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Abstract

Few studies investigate factors that influence acquisition in nicotine self-administration (NSA),
such as food training and training dose. Most have utilized peak doses along nicotine’s dose-
response curve (15 and 30 pg/kg) that establish NSA in the majority of animals. To investigate the
specific and combined effects of training and dose on NSA acquisition, separate and head-to head
experiments using food training (FT) or spontaneous acquisition (SP) at multiple doses on the
ascending limb of the dose-response curve were tested. First, rats underwent FT or SP under fixed
ratio (FR1 and FR2) and progressive ratio (PR) schedules using 7.5-30 pg/kg nicotine. More rats
acquired NSA with FT vs. SP at 3.75 ug/kg (56% vs. 38%) and 7.5 ug/kg (88% vs. 40%, p<0.05)
and FT rats responded higher under PR. Based on these findings, rats then underwent identical
NSA acquisition and PR (with and without nicotine), extinction and reinstatement induced by cue
exposure and nicotine in a head-to-head comparison of FT and SP using 7.5 pg/kg. Acquisition
differences were replicated: 100% FT and 60% SP rats met criteria (p<0.05). Without nicotine
(cue only), no FT rats and 8% SP rats met criteria. FR and PR responding, extinction, and cue and
nicotine-induced reinstatement did not differ between FT and SP. FT versus SP enhances
acquisition at lower nicotine doses but does not alter subsequent behaviors. Lower doses can
reinforce NSA and be used, in the absence of FT, to study influences on acquisition more closely
modelling the initial phases of human smoking.
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1. Introduction

Nicotine self-administration (NSA) is the benchmark animal model used to study smoking
behaviour. Multiple stages of smoking behaviour can be investigated with this model, such
as acquisition, maintenance, and cessation. Unlike other drugs of abuse such as cocaine and
amphetamine, where self-administration is easily established, nicotine is considered a weak
reinforcer, and additional experimental conditions are often required in order for animals to
learn NSA. Manipulations such as food restriction, food training, training dose of nicotine
and addition of auditory and visual cues are used to facilitate NSA [1, 2]. There is a
significant body of literature that has investigated the role of secondary cue factors in NSA
[3-5], which is important in determining the reinforcing efficacy of nicotine alone as well as
its interaction with non-drug cues on this behavior. Few studies have investigated or
reported the effect of other factors on acquisition. Determining the direct impact these
factors have on acquisition is important because it will enhance our understanding of how
nicotine reinforcement can lead to the initiation and persistence of the drug-taking behavior.

Food training has been standard practice for producing rapid acquisition of NSA, and using
this procedure, the majority of animals acquire the behavior [1, 2, 6]. This prior training also
creates a different pattern of responding during the acquisition period, as responding
changes from food reinforcement to nicotine reinforcement. More recent self-administration
studies have begun to train animals to self-administer nicotine without food (spontaneous
acquisition) [7]. Without prior food training, animals respond on the nicotine-associated
lever reinforced by nicotine from the start, which allows the pattern of responding during the
acquisition period to be a reflection purely of nicotine reinforcement.

Studies that have used spontaneous acquisition in a limited access paradigm have used
training doses of nicotine that fall along the peak of nicotine’s dose-response curve, 15 and
30 ug/kg [2, 7-12]. Few spontaneous acquisition studies with lower training doses exist in
the literature, and these studies have used adolescents [13], female rats [14] or unlimited
access paradigms [14, 15], which are all populations or procedures that possess or induce
different reinforcement behavior in NSA. The one study that used training doses lower than
15 ug/kg in a limited access paradigm with male adult rats, which falls along the ascending
limb of the dose-response curve, did not report acquisition information [16]. Only one study
to date has investigated the effect of food training and spontaneous acquisition directly [11].
In this study they were able to compare the effect of food training and spontaneous
acquisition on responding for nicotine, but animals were only trained on 30 pg/kg nicotine,
which is commonly used to initiate NSA because the majority of animals will readily
acquire the behavior. The high rate of acquisition at this unit dose makes it difficult to
investigate factors that can influence nicotine’s ability to establish acquisition since this
nicotine dose may produce a ceiling effect on NSA behavior.

Analysis of these factors, specifically food training and training infusion dose, is important
in investigating the biological mechanisms underlying acquisition in vulnerable populations.
By examining these factors in this stage of self-administration, the question can be
addressed of whether there is a dose range that displays dose-dependent increases in
acquisition and identification of doses which are submaximal, allowing for assessment of the
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influence of other factors. Also, the possibility that food training has an impact on nicotine-
reinforced behaviours tested long after food training was complete would have important
implications on the conclusions drawn from these tests.

