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Abstract
The effect of nicotine on conditioned inhibition was examined using a serial feature negative
discrimination task. Nicotine (0.35mg/kg) or vehicle was administered before each of 16 training
sessions. On some trials in each session, a tone was presented and followed by food reward. On other
trials, the tone was preceded by a visual stimulus and not reinforced. Nicotine-treated rats exhibited
greater discrimination between the two trial types as evidenced by less frequent responding during
non-reinforced trials, and learned the discrimination in fewer sessions than vehicle-treated rats. In
contrast, there were no group differences in responding during the reinforced trials.
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1. Introduction
A wealth of research has established that stimulation of nicotinic acetylcholine receptors can
enhance cognitive function (Levin, 2002). Administration of nicotine or nicotinic receptor
agonists improves attention in normal humans (Levin et al., 1998) as well as rodents
(McGaughy et al., 1999) while administration of nicotinic antagonists impairs attention
(Grottick and Higgins, 2000). Likewise, nicotinic receptor agonists improve, and antagonists
disrupt working memory (Levin, 2002; Ohno et al., 1993). Interestingly, the effect of nicotine
is specific for certain aspects of cognitive function; for example, nicotinic compounds do not
affect reference memory (Ohno et al., 1993).

In comparison, there is relatively little data on the effects of nicotine on inhibitory behavior.
In a serial feature negative discrimination task, for example, subjects learn to respond when a
stimulus, X, is presented alone, but withhold responding when X is preceded by a second
stimulus, Y. Successful discrimination has been shown to depend on an intact hippocampus
(Holland et al., 1999), and the ability to withhold responses is impaired in various disorders,
including Attention-Deficit/Hyperactivity Disorder (ADHD; Barkley, 1997) and
schizophrenia (Braff, 1993). Persons with these disorders use nicotine-containing produces at
a much higher rate than the general population or other psychiatric populations (Ripoll et al.,
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2004), suggesting that nicotine may be used to self-medicate and alleviate cognitive
impairment (Kumari and Postma, 2005). Whereas nicotine has been shown repeatedly to
ameliorate attention deficits and other impairments associated with psychopathology (Ripoll
et al., 2004; Levin et al., 1996), few studies have examined the effects on nicotine on inhibitory
behavior, underscoring the need for research on the involvement of nicotinic cholinergic
systems in inhibitory behavior.

2. Materials and Methods
This study examined the effects of nicotine on a serial feature negative discrimination in rats.
Thirty-two male Long-Evans rats were obtained from Harlan Laboratories, Indianapolis, IN,
USA and housed in pairs for a five day acclimation period with free access to food (Purina
standard rat chow; Nestlé Purina, St. Louis, MO, USA) and water and maintained on a 14/10-
h light-dark cycle. Rats were handled and weighed daily for three days post-acclimation and
then individually housed. Over the course of the subsequent 7 days, body weights were
gradually reduced to 85% of baseline. All rats were ~3 months old at the start of behavioral
training. Animals were monitored and cared for throughout the experiment in compliance with
the principles of laboratory animal care, including the Association for Assessment and
Accreditation of Laboratory Animal Care guidelines, the Guidelines for the Care and Use of
Mammals in Neuroscience and Behavioral Research, and the Dartmouth College Institutional
Animal Care and Use Committee.

Each day -(-) nicotine hydrogen tartrate (Sigma Aldrich Co., St Louis, MO, USA) was
dissolved in sterile 1X phosphate buffered saline (vehicle) to a final concentration of 0.5 mg/
ml and adjusted to pH 7.0 with 2N NaOH. Nicotine (or vehicle) was administered
subcutaneously at a volume of 2.0 ml/kg, resulting in the equivalent of 0.35mg/kg free-base
nicotine. This dose of nicotine was chosen based on numerous previous studies that have
examined the effects of nicotine on associative learning (e.g., Olausson et al., 2004; Rochford
et al., 1996). Rats were weighed before each conditioning session and placed in a plastic
transporter used to transport subjects to and from the colony room. Nicotine or vehicle was
administered 10 min before each conditioning session. Following the injection, rats remained
in the transporter before being placed in the behavioral chambers.

Training took place in standard operant conditioning chambers (24 cm x 30.5 cm x 29 cm; Med
Associates, St. Albans, VT, USA) constructed of aluminum front and back walls, clear acrylic
sides and top, and grid floors. The conditioning chambers were enclosed in sound-attenuating
cabinets (62 cm x 56 cm x 56 cm) equipped with an exhaust fan for air flow and background
noise (~65 dB). A dimly illuminated food cup was recessed in the center of one end wall and
a 6-W jeweled panel light, which served as the visual stimulus, was located 5 cm above that
opening. A speaker was mounted next to the light and delivered the auditory stimulus (a 78dB,
1500 Hz tone). A photobeam was located across the entry of the food cup to monitor placement
of the snout into the food cup to retrieve food pellets.

