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Abstract
Schizophrenia is a disorder characterized by positive, negative, and cognitive symptoms. While
positive symptoms can be effectively treated with typical antipsychotic medication, which
generally affects the dopaminergic system, negative and cognitive symptoms, including attentional
deficits and impulsive behavior, are less sensitive to standard treatments. It has further been well
documented that schizophrenic patients use tobacco products at a rate much higher than the
general population, and this persists despite treatment. It has been argued this behavior may be a
form of self-medication, to alleviate some symptoms of schizophrenia. It has further been posited
that prefrontal glutamatergic hypofunction may underlie some aspects of schizophrenia, and in
accordance with this model, systemic phencyclidine has been used to model the disease. We
employed a modified 5-choice serial reaction time test, a paradigm that is often used to investigate
many of the treatment-resistant symptoms of schizophrenia including impulsivity, selective
attention, and sustained attention/cognitive vigilance, to determine the medicinal effects of
nicotine. We demonstrate that chronic oral, but not acute injections of, nicotine can selectively
attenuate phencyclidine-induced increases in impulsivity without affecting other measures of
attention. This suggests that nicotine use by schizophrenics may provide some relief of distinct
symptoms that involve impulsive behaviors.
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1 Introduction
Schizophrenia is a devastating mental illness with approximately 1.1% of the adult
population demonstrating one-year prevalence [1]. It is characterized by positive symptoms,
including delusions, hallucinations, and disordered thoughts and speech, negative symptoms,
which can include anhedonia, speech and social deficits, and blunted affect, as well as
cognitive and attentional deficits, and impulsivity [2-4]. While the positive symptoms of
schizophrenia can be effectively treated, negative and cognitive symptoms are less
responsive [5-12].
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In addition to the multifaceted symptomatology of schizophrenia, it is also markedly
comorbid with nicotine dependence: smoking rates among patients is approximately 80%,
regardless of treatment status [13, 14], compared with general US adult use of 20%. A
number of explanatory theories have been proposed. Shared genetic factors may underlie the
likelihood of developing schizophrenia and nicotine addiction, and consistent with this, both
conditions are more common among first-degree relatives [15, 16]. However, whether the
same genes mediate susceptibility to both conditions remains unclear. Alternatively,
smoking may increase the likelihood of developing schizophrenia, as the age of onset of
smoking sometimes correlates with the age of onset of schizophrenia [17]. Again, such
correlations do not imply a causative role of smoking in illness etiology. Another possibility
is that schizophrenic patients may be compelled to smoke, whether to satisfy an oral
fixation, relieve stress or anxiety, or simply to alleviate boredom [18]. Perhaps most
intriguing, though, is the possibility that nicotine use is a form of self-medication in
schizophrenic patients that works to alleviate some of the symptoms, especially those
treatment resistant negative symptoms [19, 20]. This last hypothesis was investigated in the
present study.

The disparity in treatment efficacy also may be due in part to alternative biological
mechanisms underlying the disease itself. One theory of schizophrenia posits that dopamine
hyperactivity, or more specifically, overactivation of dopamine D2-like receptors is
involved. The most convincing support for this theory resides in the fact that the positive
symptoms are alleviated by typical antipsychotic medications, which are D2 receptor
antagonists [21, 22]. Moreover, positive symptoms can be mimicked by administration of
psychostimulants, inducing a “stimulant psychosis” [23, 24]. Alternatively, there is evidence
suggesting prefrontal glutamatergic hypofunction may cause some symptoms of
schizophrenia (c.f., for review [25-27]), and specifically hypofunction of N-methyl-D-
aspartate receptor (NMDAR)-mediated signaling [28]. Indeed, systemic administration of
phencyclidine (PCP), a potent NMDAR antagonist has long been known to be
psychotomimetic in humans [29, 30]. Moreover, it has been shown that PCP administration
can induce negative symptoms, including impulsivity and deficits in attention and cognition,
in both rodents and primates [31-35]. This NMDAR antagonist model of schizophrenia is
therefore particularly relevant, as it reproduces both positive and negative symptoms [30,
36].

