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Abstract

Nicotine addiction is associated with the development of tolerance and the emergence of
withdrawal symptoms upon cessation of chronic nicotine administration. Changes in cognition,
including deficits in learning, are one of the most common withdrawal symptoms reported by
smokers. However, the neural substrates of tolerance to the effects of nicotine on learning and the
substrates of withdrawal deficits in learning are unknown, and in fact it is unclear whether a
common mechanism is involved in both. The present study tested the hypothesis that tolerance and
withdrawal are separate processes and that nicotinic acetylcholine receptor (nAChR) upregulation
underlies changes in learning associated with withdrawal but not tolerance. C57BL/6 male mice
were administered a dose of nicotine (3, 6.3, 12, or 24 mg/kg/d) chronically for varying days and
tested for the onset of tolerance to the effects of nicotine on learning. Follow up experiments
examined the number of days of chronic nicotine treatment required to produce withdrawal
deficits in learning and a significant increase in [3H]epibatidine in the hippocampus indicative of
receptor upregulation. The results indicate that tolerance onset was influenced by dose of chronic
nicotine, that tolerance occurred before withdrawal deficits in learning emerged, and that NAChR
upregulation in the dorsal hippocampus was associated with withdrawal but not tolerance. This
suggests that for the effects of nicotine on learning, tolerance and withdrawal involve different
substrates. These findings are discussed in terms of implications for development of therapeutics
that target symptoms of nicotine addiction and for theories of addiction.
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1.0 Introduction

Adaptation in behavior and neural substrates occurs with chronic drug use; and for drugs of
abuse, these adaptations may contribute to the formation and maintenance of addiction. The
DSM-1V lists seven diagnostic criteria for addiction with a minimum of three present needed
for a diagnosis of addiction (Association American Psychiatric, 2000). Two of the seven
listed are tolerance and withdrawal symptoms. Because of the purported importance of
tolerance and withdrawal in addiction, understanding the biological basis of these symptoms
could advance treatment of addiction. Models and theories of addiction and drug action have
proposed that tolerance and withdrawal are manifestations of the same phenomenon;
however, these theories are not universally accepted as some have suggested that tolerance
and withdrawal reflect separate processes.

The opponent process theory states that with drug abuse and addiction, a drug will initially
produce a positive effect (the A process) but with continued use a countering effect (the B
process) is generated to maintain homeostasis (Solomon and Corbit, 1973). As the B process
reduces the desired effects of the A process, drug consumption may increase in an attempt to
achieve the full A process; this has been suggested to be tolerance. In the absence of the
drug and the associated A process, the B process will dominate resulting in a stronger
negative effect, which has been proposed to be the mechanism underlying withdrawal
(Poulos and Cappell, 1991). Thus, in this model tolerance and withdrawal would reflect the
same process.

While the opponent process theory has appeal as it explains how drug-induced stress on
homeostatic processes results in addiction phenotypes, there is a long history of work
suggesting that tolerance and withdrawal may be separate processes rather than aspects of a
single homeostatic process. If this is true, the opponent process theory would need to be
amended. For example, Tatum and colleagues (1929) proposed that tolerance reflected a
decrease in the depressant effects of morphine whereas withdrawal was related to the
stimulant effects of morphine. Furthermore, in a 1985 review of morphine tolerance, Baker
and Tiffany concluded that opponent or compensatory processes do not contribute to
withdrawal symptoms In both of these cases, tolerance and withdrawal would not reflect the
same process.

Nicotine addiction is associated with the development of tolerance and the presence of
withdrawal symptoms (Balfour, 1981; Gould and Leach, 2013; Jarvik and Henningfield,
1988; Paolini and De Biasi, 2011), and the effects of nicotine on cognitive processes are
sensitive to both tolerance and withdrawal. In both humans and laboratory rodents, acute
nicotine enhances learning and cognitive processes (Gould and Higgins, 2003; Gould and
Wehner, 1999; Heishman et al., 2010; Kenney and Gould, 2008; Myers et al., 2008). With
continued drug administration, tolerance for the cognitive enhancing effects of nicotine
develops (Davis et al., 2005; Portugal et al., 2012a), and upon cessation of nicotine
treatment, withdrawal-related deficits in learning and other cognitive measures emerge
(Ashare et al., 2013; Davis et al., 2005; Heishman, 1999; Hendricks et al., 2006; Hughes et
al., 1989; Jacobsen et al., 2005; Raybuck and Gould, 2009). This pattern of an initial
enhancement, a decrease in enhancement with continued nicotine administration, and
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deficits in cognitive processes during abstinence appears to fit well within the opponent
process theory of addiction but it remains to be determined if the neural substrates
underlying tolerance to the pro-cognitive effects of nicotine are the same substrates
underlying nicotine withdrawal disruption of cognition. Understanding the mechanisms that
underlie tolerance and withdrawal-related changes in cognition is important because deficits
in cognition during abstinence from tobacco are a major withdrawal symptom (Jacobsen et
al., 2005; Kleinman et al., 1973; Mendrek et al., 2006; Snyder et al., 1989), and the severity
of the cognitive deficits correlates with relapse rates (Patterson et al., 2010).

