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Abstract

Rational—Smoking typically begins during adolescence or early adulthood in a social context,
yet the role of social context in animal models is poorly understood.

Objectives—The present study examined the effect of social context on acquisition of nicotine
self-administration.

Methods—Sixty day-old male and female Sprague-Dawley rats were trained to press a lever for
nicotine (0.015 mg/kg, 1V) or saline infusions (males only) on a fixed-ratio (FR1) schedule of
reinforcement across 9 sessions in duplex chambers that were conjoined with either a solid wall or
a wall containing wire mesh creating a social context between rat dyads (social visual, auditory,
and olfactory cues). In a subsequent experiment, sex differences and dose-dependent effects of
nicotine [0 (saline), 0.015 or 0.03 mg/kg, 1] were directly compared in rats trained in the isolated
or social context on a schedule progressing from FR1 to FR3. These rats were given 20 sessions
followed by 3 extinction sessions.

Results—We consistently found transient social facilitation of low dose nicotine self-
administration in males during the first session. However, across training overall we found social
suppression of nicotine intake that was most prominent in females during later sessions.

Conclusions—Caollectively, these findings suggest that at the age of transition from adolescence
to adulthood, a social context enhances the initial reinforcing effects of nicotine in males, but
protects against nicotine intake during later sessions especially in females. These findings
highlight the importance of sex and social context in studying neural mechanisms involved in
initiation of nicotine use.
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Initiation of tobacco use in humans typically occurs in a social setting in which peer
interaction serves to reinforce the behavior (West et al., 1999, Baker et al., 2004, Geckova et
al., 2005, Sussman, 2005). Preclinical models of drug self-administration have also found
that drug intake can be facilitated by the presence of a social partner that has prior
experience performing the necessary response for drug reinforcement (see Neisewander et
al., 2012, Bardo et al., 2013, and Strickland and Smith, 2015 for review). For instance, Chen
and colleagues (2011) demonstrated that exposure to a social partner on the opposite side of
perforated partition who is consuming a scented, flavored solution will enhance acquisition
of intravenous nicotine self-administration in a partner rat for whom nicotine is delivered
contingent upon this same response (i.e., licking a spout that delivers the scented, flavored
solution). Similar results have been obtained regardless of whether the taste cue delivered
upon licking is aversive or appetitive (Wang et al., 2016). These findings suggest that social
learning plays a facilitative role in acquisition of nicotine self-administration in rats.

In addition to social learning, another factor that may contribute to facilitated acquisition of
nicotine self-administration is the interaction between the rewarding effect of nicotine and
the rewarding effect of a social companion. Consistent with this idea, we have shown that
nicotine and social reward interact synergistically in male adolescent rats using the
conditioned place preference (CPP) model. We found that CPP is observed after low dose
nicotine injections when given to each rat of a pair that are together during conditioning
whereas neither rewarding stimulus (i.e., nicotine injections or presence of another rat)
supported CPP when given alone (Thiel et al., 2009, Bastle et al., 2016). We have also found
that nicotine-induced activation of the hypothalamic-pituitary-adrenal (HPA) axis is blunted
in male and female adolescent rats given nicotine immediately before being placed into a
cage with a same-sex partner compared to controls that were placed into the cage alone
(Pentkowski et al., 2011).

Two other factors known to contribute to nicotine reinforcement are age and sex. Rodents
are more sensitive to the rewarding, and less sensitive to the aversive, effects of nicotine
during adolescence compared to adulthood (Vastola et al., 2002, Belluzzi et al., 2004, O'Dell
et al., 2006, Levin et al., 2007, but see Shram et al., 2008). In fact, earlier onset of nicotine
self-administration in rats leads to higher levels of intake, which persist into adulthood
(Levin et al., 2011). Sex differences involving drug abuse are well documented (see Carroll
et al., 2004, and Roth et al., 2004 for review), but the involvement of sex and gonadal
hormones on nicotine-related behaviors appears to be complicated by age as well as the drug
paradigm utilized. Sex differences in which females are more sensitive than males have been
reported for nicotine-CPP in both adolescent (Torres et al., 2009) and adult rodents (Isiegas
et al., 2009, Pogun and Yararbas, 2009, Yararbas et al., 2010); however, neither sex nor
estrous cycle phase appears to influence nicotine self-administration in adults (Donny et al.,
2000, Chaudhri et al., 2005, Feltenstein et al., 2012). In adolescent rats, self-administration

Psychopharmacology (Berl). Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peartree et al.

Method

Page 3

findings have been less consistent with either no sex difference (Chen et al., 2011),
enhancement in males (Levin et al., 2011) or enhancement in females (Lynch, 2009), and
inconsistent estrous cycle effects across these same studies. Other studies have failed to
detect sex differences or estrous cycle effects on cue or stress-primed reinstatement of
nicotine-seeking behavior (Feltenstein et al., 2012) or nicotine-induced hyperactivity (Kuo et
al., 1999) in young adult rats.