In animals, schizophrenia-like negative symptoms induced by PCP administration have been
modeled using 5-choice serial reaction time tests (5CSRTT) to measure sustained attention
and impulsivity [37-40]. It has also been demonstrated that acute and chronic nicotine can
improve performance in this, and other attentional tasks [41-43], but whether nicotine would
mitigate the detrimental effects of PCP in the 5CSRTT is unknown. Here, we exposed mice
to nicotine, both chronic and acute, and tested its effects on schizophrenia-like symptoms
induced by PCP in a modified 5CSRTT: only three options are available to the animal
making it a 3-choice serial reaction time test (3CSRTT). Unlike those cited above and other
studies modeling chronic nicotine exposure we used a single-bottle chronic oral nicotine
administration paradigm. This gives the mice the ability to titrate their nicotine intake over
time, and though consumption is “forced”, as their only source of water, this allows the
determination of whether PCP exposure also affects intake. Using these methods, we tested
the hypothesis that nicotine would attenuate the expression of negative symptoms in a
NMDAR hypofunction model of schizophrenia.
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2 Materials and Methods
2.1 Animals

Male C57BL/6 mice (Charles River, Kingston, NY) were delivered to our facility at seven
weeks and allowed to acclimate to the facility for seven days prior to the beginning of
behavioral testing. Mice were housed in groups of 4-5 for the duration of the study, and
maintained on a 12:12-h light-dark cycle in a temperature- and humidity-controlled
environment. Weight was maintained at 85-90% free feeding weight, and water was
available ad libitum unless otherwise specified. All procedures adhered to policies in
accordance with the Yale University Institutional Animal Care and Use Committee and the
National Institutes of Health Guidelines on the Care and Use of Laboratory Animals.

2.2 Drugs
Phencyclidine (PCP, Sigma, St. Louis, MO) was dissolved in 0.9% saline at a volume of 1.5
mg/ml, and injected intraparitoneally at a volume of 2 ml/kg. (−)-Nicotine hydrogen tartrate
salt (Sigma, St. Louis, MO) was dissolved in 0.9% saline at a concentration of 0.1 mg free
base/ml, and injected subcutaneously at a volume of 2 ml/kg. For oral consumption, a
solution of (−)-nicotine (Sigma, St. Louis, MO) was prepared at a concentration of 200 μg/
ml in 2% saccharin sodium (w/v, Sigma, St. Louis, MO).

2.3 Behavioral Testing
2.3.1 3CSRTT—All testing for the 3CSRTT was done in standard operant chambers
(MedAssociates, St. Albans, VT), and the programs were controlled by Med-PC software.
Operant chambers were individually housed in sound-attenuating chambers, and constructed
of Plexiglas™ front walls, rear walls, and ceiling, with aluminum side walls. Floors
consisted of stainless steel bars, 3mm in diameter, separated by 7mm. The interior of the
operant chamber measured 16cm × 15cm × 13cm, and consisted of a side wall containing
three nosepoke apertures, which could be illuminated, and could detect when the animal
poked his nose into the port, breaking an infrared light beam. The other side wall had a
central magazine port, with a stimulus light situated above or to the left of the opening. A
20-mg grain pellet (Bio-Serv, Frenchtown, NJ) could be delivered via a food hopper into
this magazine, and head entries could be detected via the breaking of an infrared light beam.
Boxes were also equipped with a houselight, located below the ceiling of the operant
chamber above the nosepoke ports, and a ventilation fan, which provided for air circulation
and ambient noise. Mice were trained in a 3CSRTT in a manner similar to that described
previously in rodents (e.g., [44-46]). Briefly, mice were trained to perform a nosepoke into a
lit aperture, while ignoring the two unlit apertures. For each individual trial during each
session, one of the three nosepoke ports was randomly chosen by the computer program to
be the correct, lit aperture.