At the level of the receptor, chronic nicotine is associated with desensitization and
upregulation (Hulihan-Giblin et al., 1990; Marks et al., 1983; Schwartz and Kellar, 1983;
Sharp and Beyer, 1986). It has been proposed that the onset of desensitization is rapid
whereas receptor upregulation occurs over a comparatively longer time period (Bullock et
al., 1997; Collins et al., 1994; Ochoa et al., 1989). In addition, both desensitization and
receptor upregulation have been proposed to contribute to tolerance for the somatic and
locomotor effects of nicotine (Marks et al., 1983; Marks et al., 1985; Robinson et al., 2006;
Robinson et al., 2007); though other work suggested that there may be a dissociation of
tolerance and receptor upregulation (Collins et al., 1990; McCallum et al., 2000).

In mice, nicotine acts directly in the dorsal hippocampus to enhance hippocampus-
dependent learning and to produce withdrawal-related deficits in hippocampus-dependent
learning after cessation of chronic administration (Davis and Gould, 2009; Kenney et al.,
2012). The withdrawal-related deficits in hippocampus-dependent learning are associated
with changes in dorsal hippocampal nicotinic acetylcholinergic receptor (NnAChR)
upregulation (Gould et al., 2012; Portugal et al., 2012b; Wilkinson et al., 2013) but it is
unknown if NAChR upregulation underlies the observed tolerance to the cognitive enhancing
effects of nicotine and whether tolerance and withdrawal-associated deficits in learning
involve the same process.

The present study investigated whether behavioral tolerance to the effects of nicotine on
hippocampus-dependent learning emerged at the same time point as withdrawal deficits in
learning emerged and whether a significant change in nAChR upregulation was temporally
associated with the development of tolerance and/or withdrawal. It was hypothesized that if
tolerance and withdrawal-associated changes in hippocampus-dependent learning involve
different neural mechanisms, then tolerance would emerge at a different time than
withdrawal deficits and that nAChR upregulation would be temporally related to withdrawal
but not tolerance. These experiments also investigated the influence of dose on the onset of
tolerance to the cognitive enhancing effects of nicotine.

2.0 Results

2.1 Tolerance

To determine how dose affects onset of tolerance to the effects of nicotine on hippocampus-
dependent learning, separate experiments were performed in which mice were implanted
with osmotic minipumps that delivered chronic saline or nicotine (3, 6.3, 12, or 24 mg/kg/d)
for up to 6 days depending on when tolerance emerged for each dose. There was a
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significant main effect day for 3 mg/kg/d nicotine (n = 9-12 per group) on contextual
freezing, F(2, 61) = 6.049, p < 0.005 (Figure 1). However, this significant omnibus test was
due to significant differences between animals that received 2 days of chronic nicotine and 3
days of chronic saline (p < 0.05) and 3 days of chronic nicotine (p < 0.05), comparisons that
were not of interest. There were no significant differences between saline- or nicotine-
treated animals within each day (ps > 0.05). There were no significant differences in
baseline freezing (p > 0.05). Thus, 3 mg/kg/d did not enhance contextual conditioning at any
day (1-3) tested.

There was a significant main effect of treatment for 6.3 mg/kg/d nicotine (n = 9-14 per
group) on contextual freezing, F(1, 62) = 12.700, p < 0.001 (Figure 2). Post-hoc tests
revealed that mice treated with 6.3 mg/kg/d nicotine and trained on day 1 of chronic
treatment froze more to the context than mice treated with saline (p < 0.05). There were no
differences in freezing between chronic saline- and nicotine-treated mice for any other days
of chronic treatment (ps > 0.05), suggesting the development of tolerance. In addition, there
were no significant differences in baseline freezing (p > 0.05).