The purpose of the present study was to directly test the effects of social context (i.e.,
presence of a conspecific) on acquisition of 1V nicotine self-administration (0.015 and 0.03
mg/kg, V) in drug-naive male and female rats at the transition from adolescence to young
adulthood. We custom-built dual-chambered apparatus that were conjoined by a removable
partition that was either solid to isolate the rats from contact with each other or contained a
mesh window that allowed for limited physical contact, but full olfactory, visual and
auditory social cues, during self-administration. Such limited social contact is rewarding in
CPP paradigms (Kummer et al., 2011, Peartree et al., 2012a). We avoided procedures used to
facilitate acquisition of self-administration, such as food restriction, lever baiting, or
response-contingent cues with intrinsic reinforcing value as these manipulations would
confound interpretation of social influences on acquisition. We hypothesized that social
context facilitates acquisition of nicotine self-administration through reward interaction.

Animals and Experimental Designs

Male and female Sprague Dawley rats (Charles River, San Diego, CA) were housed in a
climate-controlled colony room with a 12-h reverse light/dark cycle. Rats had ad /ibitum
access to food and water in their home cage. All rats were handled for 2 min/day until the
start of self-administration training. Housing, care and euthanasia were in accordance with
the Guide for the Care and Use of Laboratory Animals (2011) and National Institutes of
Health standards; all procedures were approved by the IACUC at Arizona State University.

Experiments 1 and 2 examined nicotine (Nic; 0.015 mg/kg, 1V) self-administration in male
and female rats, respectively. Experiment 3 examined saline (Sal; 0.00 mg/kg, 1V) self-
administration in male rats. The same procedures were used for all three of these
experiments, beginning with arrival of the rats on post-natal day (PND) 27, with the
exception of one cohort of males in Experiment 1 that arrived on PND 22. The rats were
single-housed PNDs 27-46, and then on PNDs 47-51, they were pair-housed with a same sex
partner to allow for rough-and-tumble play, which is important for social development
(Panksepp, 1981, Vanderschuren et al., 1997). Experiment 4 was performed subsequently
and included both male and female rats in order to directly examine sex differences, as well
as separate dosage groups given access to saline (Sal; 0.00 mg/kg, 1V) or 0.015 mg/kg and
0.03 mg/kg, 1V nicotine (Nic) in order to examine dose-dependent effects. All doses are the
free base concentration of (—)nicotine hydrogen tartrate (Sigma, St. Louis, MO), which was
dissolved in saline, adjusted to a pH of 7.4+0.1, and filtered through a 0.2 pum filter. Several
procedural changes were made in Experiment 4. First, rats arrived at a later age (PND 37)
and were immediately pair-housed with a same sex partner in order to better foster social
development and reduce stress. Second, we added an inactive control lever to assess

Psychopharmacology (Berl). Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peartree et al.

Surgery

Apparatus

Page 4

inadvertent responses. Third, we examined extinction of self-administration. Finally, because
the saline rats in Experiment 3 exhibited high response rates, we modified habituation and
self-administration procedures to address this issue (detailed below). The experimental
designs and final n/condition for each experiment are summarized in Table 1.

On PND 51, catheters were implanted intravenously as described by Pockros et al. (2011)
under isoflurane (2-4%) anesthesia. Rats were given subcutaneous (SC) injections of
buprenorphine analgesic (0.05 mg/kg, SC) immediately prior to surgery and an anti-
inflammatory agent, meloxicam (1 mg/kg, SC) immediately after surgery. To maintain
catheter patency, a 0.1 ml IV solution of saline containing heparin sodium (70 USOU/ml;
Baxter Healthcare Corporation, Deerfield, IL) and ticarcillin disodium (66.67 mg/ml:
GlaxoSmithKline, Research Triangle Park, NC) was administered daily. Catheter patency
was confirmed immediately after the first and last self-administration sessions and as needed
by infusing 0.05 ml methohexital sodium (16.67 mg/ml 1V; Sigma), which produces
anesthetic effects only when administered V.

The apparatus and dimensions are detailed in Figure 1. Briefly, duplex operant conditioning
chambers had an adjoining wall that was either solid, black Plexiglas or black Plexiglas with
a wire mesh window to create an isolated (Iso) or social (Soc) conditioning context between
the 2 chambers, respectively. For Experiments 1-3, each chamber contained only 1,
retractable lever that was used to control delivery of intravenous infusions of nicotine or
saline (i.e., active lever). An additional, non-retractable lever was installed and present in
each chamber throughout Experiment 4. Responses on this lever had no programmed
consequences (i.e., inactive lever) and were used as a control for inadvertent lever presses.