We conducted multiple experiments in animals that were food trained or which underwent
spontaneous acquisition at various doses along the ascending limb of the nicotine infusion
dose-response curve. We found several interesting effects of food training and nicotine
infusion dose. Based on these results we selected doses in order to do a direct head-to-head
comparison where animals were either food trained or not (i.e. spontaneous acquisition) and
went through acquisition, maintenance, the progressive ratio schedule, and nicotine seeking-
behaviour (extinction followed by cue and nicotine induced reinstatement) to determine
whether these differences were persistent. In addition, the potential reinforcing effect of the
compound cue (light+ tone) employed in the nicotine studies, was also evaluated by
assessing responding for this cue alone under both FR and PR schedules.

2. Materials and Methods
2.1. Subjects

2.2. Surgery

Adult male Wistar rats (250-300 g) were obtained from Charles River Laboratories
(Quebec, Canada) and individually housed in a temperature-controlled environment on a 12
hr reverse light/dark cycle (lights on at 1900 hr). Water was available ad libitum and for the
duration of the experiment rats received 20-25 g of Purina rat chow daily after each operant
session.

Rats were anaesthetized with Isofluorane and the local anaesthetic Marcaine (Hospira
Healthcare, Montreal, QC, Canada) was applied to incision sites (0.1 ml, 0.125%, s.c.).
Derapen (Wyeth Animal Health, Guelph, ON, Canada; 0.1 ml, s.c.) was used as an antibiotic
and Anafen (Merial Canada, Baie D’Urfé, QC, Canada; 5 mg/kg, s.c.) was used as an
analgesic. Catheters were implanted into the right jugular vein as previously described [7]
and rats were given 7 days to recover before NSA. To maintain patency catheters were
flushed daily with Heparin in a sterile saline solution (0.1 ml, 50 U/ml).

2.3. Apparatus

NSA was carried out in sixteen operant chambers that were operated by a computer-
controlled interface system (Med Associates, St Albans, VT). Each operant chamber was set
up with two levers on the same wall located 2.5 cm above a grid floor. Pressing on the active
lever activated a high-speed microliter syringe pump which delivered nicotine (0.1 ml/kg in
approximately 1 sec). Pressing on the inactive lever was recorded but did not have any
programmed consequences. A white cue light and a tone generator were located above the
active lever. A white cue light was also located above the inactive lever at the same height
as the light above the active lever; however pressing on the inactive lever did not turn this
light on. Both visual (40 sec) and auditory (2800 Hz, 1 sec) stimuli above the active lever
were turned on when nicotine was delivered. After a nicotine infusion, there was a timeout
period (40 sec) where lever presses were recorded but there were no consequences. Active
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lever presses reported in these experiments include all lever presses made during the session
including those during the timeout period. On the opposite wall of the chamber was a house
light which signalled the start of the self-administration session. Nicotine was delivered via
a modified 22-gauge cannula connected to a fluid swivel with Tygon tubing protected by a
metal spring, which was attached to the intravenous catheter during each session. The swivel
was connected to the microliter syringe with Tygon tubing.

Nicotine (Sigma-Aldrich, Oakville, ON, Canada) was prepared daily using sterile saline and
pH was adjusted to 6.8-7.2. The unit doses for NSA were 3.75, 7.5, 15, and 30 ug/kg/
infusion (expressed as base). For reinstatement tests, nicotine (0.15 and 0.3 mg/kg) was
administered subcutaneously in a volume of 1 ml/kg. Thiopental (2-4 mg, i.v., 20 mg/ml)
was used to test catheter patency at the end of each experiment phase.

2.5. Self-administration procedures

2.5.1. Nicotine self-administration in multiple separate cohorts

2.5.1.1. Animal cohorts that underwent acquisition of NSA and PR with prior food
training: Animals underwent NSA with prior food training in two separate cohorts with
identical procedures. The first cohort used 7.5, 15, and 30 pg/kg/infusion unit doses of
nicotine and the second cohort used 3.75 pg/kg/infusion unit dose of nicotine (Figure 1a).
Before surgery, rats (n = 12/nicotine infusion dose) underwent operant training for 45 mg
sucrose pellets (Bioserv, Frenchtown, NJ) in operant chambers equipped with pellet
magazines. All components of the operant chambers (active and inactive levers, house and
cue lights) were set up in the same locations as they are for NSA, with the exception of the
pellet magazines. Rats were food deprived for 24 hrs prior to the first food training session.
Food training was conducted under a fixed ratio 1 (FR1) schedule of reinforcement in two 8
hr sessions with no audio or visual cues presented. Subsequently, responding for food was
assessed in a 1 hr session in which rats were considered successfully trained once they
received 100 pellets within the session.