Likewise, for 12 mg/kg/d nicotine (n = 9-12 per group), there were significant main effects
of day, F(3, 80) = 4.840, p < 0.005, and treatment, F(1, 80) = 12.506, p < 0.001, on
contextual freezing (Figure 3). Post-hoc tests revealed that mice treated with 12 mg/kg/d
nicotine and trained on day 2 of treatment froze more to the context than mice treated with
saline (p < 0.05). There were no significant differences in freezing between saline- or
nicotine-treated mice at any other days of chronic treatment (ps > 0.05). In addition, there
were no significant differences in baseline freezing (p > 0.05).

Lastly, there was a significant main effect of day for 24 mg/kg/d nicotine (n = 8-16 per
group) on contextual freezing, F(5, 134) = 5.580, p < 0.001 (Figure 4). Post-hoc tests
revealed that this was due to mice treated with 24 mg/kg/d and trained on day 1 of treatment
freezing significantly less to the context than mice treated with chronic saline (p < 0.05).
There were no differences in contextual freezing between saline- and nicotine-treated mice
for any other days of chronic treatment (ps > 0.05). There were no significant differences in
baseline freezing (p > 0.05)..

To determine if the deficit in contextual conditioning with 24 mg/kg/d was specific to
contextual conditioning or due to a global deficit in learning or processes that would impact
freezing, separate groups of mice (n = 11-12 per group) were trained in cued conditioning
(Figure 5). Independent samples t-tests revealed that mice administered 24 mg/kg/d chronic
nicotine and trained on day 1 of treatment froze less to the context less than saline-treated
mice (t(21) = 3.542, p < 0.05), however, no significant differences existed in freezing
between saline- and nicotine-treated mice for pre-CS or CS freezing (p > 0.05), suggesting
the reduced freezing was specific to contextual conditioning.

2.2 Withdrawal

In order to determine the threshold of chronic nicotine treatment required to produce
withdrawal-related deficits in contextual conditioning upon cessation of treatment, mice
were administered chronic saline or 6.3 mg/kg/d nicotine for 1-4 days (n = 8-12 per group)
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then withdrawn from chronic treatment for 24 hours prior to training in contextual
conditioning (Figure 6). A significant interaction for the effects of day and treatment on
withdrawal changes in contextual conditioning was seen, F(3, 71) = 4.766, p < 0.005. Post-
hoc tests revealed that mice withdrawn from 4 days of chronic nicotine froze significantly
less to the context than mice withdrawn from 4 days of chronic saline (p < 0.05); withdrawal
deficits in learning were not seen after cessation of 1-3 days of chronic nicotine treatment.
There were no significant differences in baseline freezing (p > 0.05).

To test if changes in nAChR upregulation corresponded to behavioral changes associated
with chronic nicotine and/or withdrawal, [3H]epibatidine binding was assessed in mice
treated with 6.3 mg/kg/d chronic nicotine for 1, 2, 3, or 4 days. As shown in Figure 7, 6.3
mg/kg/d chronic nicotine resulted in a time-dependent increase in [3H]epibatidine binding in
the dorsal hippocampus of mice, F(4, 28) = 2.685, p = 0.05. Post-hoc tests reveal that
binding was significantly greater in mice treated with 4 days of 6.3 mg/kg/day chronic
nicotine than in chronic saline-treated mice (p < 0.05).

3.0 Discussion

This study found that tolerance for the cognitive effects of nicotine emerged earlier in
dosing than the cognitive effects of nicotine withdrawal. Because a temporal delay exists
between the onset of tolerance and withdrawal-associated deficits, the underlying biological
changes responsible for tolerance and withdrawal related changes in learning are most likely
different. After one day of chronic nicotine treatment (6.3 mg/kg/day), enhancement of
contextual conditioning was no longer seen. In contrast, withdrawal deficits in contextual
conditioning were not observed until cessation of four days of chronic nicotine (6.3 mg/kg/
day) treatment.