Rats were first trained to eat from the food cup during a single 64-minute session. Two 45-mg
food pellets (Noyes, New Brunswick, NJ), which served as the unconditioned stimulus
throughout the experiment, were randomly delivered sixteen times with an average inter-trial
interval (ITI) of 4 min. Subsequent daily conditioning sessions lasted for 68 min and included
sixteen trials of two types. Rats received four trials per session consisting of a 5-s presentation
of the tone followed immediately by delivery of two food pellets. For the other twelve trials,
the panel light was presented for 5 s, followed by a 5-s empty period, and then the tone was
presented for 5 s. No food was delivered after the tone on these trials. The two trial types
occurred randomly during the session and the order of trials differed on each day (ITIs averaged
4 min).
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The number of breaks in the photobeam located across the entry of the food cup was monitored
by the computer and provided a measure of conditioned food-cup behavior (i.e., nose-pokes)
during presentation of the tone. The number of nose-pokes recorded was averaged for each
trial type and training session. Previous studies indicate that several training sessions are needed
for intact rats to learn the conditional discrimination, after which different rates and levels of
conditioned responding are exhibited on reinforced and non-reinforced trials (Holland et al.,
1999). It was hypothesized that rats receiving nicotine might discriminate between the two trial
types sooner than control rats and/or exhibit a greater difference in responding during the two
trial types, resulting in learning curves with different slopes in nicotine-treated and vehicle-
treated rats. Thus, to assess group differences in conditioned responding we first estimated
learning rates for each subject and each trial type by using linear regression to fit the data over
the logarithm of trials. The logarithm was used because it provided the best fit to the individual
data over trials. The regression equation was: responding = B0 + B1*log (trial), where the beta
coefficient B1 served as the estimate of learning rate.

3. Results
One subject in the nicotine-treated group exhibited little conditioning to the tone and was
excluded from the study. Fifteen rats remained in the group treated with nicotine and 16 rats
were included in the vehicle group. The primary data of interest was nose-poke behavior into
the food cup during presentation of the tone on each of the two trial types (Figure 1). The
average slope of the learning curve as indicated by the beta coefficients for each group on each
trial type is illustrated in Figure 2. Rats treated with nicotine discriminated between the
reinforced and non-reinforced trials better than vehicle-treated rats. This was confirmed by
conducting an analysis of variance (ANOVA) of the beta coefficients using Group (vehicle,
nicotine) as the between-subjects variable and Trial type (reinforced, non-reinforced) as the
within-subjects variable (alpha level of 0.05). This revealed a main effect of Group [F (1, 29)
= 5.44, P < 0.05] and a significant Trial by Group interaction [F (1, 29) = 19.9, P < 0.001].
The mean beta coefficient for rats in the nicotine group was significantly different from that
of control rats on the non-reinforced trials [t(29) = −4.26, P < 0.001]; in contrast, there were
no significant group differences on the reinforced trials (P > 0.8). Rats treated with nicotine
also discriminated between the two trial types sooner than rats treated with vehicle. Nicotine-
treated rats began exhibiting significantly more nose-poke behavior during presentation of the
tone on reinforced versus non-reinforced trials on the 6th training session [t (14) = 2.3, P <
0.04] while vehicle-treated rats needed 8 training sessions to start discriminating between the
two trials types [(t (15) = 3.5, P < 0.003].

In a subset of rats (8 in each group), training was continued for an additional seven days without
drug injection to determine if the effect of nicotine on responding during non-reinforced trials
would be maintained in the absence of nicotine. Indeed, responding to the tone on non-
reinforced trials remained lower in rats previously treated with nicotine compared to controls.
The mean ± SEM nose-pokes across the drug-free sessions were 1.30 ± 0.25 and 0.89 ± 0.19
for the control and nicotine-treated groups, respectively.

4. Discussion
Taken together, these findings indicate that nicotine treatment enhances conditioned inhibition
as evidenced by improved discrimination between the two trial types. Nicotine-treated rats
responded less during non-reinforced trials than vehicle-treated rats and also successfully
discriminated between the two trial types in fewer training sessions. Notably, conditioned
responding during the reinforced trials was comparable in both groups; thus, any difference in
the degree of discrimination was not likely due to nicotine-induced changes in motivation or
general activity. This is further supported by the finding that control and nicotine-treated rats
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exhibited comparable levels of nose-poke behavior during the 5-sec observation period
immediately following food delivery on reinforced trials (1.96 ± 0.26 and 2.1 ± 0.17 nose-
pokes for the control and nicotine groups, respectively).