Rats were assigned to one nicotine training dose throughout self-administration. Rats
initiated 1 hr NSA sessions under an FR1 schedule for five days and then under an FR2
schedule for five days. Rats underwent each schedule Monday to Friday and had a two day
period away from the operant boxes on the weekend days. Following FR training, rats then
underwent a progressive ratio (PR) schedule of reinforcement. The sequence was
determined using the exponential formula (5((0-2 x infusion number) - 5)y 'gy;ch that the required
responses per infusion are as follows: 3, 6, 10, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145,
179, 219, 268, 328, 402, 492, 603 [7, 17, 18]. Self-administration parameters during the PR
sessions were identical to FR training with the exception of session duration (2 hr) and
continuous daily self-administration sessions (no days off). Animals achieved breakpoint
(final ratio completed of active lever presses) when there was >20 minutes of inactivity on
the active lever or the session ended.

2.5.1.2. Animal cohorts that underwent spontaneous acquisition of NSA and PR:
Animals underwent NSA without food training in three separate cohorts with identical
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procedures. The first cohort self-administered 3.75 ug/kg/infusion dose of nicotine, the
second cohort self-administered 7.5 and 15 ug/kg/infusion doses, and the third cohort self-
administered 30 pg/kg/infusion (Figure 1b). Rats initiated NSA under the same conditions as
rats that were food trained with the following exceptions: (1) animals did not receive food
training and self-administration sessions commenced one week following recovery from
surgery, (2) session duration was 2 hr, and (3) sessions were conducted on a daily basis.

2.5.2. Nicotine self-administration in a head to head comparison of food
training and spontaneous acquisition

2.5.2.1. Acquisition, PR and extinction and reinstatement of NSA in animals with and
without food training: Animals were assigned to two groups: food trained and spontaneous
acquisition (Figure 1c). Animals in the food trained group underwent operant training for
sucrose pellets before surgery as described in section 2.5.1.1. After surgery and recovery,
both food-trained and spontaneous groups initiated NSA under the same conditions
described in spontaneous acquisition under the FR schedule of reinforcement. All animals
were trained on the 7.5 pg/kg/infusion dose of nicotine. Acquisition criteria were identical to
experiments previously conducted with prior food training and spontaneous acquisition.
Following self-administration on the FR2 schedule, animals were switched to a PR schedule
with the same training dose for five daily sessions. To determine whether each group
responded differently for higher nicotine infusion doses, the infusion dose was increased to
15 pg/kg for five PR sessions and then 30 pg/kg for another five PR sessions. Animals
returned to an FR2 schedule for 3 days and were tested for extinction and reinstatement.
During the extinction phase, responding on the active lever did not elicit nicotine infusions
or the presentation of auditory and visual cues previously associated with nicotine delivery.
Animals underwent extinction sessions until they reached the extinction criteria, which
consisted of <20 active lever presses in two consecutive sessions. Cue-induced reinstatement
was conducted once animals met the extinction criteria. During this test, responding on the
active lever resulted in the delivery of the compound cues (visual and auditory) previously
associated with nicotine delivery. Additional extinction sessions were then carried until they
met criteria again (two consecutive sessions <20 active lever presses) and reinstatement
induced by priming injections of saline, 0.15 and 0.3 mg/kg of nicotine (given 10 minutes
prior to the start of the session) were then evaluated using repeated measure design.

2.5.2.2. Acquisition of self-administration behavior in response to the compound cue:
Acquisition of operant responding for the compound cue following food training and under
spontaneous was examined in 2 separate group (n=12 each) of rats (Figure 1c). Both FT and
SP animals underwent operant self-administration under identical conditions as the NSA
procedures as described above in the FT and SP head-to-head experiment, with the
exception that animals did not receive nicotine infusions. Animals underwent FR1, FR2, and
PR for 5 days under each reinforcement schedule.

2.6. Statistical Analysis

Animals that acquired NSA had to meet the following criteria: (1) A ratio of at least 2:1
active compared to inactive lever presses; (2) at least 10 lever presses in the majority of
sessions (at least 3 out of 5); and (3) at least 10 reinforcements in the majority of sessions (at
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least 3 out of 5). These criteria were assessed based on data under the FR2 schedule and are
similar to that used in Shram et al. [7] where the criterion for minimum of 10 lever presses
was based on the majority of all FR sessions.

Acquisition data were analyzed using Fisher’s Exact tests (2-sided). Self-administration data
from animals that acquired the behaviour were analyzed using repeated measures analysis of
variance (ANOVA) tests to compare between doses and training paradigms. Post-hoc
analysis was conducted with Bonferroni tests. Analysis of data from the PR schedule was
conducted using the log transformation of final ratio completed. Significance level for all
comparisons was p = 0.05.