Prior studies also suggest that for nicotine, tolerance and withdrawal may be mediated by
separate mechanisms. For instance, Salas et al. (2007) found that a7 KO mice displayed
reduced somatic withdrawal symptoms compared to wild-type littermates but both
genotypes developed tolerance to nicotine-induced hypolocomaotion. In addition, strains of
mice that develop tolerance to the effects of acute nicotine on learning do not always display
withdrawal deficits in learning (Portugal et al., 2012a). For example, C57BL/6 mice
displayed both tolerance to nicotine enhancement of learning and withdrawal deficits in
learning; however, 129/SvEv mice showed tolerance to nicotine enhancement of learning
without exhibiting associated withdrawal deficits. A disconnect between tolerance and
withdrawal is also seen in a subset of smokers who do not meet the criteria for tobacco
dependence. Nondependent smokers developed tolerance to the effects of nicotine but did
not experience withdrawal effects following cessation of tobacco use (Perkins, 2002;
Perkins et al., 2001). Together, these studies and the current data indicate that tolerance can
be dissociated from withdrawal, which suggests that separate processes may underlie
tolerance and withdrawal and also suggests that theories that propose that withdrawal is a
manifestation of tolerance symptoms in the absence of drug may need to be reconsidered.
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Whereas the underlying neural changes responsible for withdrawal-associated deficits have
not been fully elucidated, increasing evidence suggests that upregulation of high-affinity
nAChRs in the dorsal hippocampus is an important contributing factor. In the present study,
four days of chronic nicotine treatment were required for withdrawal from nicotine
treatment to disrupt learning and a significant increase in nAChR upregulation in the dorsal
hippocampus was not seen until the fourth day of chronic nicotine treatment. While these
data do not demonstrate causation, they add to a growing literature that suggests NnAChR
upregulation is necessary for these withdrawal deficits to emerge. Prior work demonstrated
that the duration of upregulation of high-affinity hippocampal nAChRs after cessation of
nicotine administration paralleled the duration of nicotine withdrawal-associated deficits in
learning (Gould et al., 2012). In addition, strains of mice that exhibited nicotine withdrawal-
related deficits in contextual learning displayed upregulation of high-affinity nAChRs in the
dorsal, but not ventral, hippocampus whereas upregulation was absent in the dorsal
hippocampus of strains that did not display nicotine withdrawal deficits in learning
(Wilkinson et al., 2013). Finally, early adolescent mice did not display upregulation of high-
affinity hippocampal nAChRs or nicotine withdrawal-deficits in learning but both were
present in adult mice (Portugal et al., 2012b).

While earlier studies suggested that nAChR upregulation, but not changes in metabolism,
may underlie tolerance (Marks et al., 1983; Marks et al., 1985), later studies and the current
data suggest NAChR upregulation is not the primary factor underlying tolerance. In the
current study, significant nAChR upregulation occurred after the development of tolerance
to the effects of nicotine on learning. This finding parallels prior studies examining the
relationship between nAChR upregulation and tolerance to the effects of nicotine on
activity, respiration, and body temperature. In an examination of genetic differences in
tolerance and nAChR upregulation, a relationship between upregulation and tolerance did
not hold across strains of mice (Marks et al., 1986); for example C3H mice showed nAChR
upregulation but not tolerance (Marks et al., 1986). In another study examining the duration
of tolerance to the effects of nicotine on body temperature and activity and the duration of
nAChR upregulation, tolerance was short lasting and nAChR upregulation outlasted
tolerance (Collins et al., 1990). Together, these findings suggest a mechanism other than
nAChR upregulation must underlie tolerance.

If NAChR upregulation does not underlie tolerance, an attractive alternative mechanism is
nAChR desensitization. In a 1996 review, Collins and Marks proposed that functional
changes in nNAChRs, such as densitization, underlie tolerance (Collins and Marks, 1996). In
support of NAChR desensitization contributing to tolerance, the development of tolerance in
a nicotine discrimination task significantly correlated with nAChR desensitization in the
thalamus (Robinson et al., 2006; Robinson et al., 2007). While receptor desensitization was
not measured in the current study, we found a dose-dependent shift in the onset of chronic
nicotine-associated enhancement of learning; this change could be explained by tolerance.
Specifically, 6.3 mg/kg/d of chronic nicotine enhanced contextual learning when mice were
trained at day 1 of chronic treatment but failed to alter contextual learning when mice were
trained at day 2 of chronic treatment and beyond, indicating the development of tolerance. In
comparison, 12 mg/kg/d of chronic nicotine had no effect at 1 day, enhanced contextual
learning when mice were trained at day 2 of chronic treatment but failed to alter contextual
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learning when mice were trained at day 3 of treatment and beyond, demonstrating tolerance.
This finding of a delay in cognitive enhancement was seen before for a spatial memory task
(Levin et al., 1990). The dose-response curve for nicotine enhancement of learning is a
narrow inverted U-shaped curve (Gould and Higgins, 2003; Gould and Wehner, 1999).
Therefore, the 12 mg/kg/d dose of chronic nicotine may not enhance learning on the first
day of treatment because dose is on the right side of the dose response curve but as nAChR
desensitization occurs, the same dose may be less effective and in a sense shifting the
effectiveness of the dose towards that center of the dose-response curve and producing
enhancement. With continued chronic nicotine administration, further desensitization
decreases the effectiveness of the dose, resulting in a response equivalent to responses seen
on the far left side of the dose response curve. This, of course, requires further testing. The
highest dose of chronic nicotine, 24 mg/kg/d, produced a deficit in contextual, but not cued,
conditioning. This deficit, specific to hippocampus-dependent learning, was most likely due
to the dose being on the far right tail of the dose response curve. With continued
administration, the deficit disappeared suggesting tolerance to this effect of nicotine.