Habituation Procedures

All rats underwent habituation sessions on PNDs 57-58 during which they were allowed to
explore their respective conditioning chambers while attached to their infusion line;
however, no drug was available during these habituation sessions. For Experiments 1-3, rats
received 2, 30-min exposure sessions/day over 2 consecutive days. For one of the daily
sessions, the partition between the 2 self-administration chambers was solid black Plexiglas
and for the other session the partition contained a mesh window allowing for social
interaction. For Experiment 4, rats received a 1-hour exposure session/day over 2
consecutive days. For both of these habituation sessions, the partition between the 2 self-
administration chambers was either solid black Plexiglas for the rats assigned to the Iso self-
administration condition or contained a mesh window for the rats assigned to the Soc self-
administration condition. For all experiments, the dyads of rats that were paired together
during self-administration training were the same dyads that had been pair-housed together
previously.
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Self-Administration Procedures

Experiments 1-3 were conducted using the same procedures. On PND 59, the dyads were
randomly assigned to training conditions with either the solid partition (Iso) or the mesh
partition (Soc) in place throughout acquisition training. Nine self-administration sessions
occurred daily for 2 h at the same time of day and were conducted 6-7 days/week. Sessions
began by connecting the rats to their infusion line followed by a 1-min habituation period
after which the retractable active levers were presented. Completion of a fixed ratio 1 (FR1)
schedule of reinforcement resulted in retraction of the active lever, followed 0.5 s later by a
0.1 ml infusion of nicotine (0.015 mg/kg, V) or saline (0.00 mg/kg) over 1.2 s. The levers
remained retracted for a 20 s timeout. No other response-contingent cue lights/tones were
used nor were the rats food-restricted or lever-baited in order to avoid potential confounding
effects of these stimuli on acquisition (Peartree et al. 2012b).

Experiment 4 employed similar procedures as Experiments 1-3, with the exceptions that an
inactive control lever was added and that rats progressed from an FR1 to an FR3
reinforcement schedule across 20 self-administration sessions. Also both male and female
rats were included in Experiment 4 for analysis of sex differences. On PND 59, the same-sex
dyads began self-administration sessions with either their assigned solid (I1so) or mesh (Soc)
partition in place. Completion of a FR1 schedule of reinforcement resulted in retraction of
the active lever followed 0.5 s later by a 0.1 ml infusion of either saline, 0.015 or 0.03 mg/kg
nicotine, 1V, delivered over 1.2 s. For sessions 4-20, rats began on a FR1schedule; however,
the schedule progressed from a FR1 to FR2 then FR3 schedule of reinforcement depending
on the rats' performance. The schedule increases were programmed to occur after 5
reinforcers had been delivered within 1 h on the current schedule. Responses on the inactive
lever had no programmed consequences. After the last self-administration session, three
daily nicotine extinction sessions occurred using identical procedures as sessions 4-20,
except that saline was substituted for both nicotine doses.

Rats with catheter failure were eliminated from analyses but remained in the study to
maintain contextual conditions for the partner with a patent catheter.

Time-Sampled Behavior Observations

Video recordings were made for one cohort of the male rats in Experiment 1 and the videos
were later analyzed to determine whether there was a relationship between lever presses and
locomotor activity for Soc male rats that displayed increased nicotine intake during the first
self-administration session. A marked transparency was overlaid onto the computer screen
that divided the chamber into 4 quadrants (Q1-Q4, see Fig. 1). A given rat's location and
activity was measured using a time-sampling procedure of 4, 15-minute intervals with the
first beginning once animals were placed into their chambers with levers presented, and
subsequent intervals beginning 15 min after the end of each previous interval (i.e.,
alternating 15 min intervals of sampling vs. no sampling yielding 1 h total of observation
distributed across the 2-h session). Horizontal locomotion was measured as the number
forepaw/head entries into each quadrant. Vertical activity was measured as the number of
rears within each quadrant, defined as raising forepaws off the ground in a vertical motion.
The number of forepaw contacts with the adjoining wall and the number of rears over the

Psychopharmacology (Berl). Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peartree et al.

Page 6

lever were also counted. In Experiment 2, a different time-sampling procedure was used to
determine whether there were changes across training days in the likelihood of a rat being
near the adjoining wall of the conjoined self-administration chambers. While watching a
video tape of the session, a tone sounded and at that instant the observer noted whether or
not the rat was located in the side of the chamber with the adjoining wall. For a given rat, the
tone sounded every 30 s throughout the first and ninth training sessions for a total of 240
observations/2 h.

Estrous Cycle Monitoring

Female rats were monitored daily after every self-administration session for estrous cycle
phase beginning on PND 51 as detailed previously (Acosta et al. 2009; Becker et al. 2005;
Goldman et al. 2007). Briefly, a sterile cotton applicator dipped in distilled water was gently
inserted into the vaginal opening and removed after a circular motion along the vaginal walls
to collect epithelial cells. Cells were transferred onto slides and assessed for vaginal
cytology using bright-field microscopy at 10x and 40x magnification as described
previously (see Becker et al. 2005; Caligioni 2009; Goldman et al. 2007; and Marcondes et
al. 2002 for review). In Experiment 4, we controlled for genital stimulation by also gently
swabbing the males around the anogenital region after each self-administration session.

Data Analysis

Results

Reinforcers and lever presses were analyzed using mixed factor ANOVAs with session as a
repeated measure and social condition (Iso vs. Soc) as a between-subjects factor in all
experiments and sex and nicotine dose as between-subject factors in Experiment 4. ANOVAs
were conducted with cycle phase and social condition as between-subject factors in
Experiment 2 and dose as an additional factor in Experiment 4. We observed an increase in
intake for Soc vs. 1so males self-administering 0.015 mg/kg Nic during the first session in
Experiment 1, and therefore we predicted that Soc males would self-administer more Nic
relative to 1so males at this dose during the first session in Experiment 4. This prediction was
analyzed using an a priori independent samples t-test. Time-sampled behaviors in
Experiment 1 during the first session were analyzed by quadrant using within-subject
Wilcoxon signed-ranks tests and between groups for a given quadrant using independent
sample t-tests, with Bonferroni correction for multiple comparison. Time-sampled
observations in Experiment 2 were analyzed by a repeated measures ANOVA. All significant
interactions were further analyzed using additional simpler ANOVAs and tests of simple
effects (i.e., t-tests). These analyses were performed using SPSS 21 (IBM, Somers, NY) and
descriptive data are expressed as mean + SEM.