2.3.1.1 Nosepoke Training: Nosepoke training was conducted daily for 14 days. Sessions
lasted 40 minutes/day, and each the session began with the house light and magazine
stimulus light lit. The first trial began when the mouse entered to magazine, terminating the
magazine light. After a one second delay, referred to as an intertrial interval (ITI), one of the
three nosepoke lights was illuminated. This nosepoke port remained lit until the animal
performed a nosepoke in the lit aperture, at which point the light was terminated, a food
pellet was delivered into the magazine, and the magazine stimulus light came on. Once the
animal entered the magazine to receive his food reward, the magazine light was again
illuminated, indicating the start of a new trial, to be triggered with a magazine entry.
Incorrect responses, being a nosepoke into an unlit aperture or a response during the ITI,
were recorded, but had no effect on the trial.
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2.3.1.2 3CSRTT Training: Following nosepoke training, mice were trained in the
3CSRTT. This task was executed similarly to the nosepoke training, but with the following
differences: The ITI was initially set at 2 sec, and the nosepoke aperture only remained lit
initially for 60 seconds. In order to receive the food reward, the animal had to perform a
correct response either during the 60-sec stimulus duration, or within 5 sec to the stimulus
light terminating, referred to as the hold period. If the animal responded during the ITI, the
house light was terminated for a two-sec time-out period, terminating the trial, and a new
trial would then be initiated with a magazine entry. Such a response was designated as a
premature response. If the animal performed a nosepoke into one of the unlit apertures, the
house light was extinguished for a two sec time-out period, terminating the trial. Such action
is referred to as an incorrect response. If the animal failed to make a response either during
the time the stimulus light was on, or during the 5 sec hold period, the house light was
terminated for a two sec time-out period, terminating the trial. This would be recorded as an
omission trial. In the case of a premature, incorrect, or omitted response, no food reward was
provided. Each session lasted for either 40 minutes, or until 200 trials were completed,
whichever came first.

2.3.1.3 Behavioral Measures: Based on performance in the 3CSRTT task, data was
characterized in four ways:

Percent Correct: This represents general performance in the task. Percent correct is
calculated as (number of correct trials)/(total number of trials) × 100. This measure takes
into account the results of all types of errors, while the other behavioral measures examine
each type of error individually.

Accuracy: Accuracy is a measure of selective attention, or attention between restricted
stimuli [47]. Accuracy is measured as (number of correct trials)/(number of correct trials +
number of incorrect trials) × 100, and accounts only for errors of selection (i.e., incorrect
responses).

Percent Omission: A measure of sustained attention, in which the animal is forced to
simultaneously monitor multiple distinct sensory modalities, percent omission is measured
as (number of omission trials)/(total number of trials) × 100.

Percent Premature: Used to measure impulsivity, percent premature is measured as
(number of premature trials)/(total number of trials) × 100.

As the mouse learned the task, the parameters were changed to make the task progressively
more difficult. The stimulus duration was lowered from 60 sec to 20 sec, 5 sec, then 2 sec.
The ITI was then increased from 2 sec, to 4 sec, then 6 sec. The stimulus duration was then
further lowered from 2 sec, to 1 sec, and finally to 0.5 sec. Mice had to achieve 70% correct
under any given condition to be advanced.

2.3.1.4 Variable ITI Testing: During the testing phase of this study, mice had to perform
the 3CSRTT with a fixed, 0.5 sec stimulus duration, but a variable ITI, which could be set at
5 sec, 7.5 sec, 10 sec, or 20 sec. The specific duration was randomly chosen by the computer
program. Each session consisted of 60 trials.