3.1. Comparison of food trained animals to spontaneously trained animals in separate
cohorts show dose-dependent differences in acquisition

Animals from four separate cohorts with and without food training underwent acquisition of
NSA under an FR schedule (Figures 1a and 1b). The proportion of animals in FT and SP
that acquired NSA for each training dose was determined at the end of FR2 is shown in
figure 2a. Food training resulted in a similar proportion of animals meeting acquisition
criteria at unit doses of 7.5 ug/kg and higher. Only the lowest unit dose (3.75 pg/kg) tested
resulted in a lower proportion of FT animals acquiring NSA compared to the other training
doses (7.5 — 30 pg/kg). In contrast, over the same dose range in animals that underwent
spontaneous acquisition, the proportion of animals that met criteria increased in a dose-
dependent manner (Fisher’s Exact, p = 0.006). The two lowest nicotine doses (3.75 and 7.5
na/kg) resulted in a smaller proportion of animals acquiring NSA, the second highest dose
(15 pg/kg) showed a higher proportion of animals that acquired than these two doses, and
the highest dose (30 pg/kg) resulted in all rats acquiring the behaviour. Acquisition curves
between FT and SP for all nicotine infusion doses are available in the Supplementary Figure.

Mean nicotine reinforcements for FT (1 hr sessions) and SP (2 hr sessions) rats that met
acquisition criteria for all nicotine infusion doses are shown in figure 2b. Mean
reinforcements obtained within the first hour of the 2 hr session for SP rats are shown along
with total mean reinforcements obtained from the whole 2 hr session. Mean reinforcements
in FT animals showed an inverted U-shape dose-response curve where peak reinforcements
were earned under the 15 pg/kg training dose (F[3, 24] = 8.797, p < 0.001). Mean
reinforcements in SP animals decreased with increasing nicotine dose, but there was no
significant difference between the training doses under this paradigm.

The breakpoints attained during PR over 2 hour NSA sessions were also compared between
FT and SP animals at three training doses: 7.5, 15, and 30 pg/kg. FT animals had higher
breakpoints (calculated as mean final ratio completed) compared to SP at 7.5 ug/kg (31 £ 11
(SEM) vs. 9 £7), 15 pg/kg (121 + 30 vs. 50 + 17), and 30 pg/kg (94 + 16 vs. 54 + 6) (F[1,
36] = 9.155, p = 0.005), where there was a significant difference in the final ratio completed
between FT and SP at 30 pg/kg (p = 0.019). Mean inactive lever presses in FT compared to
SP were 22 £ 8 and 6 £ 4 for 7.5 pg/kg, 129 + 24 and 32 + 18 for 15 ug/kg, and 77 + 14 and
41 + 6 for 30 pg/kg.
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3.2. Direct head-to-head comparison of FT vs. SP with identical study parameters

3.2.1. FT results in a greater proportion of rats meeting acquisition criteria
compared to SP rats—The design for this experiment is shown in figure 1c. Acquisition
of NSA under SP or following FT was carried out using the 7.5 pg/kg training dose with a 2-
hour session duration. This dose and session duration was selected it demonstrated the
largest differences in acquisition between FT and SP animals in 3.1 (Figure 2a). Here we
show again that a higher proportion of FT animals met the acquisition criteria compared to
SP animals (Fisher’s Exact, p = 0.02) (Figure 3a). In the cue only condition, no FT animals
and one of twelve SP animals met acquisition criteria.

3.2.2. Self-administration behavior is not different between FT and SP rats—
Figure 3b shows the pattern of active lever responding between FT and SP animals for both
nicotine and cues only. During NSA, FT animals responded higher in the first few sessions
which decreased to mean levels throughout the rest of FR1 while SP animals show
increasing lever presses over the same sessions. FT active lever presses were significantly
different from SP (F[1,18] = 5.154, p = 0.036) in the first (p = 0.004) and second (p = 0.011)
sessions. There was no difference between FT and SP responding in FR2 and in either FR1
or FR2 in the cue only condition. There are no significant differences in the number of
nicotine reinforcements or total nicotine intake between FT and SP rats that met acquisition
criteria by the end of FR2 (Figure 3c, d). All FT animals met acquisition criteria while only
a portion (8 out of 14) of SP animals met criteria; therefore the data presented for FT is
based on mean values from all FT animals but the data presented for SP is based on mean
values from SP animals that met criteria. The 6 animals did not meet criteria mainly because
responding on both active and inactive levers was the same (mean = 45 + 20 (SEM), both
active and inactive lever presses, FR2). Four of these animals also displayed low and
decreasing active lever presses as sessions continued (data not shown). Only one animal that
responded for the cue alone met acquisition criteria so to compare responding for the cue
alone vs. nicotine infusions, mean reinforcements (cue or nicotine) for all FT and SP
animals are reported in figure 3c. The number of reinforcements obtained in responding for
cue alone in FT and SP animals was not significantly different (F[1,22] = 0.79, p = 0.38 for
FR1 and F[1,22] = 2.09, p = 0.16 for FR2). In fact the number of reinforcement obtained for
cue alone is about 12% of the number of reinforcements obtained in comparison to animals
responding for nicotine.