Experiments 1-3: Effects of Social Context on Self-Administration

Figure 2a illustrates the timeline of Experiments 1-3 and Figure 2b-d illustrates the number
of nicotine and saline reinforcers obtained across self-administration sessions in these
experiments. In all three experiments, omnibus ANOVAs of reinforcers/session revealed a
main effect of Session: Experiment 1 A8,272) = 5.88, p<0.01, Experiment 2 A8,256) =
2.78, p<0.01, and Experiment 3 A1,8) = 9.88, p<0.0001. A Session x Social Condition
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interaction was also found for nicotine reinforcement in Experiment 1 [A8,272) = 2.68, p
<0.05] and Experiment 2 [ A8,256) = 2.36, p <0.05], but not for saline reinforcement in
Experiment 3. Subsequent tests of simple effects revealed that in males given access to
nicotine in Experiment 1, intake was higher in the Soc group compared to the Iso group
during the first session [{34) = 2.28, p <0.05], suggesting that social context enhances
nicotine intake initially. In females given access to nicotine in Experiment 2, intake was
similar in the Soc and Iso groups initially; however, intake was lower in the Soc group than
in the Iso group during sessions 8 [{32) = 2.09, p<0.05] and 9 [432) = 1.99, p=0.05],
suggesting that social context protects against nicotine intake during later sessions in Soc
females. In males given access to saline in Experiment 3, the lack of a Social Condition
main effect or Session x Social Condition interaction indicates there was no difference
between Iso and Soc groups, suggesting that the presence of a social partner failed to alter
saline intake. Both saline groups exhibited a decrease in intake across sessions regardless of
social condition.

Experiment 1: Analysis of Locomotor Activity during the First Session in Males

Several behaviors were measured in the male rats from Experiment 1 in order to assess
confounding factors that may influence active levers presses, such as hyperactivity or
increased proximity to the active lever. Figure 3 illustrates time-sampled observations of
contacts with the adjoining wall and rears above the active lever, as well as rears and entries
into each quadrant of the chamber as a measure of vertical and horizontal locomotion,
respectively. Independent samples #tests revealed that Soc males made more contacts with
the adjoining wall (mesh partition) compared to the 1so males (solid partition) [{16) = 8.72,
p<0.001], suggesting motivation for social investigation and contact in the Soc group. There
was no significant difference in number of rears directly over the lever between Iso and Soc
rats, suggesting that increased nicotine intake in the Soc rats during this session was not
merely due to inadvertent lever pressing as a result of increased proximity to the lever. There
were no significant differences between Soc and Iso males for total number of quadrant
entries or rears, suggesting that general activity did not differ between 1so and Soc males
during the first session. Additionally, there were no differences between Soc and Iso rats'
entries or rears by quadrant, although there were significantly more entries and rears in the
adjoining side quadrants (Q1 and Q2) versus non-adjoining side quadrants (Q3 and Q4)
regardless of social condition (Wilcoxon Signed-Ranks tests, p<0.05).

Experiment 2: Proximity to Adjoining Wall across Sessions in Female Rats

To assess whether the presence of another rat behind the adjoining wall of the chambers
differentially influenced approach to that wall in the Iso (solid wall) versus Soc (mesh wall)
conditions, we measured whether each rat was in the adjoining quadrants or not every 30 s
for the duration of training sessions 1 and 9. The ANOVA of observations in the adjoining
quadrants revealed an effect of Social Condition [F(1,32)=5.10, p <0.05; see Figure 4], but
no effect of session nor interaction, indicating that female Soc rats showed more approach to
the adjoining wall than Iso rats regardless of session.
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Experiment 4: Effects of Social Context, Sex and Dose on Self-Administration

The omnibus ANOVA of reinforcers obtained during the first session in Experiment 4,
including all rats with patent catheters, revealed a Dose x Social Condition interaction
[A?2,139) = 4.37, p<0.05; see Figure 5]. Subsequent post-hoc t-tests revealed that Sal intake
was higher in the Soc rats relative to Iso rats during the first session [434.23) = 2.32, p
<0.05; see Figure 5 insert]. A planned comparison revealed that male Soc rats self-
administered more nicotine at the 0.015 mg/kg dose relative to their Iso counterparts
[p<0.05], replicating the Social enhancement found in Experiment 1. Examination of the
time course of infusions during the first session in this group did not reveal any consistent
differences across social conditions (data not shown) and there was individual variation in
nicotine intake within the Soc pairs.