2.3.1.5 Experimental Schedule: After mice had proceeded through the training phase of the
3CSRTT, they continued on daily 0.5 sec stimulus duration, 6 sec fixed ITI training sessions
until they maintained a stable baseline of at least five days where their percent correct did
not vary by more than 10% of the five-day rolling average. After this was achieved, mice
were injected 30 minutes prior to the session with phencyclidine (3 mg/kg, i.p.), and tested
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under an identical fixed ITI schedule for two consecutive days. This PCP pre-exposure was
done to assess the relative impact of acute PCP administration on performance in the
3CSRTT, such that mice could be divided into groups with approximately an equal response
to PCP relative to baseline. The following day, mice were tested in the variable ITI testing
session in the absence of any additional treatment. Data from this variable ITI day were
recorded as Baseline 1. Following this, mice were divided into two groups – both received
the saccharin solution as their only source of water in their home cage, and one of these
groups also had nicotine (200 μg/ml) dissolved in the solution. The animals and bottles were
weighed every other day to determine nicotine consumption, and fresh solution was
provided. During the first 14 days of chronic oral nicotine exposure, mice were tested daily
in 0.5 sec stimulus duration, 6 sec ITI training sessions. Mice were maintained on this fixed
ITI training schedule in order to ensure no habituation to the variable ITI testing schedule
over the course of chronic nicotine exposure prior to the ensuing testing phase. Following
two weeks of chronic oral nicotine exposure, mice were injected with saline (2 ml/kg, i.p.)
30 minutes prior to a variable ITI testing session, and 20 minutes prior to the session
injected with nicotine (0 or 0.2 mg/kg, s.c.), thus creating four groups, based on their chronic
and acute exposure: saccharin only/saline, saccharin only/nicotine, nicotine/saline, and
nicotine/nicotine. Data from this session were recorded as Baseline 2. The following day,
mice were injected with PCP (3 mg/kg, i.p.) 30 minutes prior, and nicotine (0 or 0.2 mg/kg,
s.c.) 20 minutes prior to the variable ITI test session. This schedule was repeated for 10
consecutive days, and data were recorded as Tests 1-10. One day following Test 10, mice
were tested in a manner identical to Baseline 2, in order to determine any long-term effects
of prior PCP exposure. Data from this day were recorded as Baseline 3. The experimental
schedule is illustrated in Figure 1.

2.3.2 Locomotor Testing—One day following the completion of 3CSRTT testing, mice
were tested for spontaneous locomotor activity. The apparatus consisted of an empty cage,
identical to the ones used to house the mice in the animal facility. Distance travelled was
monitored with the Omnitech Digiscan Micromonitor system (Columbus, OH), and
analyzed with Med-PC software. On the first day of locomotor testing, mice were habituated
to the apparatus for 30 minutes in the absence of any additional injections. The following
day, mice were injected with saline (2 ml/kg, i.p.) 30 minutes prior, and nicotine (0 or 0.2
mg/kg, s.c.) 20 minutes prior to testing. The next day, mice were injected with PCP (3 mg/
kg, i.p.) 30 minutes prior and nicotine (0 or 0.2 mg/kg, s.c.) 20 minutes prior to testing. On
these two testing days, activity was monitored for 60 minutes.

2.4 Statistics
For all behavioral analysis, including 3CSRTT and locomotor activity, we used a 3-way
ANOVA, with factors of chronic oral treatment (nicotine vs. saccharin), acute treatment
(nicotine vs. saline), and testing day, which was a repeated measure. When appropriate, we
used 3-way ANOVA with chronic oral treatment as the only between-subjects factor, and
ITI duration and testing day as within-subject repeated measures. We then used exploratory
2-way ANOVAs based on individual ITI durations to determine the specific nature of the
effects observed in this analysis. To assess nicotine consumption, we used a one-way
ANOVA, with measurement period as a repeated measure. Data were analyzed using SPSS
statistical software (IBM, Armonk, NY) and significance was set at p < 0.05.

3 Results
3.1 Nicotine Consumption

We measured the amount of nicotine consumed by the mice by weighing the mice and their
bottles every other day, when providing fresh solution. Although, because the animals were
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group housed, individual variation in nicotine consumption could not be assessed, we were
able to determine the total nicotine intake and total body weight among all the mice in a
given cage, and could therefore determine the average daily nicotine consumption. Mice
readily drank the sweetened nicotine solution, and according to previous studies, based on
their average intake of between 30-35 mg/kg/day, could be predicted to maintain a steady-
state blood nicotine concentration of approximately 60-70 ng/ml. This would be slightly
above the range of what is typically seen in human smokers [48, 49]. When we compared
the consumption of nicotine prior to the PCP exposure vs. during the course of PCP
exposure, we found significantly higher consumption of nicotine during the course of
exposure (F(1,27) = 10.169, p = 0.004; Fig 2A-B), suggesting that mice increased their
nicotine intake in response to the effects of PCP administration. In contrast, fluid
consumption among saccharin-exposed mice decreased over the course of PCP exposure
(F(1,27) = 55.230, p < 0.001; Fig 2C-D).