The data presented here support a model of nicotine addiction where desensitization and
nAChR upregulation contribute to tolerance and withdrawal symptoms. In this model,
chronic nicotine treatment would desensitize NAChRs and then upregulate NAChRs resulting
in an increased pool of nAChRs but with a proportion of those receptors being
nonfunctional. During periods of abstinence, the increased number of NAChRs may recover
from desensitization leading to a hyperexcitable NnAChR system (Dani and Heinemann,
1996; Gould and Leach, 2013; Gould et al., 2012). This type of change may contribute to the
withdrawal associated deficits in hippocampus-dependent learning. In support, nicotine
withdrawal produced an increase in hippocampal CAL pyramidal cell excitability that
persisted up to 9 months (Penton et al., 2011). Furthermore, cognitive deficits during periods
of abstinence were associated with greater frontal cortical activity (Jacobsen et al., 2007).
Finally, a recent study found that withdrawal from chronic nicotine increased sensitivity to
the effects of acute nicotine on learning (Wilkinson and Gould, 2013). These results suggest
that withdrawal deficits (at least for cognitive deficits) may be the result of a hypersensitive
nAChR system (Wilkinson and Gould, 2013).

If withdrawal is related to an increase in active (or hyperactive) nAChRs, effective
therapeutics may be drugs that blunt or desensitize nAChR activation. Varenicline, a partial
agonist for a4p2 nAChRs (Mihalak et al., 2006), is the most effective treatment for nicotine
addiction (Hudmon et al., 2010). In both mice and smokers, varenicline ameliorated
cognitive withdrawal symptoms (Loughead et al., 2010; Patterson et al., 2009; Raybuck et
al., 2008; Rhodes et al., 2012). a4p2 nAChRs are critically involved in nicotine withdrawal
deficits in learning (Davis and Gould, 2009; Gould et al., 2012; Portugal et al., 2008;
Raybuck and Gould, 2009) and as a partial agonist, varenicline may bind to a4p2 nAChR
without fully activating them and prevent endogenous and exogenous ligands from
activating the receptors (Papke et al., 2011). This blunting of nAChR activation could
ameliorate the withdrawal deficits if the NAChR system is in a hypersensitive state.
Sazetidine-A is a newly developed compound with high affinity for a4p2 nAChRs that
desensitizes but does not upregulate the receptors (Hussmann et al., 2012; Turner et al.,
2010; Xiao et al., 2006; Zwart et al., 2008). If the proposed model of nAChR
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hypersensitivity during withdrawal is accurate, sazetidine-A may be a particularly effective
therapeutic. In support, it reduced nicotine self-administration in rats (Levin et al., 2010) and
ventral hippocampal infusion of sazetidine-A reduced nicotine withdrawal-associated
changes in anxiety (Turner et al., 2013).

4.0 Conclusions

The present study found a delay between the onset of tolerance to the effects of nicotine on
learning and the emergence of nicotine withdrawal deficits in learning. This disconnect
suggests that the underlying substrates of tolerance and withdrawal are different, at least for
nicotine-associated changes in learning. In addition, increased high-affinity nAChR
upregulation in the dorsal hippocampus was associated with the withdrawal deficits but not
the observed tolerance. It is possible that changes in nAChR function in brain regions other
than the dorsal hippocampus also contributed to the behavioral changes; however, prior
studies reported that changes in dorsal, but not ventral, hippocampus nAChR binding
corresponded with withdrawal changes in cognition (Wilkinson et al., 2013), that the time
course of NAChR upregulation in the dorsal hippocampus matched the duration on cognitive
withdrawal deficits (Gould et al., 2012), and that chronic nicotine infusion into the dorsal
hippocampus was both necessary and sufficient for cognitive withdrawal symptoms to
emerge (Davis and Gould, 2009). Overall, the results support a model where nAChR
desensitization may contribute to tolerance and nAChR upregulation may primarily
contribute to withdrawal symptoms. This suggests that drugs that desensitize without
significantly upregulating nAChRs may be effective treatments for nicotine addiction.
However, it should be pointed out that it is possible that tolerance and withdrawal could still
be related to similar processes that emerge at different times, in which case it would be
interesting to identify the process responsible for the delay in onset. Finally, it will be
important for future studies to examine if similar mechanisms are involved in all nicotine
withdrawal symptoms.