Figure 6 illustrates the number of nicotine and saline reinforcers obtained by rats that had
patent catheters across all 20 self-administration sessions for Experiment 4 (see Table 1 for
n/condition). The omnibus ANOVA of reinforcers obtained across sessions revealed main
effects of Session [A19,2280) = 11.17, p<0.001], Dose [H2,120) = 4.07, p<0.05], and
Social Condition [A1,120) = 11.42, p<0.001], and Sex x Social Condition [A1,120) = 8.13,
p<0.01], Session x Dose [A38,2280) = 2.61, p<0.001], Session x Social Condition
[A(19,2280) = 2.05, p<0.01], Session x Sex x Dose [A38,2280) = 2.41, p<0.001], and
Session x Sex x Dose x Social Condition [A38,2280) = 1.59, p<0.05] interactions. The 4-
way interaction was subsequently analyzed using simpler ANOVAs that were systematically
conducted to detect the source of the interaction.

Figure 7 illustrates the Session x Social Condition and the Sex x Social Condition
interactions. Tests of simple effects of the Session x Social Condition interaction revealed
that Iso rats obtained more reinforcers relative to Soc rats during sessions 4,7,11, 13-17
[£5(90.03-130) = 2.14-3.37, ps<0.05]. Tests of simple effects of the Sex x Social Condition
interaction revealed that female Soc rats obtained fewer reinforcers than all other groups
[£s(44.66-67) = 3.38-4.52, p7s<0.01].

Figure 8 illustrates the Session x Dose and the Session x Sex x Dose interactions.
Subsequent tests of simple effects of the Session x Dose interaction (i.e., collapsed across
sex and social condition) revealed that rats had lower Sal intake relative to Nic intake at both
nicotine doses during later self-administration sessions: Sal vs. 0.015 mg/kg Nic on sessions
13, 15, 18-20 [#s(52.83-88) = 2.31-2.66, ps<0.05] and Sal vs. 0.03 mg/kg Nic on sessions
12, 13, 15-20 [#s(64.19-89) = 2.03-3.42, 7s<0.05]. Subsequent Dose x Session ANOVAs
conducted separately for males and females revealed a Session x Dose interaction for males
[A(38,1235) = 1.92, p<0.01] and females [ A38,1045) = 3.06, p<0.001]. Tests of simple
effects revealed that male rats displayed increased intake at 0.015 mg/kg and 0.03 mg/kg Nic
relative to 0 mg/kg on multiple sessions: 0.015 mg/kg Nic vs. 0 mg/kg on sessions 13, 15, 19
[£s(23.91-47) = 2.00-2.38, p/s<0.05] and 0.03 mg/kg Nic vs 0 mg/kg on sessions 3,19
[£s(48) = 2.21-2.52, 75<0.05]. Female rats displayed increased intake of 0.015 mg/kg
relative to 0.03 mg/kg Nic [43330) = 2.29, p<0.05] and relative to Sal [432.03) = 2.06, p
<0.05] on the first session as well as increased intake of 0.03 mg/kg Nic relative to Sal on
sessions 15, 16, 18, 20 [#s(27.05-39) = 2.11-3.30, £s<0.05]. Though there was a significant
Session x Sex interaction for 0.015 mg/kg Nic, there were no significant simple effects,
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although males showed some trends (s = 0.059-0.10) toward more nicotine intake relative
to females in later sessions.

Experiment 4: Effects of Social Context, Sex and Dose on Lever Responses

The omnibus ANOVA of active vs. inactive lever presses/session revealed main effects of
Session [A19,4560) = 8.45, p<0.0001], Dose [A2,240) = 4.71, p<0.05], Social Condition
[A(1,240) = 11.85, p<0.01], Lever [A1,240) =21.88, p<0.0001], and Sex x Social
Condition [A1,240) = 6.22, p<0.05], Social Condition x Lever [H1,240) = 6.42, p <0.05],
Session x Dose [A38,4560) = 3.02, p<0.0001], Session x Social Condition [ A19,4560) =
2.95, p<0.0001], Session x Lever [19,4560) = 10.83, p<0.0001], Session x Sex x Dose
[A(38,4560) = 2.31, p<0.0001], Session x Dose x Lever [H38,4560) = 1.95, p<0.0001],
and Session x Social Condition x Lever [H19,4560) = 2.14, p<0.01] interactions. To
examine the Session x Dose x Lever interaction smaller ANOVAs for each dose revealed
Session x Lever interactions for the 0.015 mg/kg Nic [AH19,1520) =5.57, p <0.0001] and
0.03 mg/kg Nic [A19,1558) =3.90, p <0.0001], but not for 0.00 mg/kg Sal (see Figure 9
panels a-c). Subsequent post-foc t-tests revealed that active lever presses were greater than
inactive lever presses on sessions 11-20 for the 0.015 mg/kg Nic dose group
[£s(42.10-63.56) = 2.03-3.16, p's<0.05] and on sessions 9 and 15-20 in the 0.03 mg/kg dose
group [£s(54.30-73.64) = 1.99-3.48, p/s<0.05] demonstrating that both doses served as a
reinforcer.