3.2 3CSRTT
3.2.1 General Performance—General performance in the 3CSRTT task was assessed by
analyzing the percent of total trials that resulted in a correct choice and food delivery. We
first analyzed these data based on the total number of trials per session, regardless of the
specific ITI of the individual trials. We found that there was a main effect of chronic oral
nicotine treatment that resulted in improved performance in the task (F(1,32) = 4.433, p =
0.043; Fig 3A). Because there was no significant main effect of acute s.c. nicotine given
before the test (F(1,32) = 0.169, p = 0.684), we therefore collapsed these data based on
whether the chronic oral treatment was nicotine or saccharin alone. We observed a
significant chronic oral treatment × ITI duration effect (F(3,29) = 5.774, p = 0.003), so we
then looked to see how performance in these two collapsed groups broke down based on
specific ITI. We found again that chronic oral nicotine improved performance when the ITI
duration was shortest, at 5 sec and 7.5 sec ITI, though that effect failed to reach significance
at 10 sec and 20 sec ITI (5 sec: F(1,32) = 8.878, p = 0.005; 7.5 sec: F(1,32) = 4.775, p =
0.036; 10 sec: F(1,32) = 0.339, p = 0.564; 20 sec: F(1,32) = 0.725, p = 0.401; Fig 3B-E).

3.2.2 Impulsivity—Figure 4 shows the effect of nicotine on impulsivity, as measured by
the percentage of trials that resulted in a premature response. When collapsed for all ITI
durations, a main effect of chronic oral treatment was evident, but no effect of acute s.c.
treatment, so we again collapsed these data based on chronic treatment with nicotine or
saccharin alone (F(1,32) = 5.570, p = 0.025; Fig 4A). We again observed a significant
chronic oral treatment × ITI duration effect (F(3,29) = 5.127, p = 0.006), so we performed
exploratory 2-way ANOVAs for each ITI duration to determine the nature of this effect.
When each ITI was analyzed separately, a main effect for chronic treatment was present
when the task was least likely to result in a premature response, at 5 sec and 7.5 sec ITI, but
absent when the task required a longer inhibition of responding, with a 10 sec or 20 sec ITI
(5 sec: F(1,32) = 15.945, p < 0.0001; 7.5 sec: F(1,32) = 5.947, p = 0.020; 10 sec: F(1,32) =
0.715, p = 0.404; 20 sec: F(1,32) = 0.405, p = 0.529; Fig 4B-E). There was no difference
between the groups during any of the baseline testing days, suggesting chronic oral, but not
acute s.c. nicotine, attenuates PCP-induced increases in impulsivity without affecting
impulsivity in a drug-free state: These data are in contrast to previous reports showing an
acute nicotine-induced increase in impulsive behavior [42, 50-52].

3.2.3 Selective/Sustained Attention—We also analyzed selective attention, by
assessing the accuracy of responding, as well as sustained attention/cognitive vigilance, by
looking at the percentage of trials that resulted in no response. We saw no effect of either
acute s.c. or chronic oral nicotine on either accuracy (acute treatment: F(1,32) = 0.002, p =
0.961, chronic oral treatment: F(1,32) = 0.908, p = 0.348, data not shown) or omission trials
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(acute treatment: F(1,32) = 0.077, p = 0.783, chronic oral treatment: F(1,32) = 0.115, p =
0.737, data not shown). However, this could be due to the fact that as the task only varied in
the ITI duration, this made errors of premature responding more likely than other types of
errors.