3.2.3. Final ratio completed in PR was not different between FT and SP rats—
FT and SP rats that acquired NSA underwent PR sessions after FR2 sessions were
completed. A lack of catheter patency tested at the end of FR2 reduced the number of
animals to 8 for FT and 8 for SP. The mean final completed ratio for FT and SP rats under
PR at each nicotine dose are presented in figure 4. Similar to the results for FR, final ratios
completed for the cue only condition include data from all animals. The majority of animals
in FT and SP groups reached the operational criterion for breaking point (>20 inactivity
resulting in shutdown of the session) at 7.5 pg/kg but they did not at the 15 and 30 pg/kg
doses. The data at these higher doses are comparable between FT and SP because both
groups did not reach this shutdown point. Repeated measures ANOVA with training
paradigm as a between subjects factor for animals that underwent NSA revealed no
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difference between FT and SP animals (p = 0.132). There was a significant difference
between doses (F[2,28] = 35.411, p < 0.001) where final ratios completed were significantly
different between all doses: 7.5 pg/kg vs. 15 pg/kg (p = 0.027), 7.5 pg/kg vs. 30 pg/kg (p <
0.001), and 15 pg/kg vs. 30 pg/kg (p < 0.001). There was also little responding for cue alone
in either FT or SP animals. In the cue only condition (Figure 4) the final ratio completed was
3 for FT and 2 for SP animals, while the final ratio completed at the lowest nicotine infusion
dose (7.5 pg/kg) was significantly higher than the cue only condition (15 for FT and 25 for
SP animals; cue vs. nicotine, F[1,39] = 51.7, p < 0.001). Separate analysis of FT and SP
animals revealed dose-dependent increases in the final ratios completed for both FT animals
(F[2, 14] = 22.813, p < 0.001) and SP animals (F[2, 14] = 14.415, p < 0.001) that self-
administered nicotine (Figure 4). Post-hoc pairwise comparisons with Bonferroni correction
show that the final ratio completed between 7.5 pg/kg vs. 30 pg/kg and 15 pg/kg vs. 30
ug/kg was significantly different (p < 0.001 and p = 0.004, respectively) in FT animals. The
final ratios completed between 7.5 pg/kg vs. 15 pg/kg trended toward significance (p =
0.060) and was significantly different between 7.5 pg/kg vs. 30 pg/kg and 15 pg/kg vs. 30
pg/kg (p = 0.015 and p = 0.019, respectively) in SP animals.

3.2.4. Extinction and reinstatement was not different between FT versus SP
rats—Figure 5a shows active lever presses for all rats during the last FR2 session where
they received nicotine and then first four extinction sessions. The first four extinction
sessions are shown because from extinction session 5 and onwards, rats began to meet
extinction criteria and were subsequently tested for reinstatement. All animals underwent
extinction and reinstatement, therefore extinction data was analyzed with a repeated measure
ANOVA. There was a significant effect of Session (F[1.6, 26.5] = 25.296, p<0.001), as
responding decreased over days, but neither the effect of training condition (F[1, 17] = 1.15,
p = 0.3) nor the Session x Training interaction (F[1.6, 26.5] = 3.467, p = 0.056) were
significant. The number of sessions required to reach extinction criteria was also assessed
between FT and SP rats, where FT rats averaged 10 + 1 sessions and SP rats averaged 14 + 3
sessions (t[9.533] = —-1.155, p = 0.276).

Figure 5b shows that both FT and SP rats reinstated nicotine-seeking behaviour in response
to exposure to the compound cue previously associated with nicotine infusions. Repeated
measures ANOVA showed that active lever presses in response to cues were significantly
higher than during extinction (F[1,17] = 34.671, p < 0.001). Training paradigms as a
between subjects factor in repeated measures ANOVA showed there was no difference
between FT and SP rats.

Animals then underwent further extinction sessions until they met extinction criteria and
nicotine-induced reinstatement was tested. Responding after a saline s.c. injection, a baseline
for nicotine priming injections, did not differ between FT and SP animals.

Responding after nicotine priming s.c. injections (saline, 0.15 and 0.3 mg/kg) were analyzed
by repeated measures ANOVA, where there was a significant difference in responding after
the 3 s.c. injections (F[2, 34] = 3.54, p = 0.026). Post-hoc pairwise comparisons with
Bonferroni correction revealed that responding after the 0.15 mg/kg nicotine priming dose
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was significantly higher than responding after saline (p = 0.02). Training paradigm was a
between subjects factor and there was no difference between FT and SP animals (Figure 5b).