5.0 Methods and Materials

5.1 Subjects

5.2 Surgery

C57BL/6J male mice (Jackson Laboratory, Bar Harbor, ME) aged 8-12 weeks at the
beginning of pump implantation were housed 1-4 per cage with ad libitumaccess to food
and water. A 12-hour light/dark cycle was maintained from 7:00 AM to 7:00 PM with all
experiments conducted during the light cycle. The Temple University Institutional Animal
Care and Use Committee approved all experimental procedures.

Mice were implanted with osmotic minipumps (Alzet, Model 1002, Durect Co, Cupertino,
CA) that delivered chronic saline or nicotine for up to 6 days. Osmotic minipumps were
surgically inserted subcutaneously via an incision in the lower back of the mouse. Surgery
was performed under sterile conditions with 5% isoflurane as the anesthetic. For studies
examining nicotine withdrawal, a second similar surgery was performed to remove pumps
and induce spontaneous nicotine withdrawal after 1, 2, 3, or 4 days of chronic nicotine.
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5.3 Drugs and Duration of Treatment

Nicotine hydrogen tartrate salt (Sigma-Aldrich, St. Louis, MO) was dissolved in 0.9%
saline. Osmotic minipumps were filled with 100 pl of a solution that contained saline, 3, 6.3,
12, or 24 mg/kg/d nicotine. Only saline and 6.3 mg/kg/d nicotine was used for nicotine
withdrawal studies. All doses are reported as the freebase weight of nicotine and based off
of a previous report (Portugal et al., 2012a).

5.4 Apparatus

Mice were trained and tested for contextual conditioning in four identical clear Plexiglas
chambers (26.5 x 20.4 x 20.8 cm) housed in sound attenuating boxes (Med-Associates, St.
Albans, VT), as previously described (Kenney et al., 2010). The floor of each chamber was
made of metal bars (0.20 cm diameter) spaced 1.0 cm apart and connected to a shock
generator and scrambler (Med Associates, Model ENV-414). Ventilation fans were mounted
on the sides of each box to provide background noise. A 4 W light mounted above each
chamber provided illumination. Stimulus administration was controlled by a PC running
LabView software.

Cued conditioning testing occurred in four altered context chambers (20.3 x 22.9 x 17.8 cm)
housed in sound attenuating boxes (Med-Associates, St. Albans, VT) in a different room
from the training room. The floor of each chamber was made of white, opaque plastic.
Speakers mounted on the left wall of each chamber delivered the auditory CS. Vanilla
extract was added to the tray beneath the floors to further distinguish the altered chambers
from the training context.

5.5 Behavioral Procedure

To determine the impact of dose on the development of tolerance to the cognitive enhancing
effects of nicotine, separate groups of mice were implanted before training with osmaotic
minipumps that delivered chronic saline or nicotine (3, 6.3, 12, or 24 mg/kg/d; see Figure 8
for schematic). Within each dose condition, separate groups of mice were trained and tested
at different days after initiation of chronic nicotine treatment; because mice cannot be
trained and tested multiple times separate mice were examined for each day. Prior work
found that withdrawal from chronic nicotine treatment disrupted training (i.e., learning) but
not testing (i.e., recall) (Portugal and Gould, 2009). Thus, for all chronic nicotine
experiments, mice received chronic nicotine treatment for both training and testing but
treatment day designation for chronic nicotine studies’ results and figures refers to the day
of chronic nicotine treatment that training occurred on. Each dose was treated as a separate
experiment and had a corresponding saline control group. Training and testing of contextual
conditioning was performed as previously described (André et al., 2008). Freezing, defined
as the absence of all movement except respiration, was sampled for 1 s every 10 s and
served as a measure of learning. During training, mice were placed into one of four
conditioning chambers for 5.5 min. Baseline freezing behavior was recorded during the first
120 s of the session. At 148 s, mice were presented with a 2 s 0.57 mA foot shock US. At
298 s, an additional 2 s foot shock US was presented. The mice remained in the chambers
for 30 s after the second US presentation. Approximately 24 hours later, testing of
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contextual conditioning occurred via placement of the mouse into the training context and
freezing was scored for 5 min.