3.3 Locomotor Activity
In order to determine if any difference in behavior in the 3CSRTT could be explained by
changes in locomotor activity, mice were tested for activity 20 minutes following acute
nicotine (0 or 0.2 mg/kg, s.c.) and 30 minutes after vehicle or PCP (3 mg/kg, i.p.). All
animals were treated with both vehicle and PCP on separate days to serve as internal
controls for PCP exposure. Although activity was monitored for 60 minutes, we limited our
analysis to the first 20 minutes of testing, as our behavioral tests were most often completed
within that time frame. As we were attempting to only assess locomotor differences during
the testing phase of the 3CSRTT, restricting our analysis to this time point seemed most
appropriate. Although we found a significant increase in locomotion after PCP injection
relative to vehicle, nicotine did not alter this effect (PCP: F(1,32) = 32.940, p < 0.0001; PCP
× Chronic Nicotine: F(1,32) = 0.322, p = 0.574; PCP × Acute Nicotine: F(1,32) = 0.462, p =
0.502; PCP × Chronic Nicotine × Acute Nicotine: F(1,32) = 0.020, p = 0.887; Fig 5).
However, we did see increased activity after saline injection in mice that underwent chronic
oral nicotine exposure (F(1,34) = 6.241, p = 0.017), but this difference disappeared after
PCP exposure. As we did not see any effect of chronic oral nicotine in the 3CSRTT during
in the absence of PCP administration, this locomotor effect does not appear to be relevant to
our behavioral analysis.

4 Discussion
Here, we demonstrate that chronic oral nicotine exposure significantly attenuates PCP-
induced impulsivity, without affecting measures of selective or sustained attention. While it
is possible that chronic nicotine affected impulsive behavior in this task indirectly, perhaps
through effects on social behaviors or anxiety, we find this explanation unlikely, as animals
chronically exposed to nicotine display tolerance to such consequences of nicotine exposure
[53]. Further, while the acute 0.2 mg/kg dose of s.c. nicotine had no effect on any of these
behaviors, the amelioration of PCP-induced impulsivity by chronic oral nicotine was robust
and ITI dependent. While chronic nicotine administered through a subcutaneous osmotic
minipump has been previously reported not to reduce PCP-induced disruptions in 5CSRTT
performance [41], this could be due to dose, route of administration or more likely task
details. Specifically, we used a task with an unpredictable ITI duration, thus challenging the
animal to adapt its’ responding over the course of the session, while the above study used a
fixed duration. Indeed, in pilot studies, we did not see positive effects of nicotine on PCP-
induced impairments on tasks with fixed ITIs. Notably, predictability would allow the
animal to learn a timed-response that potentially would mask the beneficial effects of
nicotine. Conversely, a variable ITI could engender a greater degree of impulsivity in the
experimental animals, such that the effects of chronic nicotine exposure become apparent.

Interestingly, in our study, we found the nicotine only improved performance in the task
when the ITI durations were shortest, and thus the task was least likely to result in premature
responding. When challenged with a 10 sec or 20 sec ITI, any effect of nicotine disappeared.
Of course, at these longer ITIs it is likely that ceiling effects would obscure any potential
beneficial effects of nicotine. The inclusion of these longer ITIs in the test sessions allow us
to determine the limits of the effectiveness of nicotine in promoting resilience to the PCP-
induced increases in impulsivity. These rather modest yet specific effects of oral chronic
nicotine exposure therefore might be maximally effective in tasks that require a moderate
degree of cognitive engagement.
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Of particular significance was the finding that the difference in impulsivity between
nicotine- and saccharin-exposed mice observed in this study did not manifest itself until
after several days of PCP exposure. While saccharin- and nicotine-exposed mice showed no
significant difference in the total amount of impulsive behavior during the first five days of
PCP exposure (58.2% vs. 56.0% premature, respectively), the beneficial effects of nicotine
in this paradigm became quite apparent over the last five days of testing (57.9% vs. 44.0%
premature). It has been demonstrated that repeated PCP administration can induce long-term
changes in NMDAR subunit expression [54-56], and such regulation can be attenuated with
atypical antipsychotic treatment [57]. Therefore, it may be possible that these long-term
changes establish a state in which the effects of nicotine become more pronounced. Indeed,
it has been shown that chronic nicotine can have subtle effects on NMDAR expression in the
brain [58], and nicotine can assist in NMDAR-mediated synaptic plasticity [59-61]. Further
studies are necessary to determine how chronic nicotine affects PCP-induced changes in
NMDAR subunit expression, and how nicotine affects synaptic plasticity after repeated PCP
exposure.