Experiment 4: Effects of Social Context, Sex and Dose on Responses during Extinction

The omnibus ANOVA of reinforcers/session during extinction revealed main effects of
Session [A2,240) = 12.49, p<0.001], Sex [H1,120) = 4.34, p<0.05], Dose [H2,120) =
6.63, p<0.01], and Social Condition [A1,120) = 4.32, p<0.05] as well as a Session x Dose
[A4,240) = 3.09, p <0.05] interaction. The main effect of Sex revealed that males exhibited
higher response rates compared to females during extinction sessions. The mean saline
reinforcers obtained (+SEM) across Extinction sessions was 21.77 £+ 1.74 for males and
16.65 + 1.94 for females. The main effect of Dose revealed that the 2 nicotine dosage groups
exhibited higher response rates relative to Saline controls during extinction sessions. The
mean total saline reinforcers obtained (SEM) across Extinction sessions was 13.96 + 1.74
for Sal, 23.29 + 2.90 for 0.015 mg/kg Nic, and 21.98 + 1.92 for 0.03 mg/kg Nic. The main
effect of Social Condition revealed that Iso groups exhibited higher response rates compared
to Soc groups during Extinction sessions. The mean saline reinforcers obtained (+SEM)
across Extinction sessions was 21.73 + 2.12 for Iso and 17.29 + 1.56 for Soc. The Session x
Dose interaction is illustrated in Figure 10. Tests of simple effects revealed that the 2
nicotine dosage groups exhibited higher response rates relative to saline controls on the first
2 days of extinction. No significant differences were found among groups on session 3,
suggesting that Nic rats had extinguished their nicotine-seeking behavior by the third
session.

Experiment 2 and 4: Effects of Estrous Cycle Phase on Self-administration

There were no significant effects of estrous cycle phase on reinforcers obtained during
sessions 1 or 9 in Experiment 2 (data not shown), however, this experiment was not designed
to address cycle phase influence. Indeed with the small number of naturally cycling rats used
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in this experiment and their uneven distribution across cycle phases, there was insufficient
power to detect an effect (n's=2-12). In Experiment 4, the ANOVA of estrous cycle phase
effects on reinforcers obtained revealed a significant Dose x Estrous Cycle Phase interaction
on session 1 [AH4,45) =2.85, p<0.05] and a strong trend towards a Dose x Estrous Cycle
Phase interaction on session 20 [p=0.051]. Despite the interaction observed for session 1,
post-hoc simple effects t-tests failed to reveal any significant differences among the rats
tested at different estrous cycle phases at any of the doses (data not shown). There were no
effects of Estrous Cycle Phase for Extinction session 1. Overall the results failed to support
an estrous cycle effect on nicotine or saline intake. To simplify presentation of the data,
mean reinforcers/session (xSEM) are displayed in Table 2 for rats tested at different phases
of the estrous cycle collapsed across dose.

Discussion

To model the age when humans usually initiate smoking (West et al., 1999, Baker et al.,
2004, Geckova et al., 2005, Sussman, 2005), training began at the rats' transition from
adolescence to adulthood. We predicted that nicotine self-administration would be enhanced
in a social context regardless of sex and nicotine doses. Contrary to our predictions, females
did not exhibit social facilitation of self-administration. As predicted, males reliably
exhibited social facilitation at the low dose of nicotine (0.015 mg/kg) during the first
session, however, they also exhibited social facilitation of saline self-administration and
failed to exhibit the effect at a higher dose (0.03 mg/kg). We also found that isolated rats
overall had higher nicotine intake than rats trained in a social context, and this effect
appeared more robust in females than males.

We suggest that the social facilitation of nicotine self-administration in male rats resulted
from the rewarding effects of social context (Kummer et al., 2011, Peartree et al., 2012a)
interacting with the reinforcing effects of saline and low dose nicotine during the initial
session. This explanation is consistent with our previous findings of enhanced nicotine-CPP
when adolescent male rats experience nicotine in a social context versus in isolation (Thiel
et al., 2009). In addition to a synergistic interaction between nicotine and social rewards,
social context may blunt nicotine-induced stress. Consistent with this idea, nicotine-induced
increases in corticosterone in adolescent male and female rats is attenuated in a social
context versus isolation (Pentkowski et al., 2011).

The predicted social facilitation of operant responding during the first self-administration
session appeared to be specific to males as females did not show this effect in either
experiment 2 or 4. Females are more sensitive than males to some nicotine effects (Isiegas et
al., 2009, Lynch, 2009, Pogun and Yararbas, 2009, Torres et al., 2009, Yararbas et al., 2010),
and so it is possible that social facilitation may have been observed in females at a nicotine
dose lower than the 0.015 mg/kg, 1V dose used. We did not examine a lower dose because
several male and female rats failed to acquire self-administration at the low dose and
therefore an even higher attrition rate at a lower dose would make it difficult to detect an
effect. The findings in males suggest that they are more prone to interact with environmental
stimuli (i.e., the lever) when in a social context than when isolated, perhaps related to
territorial behavior (Beatty, 1979). Alternatively, but not mutually exclusive, enhancement of
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the mildly reinforcing stimulus effects of saline and low dose nicotine self-administration by
the social context is likely more robust in males than in females.