Using a task very similar to the one used here, Holland and colleagues (1999) demonstrated
that hippocampal lesions have an effect that is opposite to that of nicotine on conditioned
inhibition. Hippocampal-lesioned rats responded more than control rats during presentation of
the tone on non-reinforced trials, while there was little effect on food cup behavior during
reinforced trials. Interestingly, there is a relatively high concentration of nicotinic receptors in
hippocampus (Tribollet et al., 2004). Along with the present findings, these data suggest that
nicotinic cholinergic modulation of hippocampal function may have an important role in
conditioned inhibitory processes. This notion is consistent with previous findings that
hippocampal nicotinic acetylcholine receptors play a key role in sensory gating, a commonly
studied model of sensory inhibition (Luntz-Leybman et al., 1992).

The role of hippocampal nicotinic acetylcholine receptors has been explored extensively in
other aspects of cognitive function. Hippocampal infusion of the centrally-acting nicotinic
antagonist mecamylamine impairs working memory in rats (Ohno et al., 1993). Likewise,
infusion of either an α7 or an α4β2-nicotinic receptor antagonist into the ventral hippocampus
produces working memory deficits (Felix and Levin, 1997). Nicotinic acetylcholine receptors
are also implicated in attentional function; for example, nicotinic receptor stimulation improves
sustained attention in rats (Stolerman et al., 2000). Nicotine administration has also been shown
to enhance latent inhibition in both humans and rodents indicating that nicotinic receptors can
modulate the ability to decrease attention to uninformative stimuli (Rochford et al., 1996).
Similarly, removal of cholinergic input to the hippocampus impairs the ability to reduce
attention to irrelevant cues (Baxter et al., 1997). One proposed function of the hippocampus is
to exclude uninformative stimuli from the focus of attention in order to protect memory from
interference (Chan et al., 2001). This theoretical framework accounts for alterations in working
memory, the ability to decrease attention, and inhibition following hippocampal damage or
nicotinic receptor modulation and supports the notion that hippocampal nicotinic receptors
may play a central role in these functions.

Stimulation of nicotinic acetylcholine receptors located on dopaminergic neurons results in
increased activation of central dopaminergic systems and enhancement of dopaminergic-
mediated functions (Rapier et al., 1990). Indeed, several brainstem cholinergic systems provide
direct input to dopaminergic cell groups in the substantia nigra and ventral tegmental area
(Wainer and Mesulam, 1990) and recent studies confirm a direct synaptic connection between
cholinergic terminals and dopaminergic cell bodies in the ventral tegmental area (Garzon et
al., 1999). Nicotine has been shown to increase the release of dopamine in both striatal and
mesolimbic dopaminergic pathways (Rapier et al., 1990). The mesolimbic dopamine system
originates in the ventral tegmental area and provides dopaminergic innervation of the limbic
system, including the hippocampus, and regulates reward and motivational processes
(Viggiano et al., 2002). Thus nicotine may affect conditioned inhibition by interacting with
dopaminergic systems.

The present findings may have implications for understanding the propensity for certain clinical
populations to use and abuse nicotine-containing products. Persons with schizophrenia or
ADHD, for example, smoke cigarettes at a much higher rate than other populations (Ripoll et
al., 2004). Impairments in behavioral inhibition are central to these disorders, reflecting an
inability to inhibit learned responses and leading to deficits in behavioral control and executive
functioning (Barkley, 1997). ADHD diagnosis is associated with impairment on go/no-go tasks
(Vaidya et al., 1998) that share procedurally similarities to the serial feature negative
discrimination task. Persons with ADHD also exhibit slower than normal reaction times on a
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stop signal task in which subjects must withhold a behavioral response to a visual stimulus
when it is preceded by an auditory cue. Recently, nicotine treatment has been shown to
normalize inhibitory behavior in persons with ADHD (Potter and Newhouse, 2004) and
nicotine treatment also improves sensory gating in persons with schizophrenia (Thaker,
2002).

In summary, the present findings indicate that nicotine treatment enhances conditioned
inhibition in rats. Insight into the effects of nicotine on inhibition is particularly important in
light of current research on the involvement of nicotinic acetylcholine receptors in disorders
that are characterized by deficits in inhibition. Recent studies provide evidence of a
polymorphism in the α4 subunit gene of the nicotine acetylcholine receptor in persons with
ADHD (Todd et al., 2003). Likewise, nicotinic receptor alterations have been linked to
schizophrenia (Ripoll et al., 2004) and α7 nicotinic receptor agonists are being investigated as
potential treatments. Additional studies using rodent models of inhibition may be useful to
shed light on the involvement of specific nicotinic receptor subtypes in modulating inhibitory
behavior and identify specific brain cholinergic systems that mediate the effects of nicotine.
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Figure 1.
Mean number of food cup entries exhibited by vehicle-treated rats and nicotine-treated rats on
each trial type across training days. R=reinforced trials, NR=non-reinforced trials. Data are
means +/− S.E.M.
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Figure 2.
Mean beta coefficient values from the logarithmic curve estimation for each subject per trial
type. Data are means +/− S.E.M.
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