One potential reason that the chronic oral, but not acute s.c. nicotine, effectively attenuates
PCP-induced impulsive behavior may be due to the long-term changes caused by prolonged
nicotine exposure. It has long been known that chronic nicotine induces an upregulation of
specific nicotinic acetylcholine receptor (nAChR) subunits in a regionally specific manner
[62-66]. Moreover, it has been shown that the expression of specific nAChR subunits can
influence impulsive behavior in laboratory animals [67, 68]. Furthermore, it has been
demonstrated that schizophrenic patients show decreased expression of nAChRs in the brain
(c.f., [69]), and activation of high-affinity β2-containing nAChRs improves attentional
performance in animal models [70-72]. Thus, it would be important to determine whether
chronic nicotine-induced upregulation of nAChR subunits in the brain, especially in cortical
regions involved in impulsive behavior, correlate with resilience to the effects of PCP
exposure.

Many studies have found marked effects of acute nicotine under a variety of conditions [42,
73], and though it appeared that our dose of acute nicotine did not counter any of the
behavioral deficits induced by PCP in our task, we also saw no difference in behavior after
acute nicotine injection in the absence of PCP administration, i.e., at Baselines 2 and 3.
Although mice exposed to chronic oral nicotine and then challenged with an acute injection
may show no improvement in performance because of the biphasic effects of nicotine, and
its aversive properties at higher doses [74-76], it remains unclear why nicotine naïve mice,
when challenged with an acute dose, showed no change in their performance. However,
given the design of the current experiment, the effects of nicotine on accuracy and percent of
omission trials would be minimized, as the variable ITI biases the paradigm towards the
evoking of premature responding. This effect seems to persist even when the ITI is shortest,
suggesting the unpredictability of the ITI is sufficient to bias this task toward errors of
impulsivity over other attentional and cognitive errors. Indeed, nicotine has been shown to
improve performance on more stimulus-dependent tasks [43, 77, 78], and thus it is likely
that altering our task to include a variable stimulus duration, while maintaining a fixed ITI,
could highlight some additional effects of acute or chronic nicotine on attentional processes.

One additional finding to highlight was the increase in nicotine consumption during the
course of PCP administration. While this effect was modest, we noticed a steady increase in
consumption over the ten days of PCP exposure. This must be viewed with some caution,
though, as the nicotine solution was the only source of water available to the animals, and
thus this does not represent a truly voluntary consumption. Notably, the fluid consumption
of the control group actually decreased throughout the course of study, a trend that was
reversed by the presence of nicotine. We hypothesize that this increase in nicotine intake in
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PCP-exposed mice could represent either the development of tolerance to the aversive
qualities of the nicotine solution, an increase in its rewarding properties, or a medicinal
response to the PCP exposure. It is widely known that schizophrenic smokers smoke at a
higher rate than smokers in the general population [79, 80], so this increase in intake
selectively in PCP exposed animals could be evidence for self medication-like behavior.
However, further work must be done to determine if this is, in fact, a change in voluntary
intake, using a 2-bottle choice, or self-administration paradigm, as well as to determine
whether intake returns to baseline levels after the termination of PCP exposure. Moreover, it
must be noted that because the animals were group-housed, and fluid consumption was
measured every other day, we cannot determine the nicotine intake for each individual
mouse, generating the possibility that this increase in consumption may only exist among a
subset of the nicotine exposed mice, nor can we determine a more temporally precise
account of the change in nicotine consumption. Further studies are necessary to more
carefully examine this phenomenon.