It was surprising that the social facilitation effect occurred in male rats self-administering
saline in Experiment 4. This finding contrasts with those across Experiments 1 and 3 where
social facilitation was only observed for nicotine and not saline self-administration, as well
as with previous studies reporting social facilitation of nicotine and cocaine intake compared
to saline intake (Chen et al., 2011, Smith, 2012) and d-amphetamine intake compared to
sucrose intake (Gipson et al., 2011). In the latter studies, one rat of the dyad was experienced
with operant responding, and therefore as suggested by these authors, the social facilitation
was likely due to social learning. By contrast, both rats of the dyads in the present study
were experimentally naive. Thus, our findings suggest that mechanisms other than social
learning may initially contribute to social context effects.

The lack of drug experience of the partner rats may have also contributed to our discrepant
finding that overall isolated rats obtained more reinforcers than social rats regardless of
nicotine dose. This effect primarily emerged during later sessions and appeared more robust
in isolated females. The effect also contrasts with our hypothesis and with previous research
demonstrating that the presence of another rat enhances responding for IV cocaine, d-
amphetamine, and nicotine (Chen et al., 2011, Gipson et al., 2011, Smith, 2012). The reason
we chose to use drug-naive rats was to allow us to examine interactions between nicotine
and social context reward apart from social learning influences. Social learning, however,
contributes to tobacco use in teens as family members and friends who use tobacco increase
risk of use (Jackson et al., 1997, Brandon et al., 2004). In general previous studies with
alcohol or psychostimulants employing a demonstrator rat (i.e, a rat with prior drug and/or
operant conditioning experience) have found social facilitation effects (Anacker et al.,
2011a, Anacker et al., 2011b, Chen et al., 2011, Gipson et al., 2011, Smith, 2012). Also,
pairing drug-experienced rats together sometimes alters the drinking patterns of the rats such
that intake is similar in the dyads even if there were differences in intake prior to pairing
(Anacker et al., 2011b). Thus, the degree of drug experience is an important variable to
consider in assessing social context effects on drug self-administration.

The decreased reinforcement rate in social rats in the present study may be a result of
protective effects of social interaction against nicotine reinforcement. Alternatively,
engaging in social interaction could detract from the amount of #ime available to self-
administer nicotine. However, the latter explanation seems unlikely given that initially social
context enhances both reinforcement rate and contact with the mesh wall, demonstrating
increases in seeking/consumption of both rewards simultaneously rather than an increase in
one at the expense of the other. It seems more likely that the motivation for, or rewarding
effects of, nicotine are diminished across time when rats are in a social context. Indeed,
previous studies have shown that drug and social rewards compete (Hecht et al., 1999,
Carroll et al., 2004, Seip and Morrell, 2007, Fritz et al., 2011b). For instance, opportunity
for social interaction competes with, and decreases, expression of cocaine CPP in adult male
rats (Fritz et al., 2011). More research is needed to better characterize the conditions under
which social context enhances versus attenuates drug self-administration.
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It is unlikely that general activity or location in the chamber accounts for the differences in
self-administration between social and isolated rats. In Experiment 1, neither time-sampled
observations of entries into the quadrant of the chamber containing the lever nor rears above
the lever differed between Iso and Soc males, suggesting that the increase in lever presses in
Soc males was not due to inadvertent presses made during exploration. There were also no
differences between Soc and Iso males in entries into any other chamber quadrant,
suggesting that their overall activity was similar. These rats did show an increase in contacts
with the adjoining wall of the chamber, which was expected due to the opportunity to
interact with a social partner. Similarly, Soc females in Experiment 2 were in the quadrants
with the adjoining wall more often than Iso females. The finding that the Soc males in
Experiment 1 had higher nicotine intake than the Iso males even though they also made
more contacts with the adjoining wall indicates that increased nicotine self-administration is
possible even when rats show increased social seeking and interaction. Furthermore, several
previous experiments with nicotine and other stimulants have also found increases in drug
self-administration in both male and female rats in a social context compared to isolated
(Chenetal., 2011, Gipson et al., 2011, Smith, 2012, Smith et al., 2014, Wang et al., 2016),
again suggesting that social interaction does not compete against operant behavior
effectively enough to interfere with enhanced nicotine self-administration.

Nicotine served as a reinforcer in Experiment 4 with dose effects dependent on sex.
Preferential responding on the reinforced (active) versus non-reinforced (inactive) lever was
evident for both nicotine dosage groups, but not for saline controls. These effects were
robust during later sessions due to the increased demand of the schedule of reinforcement
used after session 4 (FR1 — FR2 — FR3). Response rates in the nicotine groups were also
higher than the saline group during the first 2 extinction sessions, further supporting that
nicotine served as a reinforcer. The nicotine extinction curve is similar to previous studies
examining response rates when saline was substituted for nicotine (LeSage et al., 2004, Liu
et al., 2006, O'Dell et al., 2007). Although it is less clear that nicotine served as a reinforcer
in Experiments 1 and 2, several aspects of the data support this interpretation. Response
rates without reinforcement should either not change or decline across time due as the rat
habituates to the chamber, yet we observed drug-dependent differences across time. For
instance, even though Experiments 1 and 3 used the same training procedures the nicotine
reinforcement rate was surprisingly lower in Experiment 1 compared to the saline
reinforcement rate in Experiment 3. We have shown previously that it takes about one week
or longer to observe an increase in active lever response rates when using training
procedures that omit response-contingent cue lights or lever baiting (Peartree et al., 2012b).
The present findings suggest that this time lag in the acquisition curve is due to nicotine
reinforcement initially suppressing operant responding during training rather than to
difficulty in learning to acquire the reinforcement contingency. Further research directly
comparing nicotine and saline self-administration rates in the same experiment is needed to
confirm this idea.