One dose of nicotine, 24 mg/kg/d, was found to produce deficits in contextual conditioning
after one day of treatment. Therefore, an experiment was performed in a separate group of
mice to determine if this deficit was specific to contextual conditioning or due to a global
deficit in learning and memory by testing mice in cued fear conditioning, which unlike
contextual fear conditioning does not involve the hippocampus (Kim et al., 1993; Logue et
al., 1997). The behavioral procedure was performed as previously described (Gould and
Higgins, 2003). Mice were placed into the training context and after a 120 s baseline period
a 30 s auditory CS (85 dB white noise) was sounded that co-terminated with a 2 s US
footshock (0.57 mA). After a 120 s ITI, another CS-US pairing was presented. Mice
remained in the chambers for an additional 30 s after the second CS-US pairing.
Approximately 24 hours later mice were placed back into the original training context
without the CS for 5.5 min and freezing to the context freezing was scored for 5 min.
Approximately 1 h later, mice were placed into the altered context for a total of 6 min. Pre-
CS freezing was scored for the first 3 min in the absence of the CS. The CS was then turned
on and CS freezing was scored for 3 min.

To test if the same number of days of chronic nicotine treatment required for tolerance to
emerge were also required for withdrawal deficits in contextual conditioning to emerge,
separate groups of mice were implanted with osmotic minipumps that delivered saline or
nicotine (6.3 ma/kg/d) for 1-4 days and withdrawal deficits in contextual conditioning were
assessed 24 hours after cessation of 1, 2, 3, or 4 days of chronic treatment. The osmotic
minipumps were removed to induce withdrawal. Each time was treated as a separate
condition with appropriate nicotine and saline groups.

5.6 Receptor Binding

To test if the temporal onset of significant changes in nAChR upregulation corresponded to
development of tolerance and/or withdrawal symptoms, binding was performed as
previously described (Wilkinson et al., 2013). Separate groups of mice received 6.3 mg/kg/d
chronic nicotine or saline for 1-4 days and then and their dorsal hippocampi were dissected
on ice (n = 6-9 per group). The dorsal hippocampus was targeted because previous work
found that changes in dorsal, but not ventral, hippocampus nAChR binding corresponded to
withdrawal deficits in contextual learning (Wilkinson et al., 2013), and that chronic nicotine
infusion into the dorsal hippocampus was both necessary and sufficient for cognitive
withdrawal symptoms to emerge (Davis and Gould, 2009). Initial analyses found no
difference in binding between animals that received chronic saline for 1-4 days. Therefore,
data from these animals were combined into one group. The samples were homogenized in
50 mM Tris—HCI (Sigma-Aldrich) buffer, pH 7.4 at 24°C, and centrifuged twice at 35,000 x
g for 10 min in fresh buffer. The membrane pellets were resuspended in fresh buffer and
added to tubes containing a saturating concentration (2 nM) of [2H]epibatidine
(PerkinElmer, Boston, MA). Epibatidine was used because prior research showed that
changes in high affinity nAChR binding were associated with nicotine withdrawal deficits in
learning (Portugal et al., 2008; Wilkinson et al., 2013). Incubations were performed in Tris
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buffer at pH 7.4 for 2 hr at 24°C with [3H]epibatidine. Bound receptors were separated from
free ligand by vacuum filtration over GF/C glass fiber filters (Brandel, Gaithersburg, MD)
that were pre-treated with 0.5% polyethyleneimine (Sigma-Aldrich). The filters were then
counted in a liquid scintillation counter. Nonspecific binding was determined in the presence
of 300 uM nicotine, and specific binding was defined as the difference between total binding
and nonspecific binding. Binding data were expressed as fmol/mg tissue (Turner et al., 2010,
2011).