In summary, we found that chronic oral, but not acute nicotine, could significantly attenuate
increases in impulsivity induced by repeated PCP administration. Moreover, PCP
administration seemed to induce an increase in oral nicotine consumption. These data help
shed some light on the behavioral consequences of nicotine self-medication by
schizophrenic patients, and though more work is necessary to determine the molecular
substrates of these effects, our study gives some insight as to the putative and specific
beneficial effects evoked by chronic nicotine exposure. The development of a tobacco-free
medication to help supplement current pharmacotherapies without the dire health
consequences inherent in smoking might help mitigate impulsive behavior in
schizophrenics.
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Highlights

- Phencyclidine (PCP) administration increases impulsive behavior in mice.

- Chronic nicotine attenuates PCP-induced impulsivity.

- Nicotine has no effect on PCP-induced deficits in selective or sustained attention.

- Oral nicotine intake increases during phencyclidine exposure.

- These findings suggest a target for treatment of negative symptoms of schizophrenia.

Scott and Taylor Page 14

Behav Brain Res. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Experimental schedule. Downward facing arrowheads indicate the variety of behavioral
testing. Black represents a fixed ITI training session, blue represents a variable ITI test
session, and yellow represents locomotor activity testing. Upward facing arrowheads
represent drug treatment. Upper row of black arrowheads represent nicotine (0.2 mg/kg, s.c.)
or saline, given 20 minutes prior to testing. Lower row of arrowheads represents PCP (3 mg/
kg, i.p.; red) or saline (grey) administered 30 minutes prior to testing.
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Figure 2.
Average daily fluid consumption. Fluid consumption was calculated by measuring the
difference in weight of the water bottles since the previous measurement, and calculating
consumption based on the total weight of all animals in the cage. A,C: Nicotine (A) and total
fluid (C) consumption prior to and during PCP treatment. Pre: prior to PCP treatment. Post:
during PCP treatment. B,D: Nicotine (B) and total fluid (D) consumption over the course of
the experiment. Red line represents PCP exposure. ** represents p < 0.01 relative to days
prior to PCP exposure. N = 4 cages/group.
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Figure 3.
General performance in the 3CSRTT. Percent correct trials were analyzed either after no
treatment (Baseline 1), chronic nicotine treatment (Baseline 2, Baseline 3), or PCP and
chronic nicotine treatment (Test 1-10). Groups treated with acute nicotine are not separately
shown as acute nicotine treatment had no effect on behavior. Data is shown collapsed across
all ITI durations (A), as well as with a 5 sec (B), 7.5 sec (C), 10 sec (D), or 20 sec ITI (E).
NIC: chronic nicotine treatment. SAC: chronic saccharin treatment. Red line indicates days
of PCP exposure. *, ** represents p < 0.05, 0.01 between chronic nicotine and saccharin
treated groups, respectively.
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Figure 4.
Impulsivity in the 3CSRTT. Percentage of premature responses were analyzed either after
no treatment (Baseline 1), chronic nicotine treatment (Baseline 2, Baseline 3), or PCP and
chronic nicotine treatment (Test 1-10). Groups treated with acute nicotine are not separately
shown as acute nicotine treatment had no effect on behavior. Data is shown collapsed across
all ITI durations (A), as well as with a 5 sec (B), 7.5 sec (C), 10 sec (D), or 20 sec ITI (E).
NIC: chronic nicotine treatment. SAC: chronic saccharin treatment. Red line indicates days
of PCP exposure. *, *** represents p < 0.05, 0.0001 between chronic nicotine and saccharin
treated groups, respectively.
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Figure 5.
Locomotor activity. Mice were independently assayed for locomotor activity 30 minutes
after both saline and PCP treatment. Activity was assayed for 20 minutes per session.
Groups also received additional acute saline or nicotine treatment 20 minutes prior to
testing. The four groups shown are as follows: SAC/SAL: chronic saccharin only and acute
saline treatment. SAC/NIC: chronic saccharin only and acute nicotine treatment. NIC/SAL:
chronic nicotine and acute saline treatment. NIC/NIC: chronic nicotine and acute nicotine
treatment. *, *** represents p < 0.05, 0.0001, respectively.
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