We did not observe estrous cycle effects in this study, however, this study was not designed
with the goal of examining this issue and therefore the unequal n across cycle phases
impaired the power to detect cycle phase effects. Estrous cycle effects on nicotine self-
administration are not well understood given that some studies have failed to find an effect
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in adolescent (Levin et al., 2011) or adult female rats (Donny et al., 2000), whereas Lynch
and colleagues (2009) found enhanced nicotine intake on a progressive ratio schedule of
reinforcement during estrus in female adolescent rats. The discrepancies may involve age
and/or the schedule of reinforcement used. Research with other models has failed to find
estrous cycle phase effects, including studies using nicotine-induced place preference
(Torres et al., 2009), cue- or stress-primed reinstatement of nicotine-seeking behavior
(Feltenstein et al., 2012) or nicotine-induced hyperlocomotion (Kuo et al., 1999). Taken
together, it seems estrous cycle phase does not exert a strong effect on nicotine self-
administration.

In summary, the present findings suggest that social factors exert reliable influences on
nicotine self-administration that vary depending on sex in rats transitioning from
adolescence to adulthood. Specifically, social context initially facilitates intake in male rats
at a low nicotine dose, yet in later sessions attenuates nicotine intake particularly in female
rats. Since initiation of nicotine use in humans typically occurs in a social setting (West et
al., 1999, Baker et al., 2004, Geckova et al., 2005, Sussman, 2005), the use of social context
during acquisition of nicotine self-administration is important and under-utilized in
preclinical animal studies. Given that different neural circuits are activated in social versus
isolated rodents (Insel, 1992, Young et al., 2001, Fritz et al., 2011a, El Rawas et al., 2012,
Bastle et al., 2016), which may influence neural activity when exposed to drugs of abuse
(Pentkowski et al., 2011, Bastle et al., 2016), future research aimed at understanding the
neural mechanisms that underlie social influences on nicotine self-administration may have
important implications for developing treatments for nicotine dependence.
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Figurel.
Avrial configuration (a) and a side profile picture (b) of the self-administration apparatus with

conjoined chambers that were separated by a partition. Rats were connected to infusion lines
surrounded by a flexible metal sheath and then placed into the neighboring chambers either
with a solid black Plexiglas partition in place isolating the rats during the session (Iso; not
shown) or with a black Plexiglas partition containing a wire mesh section that allowed for
visual and some tactile social cues, and stronger olfactory and auditory social cues during
sessions (Soc; shown in b). Each chamber contained a retractable lever (active lever; i.e.,
reinforced lever) located 2.5 cm from the dividing partition wall and 7.5 cm above the floor.
Experiment 4 included the addition of a non-retractable inactive lever (i.e., non-reinforced
control lever; not pictured) on the wall opposite the active lever located 2.5 cm from the
dividing partition wall and 7.5 cm above the floor. A camera sensitive to low levels of light
(Panasonic WV-CP284, color CCTV, Suzhou, China) was used to record self-administration
sessions and was mounted 60 cm above the center of the apparatus. A WinTV 350 personal
video recorder (Hauppage, NJ, USA) captured live video and encoded it into MPEG streams
for later analysis. Later videos were analyzed for entries into the 4 quadrants (Q1-Q4)
demarcated by lines drawn on the display.
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Figure 2.

Timeline of experimental procedures across PNDs in Experiments 1-3 (a) and mean
reinforcers obtained (xSEM) across acquisition sessions in (b) Experiment 1 with male rats
given access to 0.015 mg/kg, 1V nicotine, (c) Experiment 2 with female rats given access to
0.015 mg/kg, IV nicotine, and (d) Experiment 3 with male rats given access to saline (i.e.,
0.00 mg/kg, 1V). Sessions were conducted on a FR1 schedule of reinforcement while rats
were isolated (Iso: open squares) or while allowed limited social contact through a mesh
barrier (Soc: closed circles). See Table 1 for n/condition. Asterisk (*) represents a difference
from Iso, test of simple effects, 0 <0.05.
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Q2 Q3 Q4
Quadrant

Mean (£SEM) time-sampled observations of (a) contacts with the adjoining wall, (b) rears
above the active lever, (c) forepaw entries into each quadrant (Q1-Q4) of the chamber (Q1
and Q2 boarder the adjoining wall), and (d) rears observed in each quadrant in male rats
during the first nicotine self-administration session in Experiment 1. Rats were either
isolated (white bars) or given limited social contact through a mesh barrier (Social, black
bars) during the session. See Table 1 for n/condition. Asterisk (*) represents an increase
compared to the Isolated group, independent samples #test, p<0.001. Plus sign (+)
represents lower incidences in Q3/Q4 compared to Q1/Q2, