

Saline

.038 ± .006

.293 ± .037

Reboxetine (17 mg/kg)

.031 ± .006

.156 ± .027*

Saline

.050 ± .010

.225 ± .042

Reboxetine (30 mg/kg)

.021 ± .004*

.144 ± .016*

Saline

.040 ± .005

.302 ± .043

Citalopram (10 mg/kg)

.030 ± .005

.246 ± .040

Saline

.037 ± .004

.231 ± .021

Citalopram (17 mg/kg)

.009 ± .005*

.211 ± .025

Saline

.033 ± .004

.285 ± .037

Imipramine (10 mg/kg)

.017 ± .003*

.177 ± .024*

Saline

.040 ± .006

.298 ± .054

Imipramine (17 mg/kg)

.032 ± .006

.176 ± .019

*

significant difference from saline
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