4. Discussion

Consistent with earlier studies with nicotine [11] and other drugs of abuse [19-23], the result
of the present study confirm and further extend the finding that prior training with another
reinforcer (food) can facilitate acquisition of NSA. One significant finding from the present
work is that prior FT resulted in a greater proportion of animals achieving the criteria for
NSA in comparison to spontaneous acquisition. The increase in acquisition of NSA by prior
food training is dependent on the training dose employed, with a more pronounced effect at
low training doses (3.75-7.5 pg/kg) but little influence at higher infusion doses of nicotine.
Of note, this occurred both when the duration of training sessions differed or was identical at
the 7.5 pg/kg infusion dose where acquisition differences were the greatest between FT and
SP rats, suggesting that the increases acquisition were specific to food training at this lower
nicotine infusion dose, while food training did not have an effect on higher nicotine doses.
Rats that acquired NSA at the lowest infusion dose tested, 3.75 ug/kg, showed higher mean
reinforcements with FT compared to SP, which further supports the idea that FT has a
greater influence on NSA at low infusion doses. Also of relevance is that food training did
not influence the acquisition of responding for the visual and auditory cues that are paired
with NSA, as most rats did not meet criteria for acquisition in either the FT or SP groups
responding for the cues alone and responding was not different between these two groups. A
direct comparison of the effect of food training and spontaneous acquisition on NSA at an
infusion dose of 30 pg/kg has been examined earlier using both lever press and nose poking
[11]. Food training facilitated acquisition of NSA but the number of infusions subsequently
obtained at FR5 was not different from that of spontaneously acquired animals. Shoaib et al.
[8] and Shram et al. [7] have also reported dose-dependent increases in the proportion of rats
that acquired NSA; however the lowest dose used in both of these studies was 15ug/kg. In
our study, we provide information on the dose-response curve for acquisition and show the
effect of food training on multiple infusion doses. We demonstrate that the proportion of rats
that acquire NSA at the lower infusion doses (3.75 and 7.5 pg/kg) is increased by prior food
training, illustrating a shift in dose response between food training and spontaneous
acquisition. Consistent with this, dose-dependent increases in acquisition have been
observed for cocaine and amphetamine using doses along the ascending limb of their dose-
response curves [24, 25]. On the other end of the spectrum, food training does not affect
acquisition at the higher nicotine infusion doses as most rats acquired NSA without food
training, indicating that food training is not necessary to induce stable and reliable NSA at
these higher doses of nicotine.

Nicotine has dual reinforcing effects whereby nicotine has a direct reinforcing effect on its
own, as well as a reinforcement enhancing effect [3-5]. Stimuli such as visual cues [5, 26,
27] or white noise [16] can function as weak reinforcers as animals will lever press for them.
Importantly, nicotine has been shown to enhance such responding. Our control study
indicated that rats did not acquire responding for the compound cue (light+tone) alone, a
combination which was employed in the nicotine studies both under spontaneous acquisition
and following food training. While this data cannot differentiate between the direct
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reinforcing and the reinforcement enhancing effect of nicotine, it rules out the possibility
that responding for nicotine under our experimental conditions, particularly for the low
infusion doses of nicotine, is due to the reinforcing effect of the compound cue alone. In a
recent study, Peartree et al. [12] showed that rats can acquire NSA using infusion doses
ranging from 15-60 pg/kg without prior food training or stimuli associated with nicotine
delivery. Food trained animals that acquired NSA achieved similar total mean nicotine
reinforcements and thus self-administered comparable levels of nicotine. These data are in
agreement with previous findings showing that food training does not influence the number
of infusions or amount of nicotine intake after animals acquired stable NSA [11].

Food trained animals appeared to have greater motivation to obtain nicotine compared to
spontaneously acquired animals when they were compared in separate experiments. It is
possible that food training could have made the cues more salient or created a food-chamber
association. Food training can increase responding for nicotine and even saline in the
presence of cues [11, 28]. However, cues were not present during food training and we
found no differences between FT and SP animals’ motivation to self-administer nicotine in
the head to head experiment. There was no difference in responding between FT and SP
animals exposed to the cue only condition, which suggests that food training alone cannot
explain the observations made in these experiments. Also, in the head to head experiment,
FT animals show a reduction in active lever presses during FR1 that stabilize in FR2, which
suggests that any association with food may have been gone by the end of this schedule.
Food trained animals had less time to self-administer nicotine in the separate experiments so
it is possible that session duration in addition to food training resulted in more motivation to
respond and thus reach higher final ratios completed during the PR sessions. It is interesting
to note that the opposite was found in the mean final ratios for SP animals: Mean final ratios
were higher in SP than in FT animals in the head to head experiment, which are the opposite
findings in the separate experiment, although this did not reach statistical significance.
While all animals at the 7.5ug/kg infusion dose reached their breakpoint prior to the end of
the 2 hour session, some rats did not at the two higher doses (15 and 30 5ug/kg). Our PR
sessions were 2 hours long so it is possible that longer PR sessions might yield higher final
ratios. Nevertheless, our PR findings from the separate and head to head experiments are
still comparable because they were collected under the same session length.

The effect of FT on PR responding in self-administration has not been previously
investigated. Other factors, such as pre-treatment with the self-administered drug prior to
acquisition, can increase PR breakpoints (final ratio completed) for amphetamine [29, 30].
Two studies that directly compared food training to spontaneous acquisition only tested
extinction and reinstatement in nicotine and cocaine-trained animals [11, 23]. Clemens et al.
[11] found no effect of FT on extinction but observed higher responding to the compound
cue and nicotine (0.3 mg/kg/s.c.) in animals that were food trained. Bongiovanni and See
[23] also did not observe an effect of food training on cocaine extinction or reinstatement.
Our study indicated that there were no differences in extinction and reinstatement between
animals that were food or spontaneously trained which is in agreement with these previous
findings.

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



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Garcia et al.

Page 11

We initially expected food training to impact cue-induced reinstatement as Clemens et al.
[11] reported greater reinstatement to a visual cue in animals that were food trained
compared to animals that spontaneously acquired. It is possible that our low training dose
was not as reinforcing as the dose used in Clemens et al. [11] study, which is higher and
commonly used to establish NSA (30 ug/kg). Food training did not affect cue reinstatement
for cocaine in Bongiovanni and See [23], however they only tested one infusion dose;
together this suggests that the effect of food training on cue-induced reinstatement may be
training dose dependent. These results indicate that once acquisition has been established
and animals are tested for motivation and drug-seeking behaviour, prior food training might
not influence responding when low training doses of nicotine are used.

The present findings were limited in that data from separate experiments and could not be
directly compared. There were also parametrical differences between food trained and
spontaneously acquired animals in addition to the food training manipulation, such as
different animal cohorts, different session lengths and the number of consecutive sessions
conducted under FR training. In contrast, in the head to head experiment, once a dose which
showed differences in acquisition was identified, all animals received it, allowing for direct
determination of the effects of food training on acquisition and drug-seeking behavior. We
also acknowledge that the findings reported are limited to the acquisition criteria used, as
there are no standard criteria for nicotine self-administration and criteria can vary between
studies in the literature. It is important to note, however, that when we compare animals that
did not meet our criteria compared to animals that did, the acquisition curves do not show
increasing trends in responding or a preference for the active lever, two criteria which are
characteristic of SA acquisition. This gives us some confidence in our criteria, at least for
comparing our findings from the separate cohorts and the head to head experiment.

Our results demonstrate that there is an ascending dose-response curve for acquisition of
NSA and that nicotine infusion doses lower than doses at the peak of the curve commonly
used in NSA (15-30 pg/kg) can elicit self-administration behaviour in rats. These findings
are important to consider when investigating acquisition in animal models of vulnerable
populations recognized in humans, such as in animals selected for impulsivity or on other
traits, where acquisition differences can be tested at infusion doses where only a portion of
animals would acquire [31, 32]. Training on peak doses establishes self-administration in
most animals, which cannot provide information about the factors that would promote
acquisition due to ceiling effects on the proportions of animals that acquire self-
administration. The number of animals that acquired NSA at the lowest infusion dose tested
(3.75 pg/kg) was low but these individual animals did respond for nicotine and met criteria
regardless of FT or SP training, which along with the number that acquired NSA at 7.5
ug/kg, shows that (1) NSA can be established at very low nicotine doses (< 15 pg/kg) and
(2) biological factors are involved in the vulnerability to nicotine dependence. Lower
nicotine training doses may be more relevant to the human condition, as they are closer in
level of nicotine intake concentration to puffs of a cigarette rather than levels occurring
following the smoking of an entire cigarette [16, 33]. This is important when interested in
acquisition as the infusion doses commonly used to establish NSA (15 and 30 pg/kg) are
closer to the nicotine content of one whole cigarette, so small unit doses, analogous to doses
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from individual puffs of a cigarette, may better model human acquisition of smoking,
particularly among children and/adolescents.

Taken together, these results show that the combination of food training and training dose
can influence different aspects of nicotine intake and seeking. When investigating
acquisition, food training can have a significant impact at nicotine training doses that fall
along the ascending limb of nicotine’s dose-response curve. Also, nicotine’s dose-response
curve is relatively flat but with spontaneous acquisition dose-dependent increases were
observed at these training doses. These differences in acquisition at lower doses can be used
to more accurately address nicotine’s reinforcing efficacy without the effect of prior
reinforcers and to determine the influence of other factors on the parameters of acquisition,
such as the number that acquire NSA and the rate of acquisition. When investigating
motivation and drug-seeking behaviour, food training does not appear to affect these
behaviours, at least when using training doses of nicotine lower than the peak doses for
establishing NSA. Therefore, both food training and nicotine training dose are important
factors to consider in the design of NSA experiments as they can have separate and
combined impacts on the behavioral outcomes of these studies.
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i |
9 13