5.7 Statistical Analyses

For studies examining the effects of chronic nicotine and withdrawal from chronic nicotine
on contextual conditioning, freezing data were analyzed using two-way analysis of variance
(ANOVA). Significant omnibus tests were followed by Tukey’s post-tests. Games-Howell
post-hoc tests were used when the homogeneity of variance assumption was not satisfied.
For the experiment using cued conditioning, independent samples t-tests were used to
compare freezing levels within each condition. Binding data were analyzed using oneway
ANOVA followed by Dunnett’s post-hoc tests. One animal that was 2.5 standard deviations
from the mean was considered an outlier and excluded from data analysis.
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Figure 1.
The effects of 3 mg/kg/d chronic nicotine on contextual conditioning. There was no significant effect of nicotine on contextual

conditioning within each day. Error bars represent + the standard error of the mean (n = 11 saline day 1; n = 12 nicotine day 1; n
=9 saline day 2; n = 11 nicotine day 2; n = 12 saline day 3; n = 12 nicotine day 3).
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Figure 2.
The effects of 6.3 mg/kg/d chronic nicotine on contextual conditioning. 6.3 mg/kg/d chronic nicotine enhanced contextual

conditioning for mice trained at day 1 of chronic administration but enhancement was not seen on subsequent days in separate
groups of mice. Error bars represent + the standard error of the mean. (*) indicates p < 0.05 compared to saline treated mice
within the same day (n = 12 saline day 1; n = 14 nicotine day 1; n = 9 saline day 2; n = 11 nicotine day 2; n = 10 saline day 3; n
= 12 nicotine day 3).
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Figure 3.

The effects of 12 mg/kg/d chronic nicotine on contextual conditioning. 12 mg/kg/d chronic nicotine enhanced contextual
conditioning for mice trained at day 2 of chronic administration but enhancement was not seen on subsequent days in separate
groups of mice. Error bars represent + the standard error of the mean. (*) indicates p < 0.05 compared to saline treated mice
within the same day (n = 10 saline day 1; n = 12 nicotine day 1; n = 10 saline day 2; n = 11 nicotine day 2; n = 9 saline day 3; n
=12 nicotine day 3; n = 12 saline day 4; n = 12 nicotine day 4).
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Figure 4.
The effects of 24 mg/kg/d chronic nicotine on contextual conditioning. 24 mg/kg/d chronic nicotine produced a deficit in

contextual conditioning for mice trained at day 1 of chronic administration; deficits were not seen on subsequent days in
separate groups of mice. Error bars represent * the standard error of the mean. (*) indicates p < 0.05 compared to saline treated
mice with the same day (n = 16 saline day 1; n = 15 nicotine day 1; n = 12 saline day 2; n = 12 nicotine day 2; n = 12 saline day
3; n =12 nicotine day 3; n = 12 saline day 4; n = 12 nicotine day 4; n = 12 saline day 5; n = 11 nicotine day 5; n = 8 saline day
6; n = 12 nicotine day 6).
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Figure 5.
The effects of 24 mg/kg/d chronic nicotine on cued conditioning. 24 mg/kg/d chronic nicotine produced a deficit in contextual

conditioning for mice trained at day 1 of chronic administration but no deficits were seen in cued conditioning. Error bars
represent + the standard error of the mean. (*) indicates p < 0.05 compared to saline treated mice (n = 12 saline; n = 11
nicotine).
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Figure 6.
The effects of the number of days of chronic nicotine administration on the emergence of withdrawal deficits in contextual

conditioning. 6.3 mg/kg/d chronic nicotine produced a deficit in contextual conditioning following withdrawal from 4 days of
chronic nicotine administration. Error bars represent + the standard error of the mean. (*) indicates p < 0.05 compared to saline
treated mice within the same day (n = 11 saline day 1; n = 12 nicotine day 1; n = 8 saline day 2; n = 8 nicotine day 2; n = 12
saline day 3; n = 12 nicotine day 3; n = 8 saline day 4; n = 8 nicotine day 4).
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Figure 7.
The effects of the number of days of chronic nicotine administration on [3H]epibatidine binding in the dorsal hippocampus.

Chronic nicotine significantly increased [3H]epibatidine binding in the dorsal hippocampus only after 4 days of administration.
Error bars represent £ S.E.M. (*) indicates p < 0.05 compared to saline treated mice (n=9 saline; n= 6 each nicotine group).
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Figure 8.
Schematic of experimental design. Shaded bars indicate chronic nicotine/saline administration. For the Chronic Nicotine

experiments, Day # Group designation indicates days of chronic nicotine treatment at the time of training. For the Withdrawal
experiments, Day # Group designation indicates the number of days of chronic nicotine treatment before withdrawal of nicotine
treatment; mice were trained 24 hours after withdrawal of nicotine treatment.
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