Study design for each self-administration experiment. Three separate experimental timelines
were conducted: (a) Animals were food trained and had 1 hr sessions that were carried out
Monday to Friday; (b) Animals underwent spontaneous acquisition and had 2 hr sessions
that were performed daily; (c) Animals were either food trained or spontaneously acquired
NSA or cue self-administration in a direct head-to-head comparison where they underwent 2
hr sessions that were performed daily. All other self-administration parameters were

identical in all three experiments
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Fig. 2.
Acquisition of NSA is dependent on both prior food training and training dose but once

animals have acquired, with different patterns of responding over nicotine doses in FT and
SP. (a) In FT groups, animals acquired NSA (approximately 90%) for all nicotine infusion
doses except for 3.75 ug/kg while in SP groups animals acquired NSA dose-dependently,
with a greater proportion of animals acquiring with increasing infusion dose. Fractions at top
of each bar indicate the number of animals that acquired compared to total number of
animals. (b) Mean total reinforcements in animals that acquired produce an inverted “u”
shape curve in FT (1 hr) and a descending curve in SP (1 hr and 2 hr shown) with increasing
nicotine training doses. Error bars are expressed as standard error of the mean (SEM). #p <
0.05 between nicotine doses within SP, *p < 0.05 between nicotine doses within FT and SP
groups
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Fig. 3.

A greater proportion of FT animals acquired NSA compared to SP animals but after
acquisition FT animals did not respond differently from SP animals. (a) All FT animals
compared to approximately 60% of SP animals acquired NSA at a dose of 7.5 pg/kg nicotine
unit dose; no FT animals compared to 8% of SP animals acquired in the cue only SA. (b)
Mean active lever presses in FT and SP animals that underwent cue SA (all animals). Active
lever presses were not different under the cue only condition. (¢) Mean active and inactive
lever presses in FT and SP animals that underwent NSA (acquired animals). Active lever
presses were different between FT and SP with nicotine reinforcement in the first 2 sessions.
(d) Mean nicotine reinforcements between FT and SP animals were not different for either
cue only (all animals) or nicotine SA (acquired animals; FT [n=12] and SP [n=8]). Mean
reinforcements between cue only and nicotine SA were significantly different. (*) p < 0.05,
FT vs. SP, ($) p < 0.001, cue vs. nicotine. Error bars are expressed as standard error of the
mean (SEM).
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Final ratios completed under the PR schedule were not different between FT and SP
animals. This was observed in both cue only (all animals [n=12]) and nicotine infusion self-
administration conditions (shown for acquired animals; FT and SP [n=8]). Within training
paradigm, significant dose-dependent differences in final ratio completed were found. Mean
values for each dose group were calculated using mean values of the last 3 sessions for each
animal. Mean inactive lever presses (+ SEM) for the last 3 sessions in FT animals were 15 +
3 for 7.5 ug/kg, 16 =5 for 15 pg/kg, and 41 + 10 for 30 pg/kg; in SP animals they were 19 +
7 for 7.5 ug/kg, 30 £ 10 for 15 ug/kg, and 48 + 12 for 30 pg/kg. Error bars are expressed as
standard error of the mean (SEM). p<0.05 for nicotine doses within FT (*) and SP (#)
groups, p < 0.001 between cue only vs. nicotine SA (3$)
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There was no difference in extinction and reinstatement between FT and SP animals (n=8
per group). (a) Mean active lever presses during extinction sessions with no cues were
similar between FT and SP animals. The first four extinction sessions are shown. Mean
inactive lever presses (x SEM) for these four extinction sessions are 17 £5,20+ 6,10+ 3,9
+3forFTand 18 + 5,18 £ 4,14 + 5, 12 + 5 for SP. (b) Mean active lever presses at
baseline (the last two extinction sessions for each animal), and during the cue, saline, and
two nicotine priming sessions are shown. Mean responding was similar for cue- and
nicotine-induced reinstatement (Nic: 0.15 and 0.3 mg/kg/sc) in both training groups. Mean
inactive lever presses (£ SEM) in FT were 6 + 2 for baseline, 11 + 3 for cue, 8 + 2 for saline,
10 £ 3 for Nic (0.15 mg/kg) and 18 + 6 for Nic (0.3 mg/kg). Mean inactive lever presses (£
SEM) in SP were 3 £ 1 for baseline, 8 = 2 for cue, 5 + 2 for saline, 22 + 4 for Nic (0.15
mg/kg) and 20 + 7 for Nic (0.3 mg/kg). Error bars are expressed as standard error of the
mean (SEM). p<0.05, cue vs. baseline extinction and saline vs. 0.15 mg/kg nicotine for FT
(*) and SP (#) rats
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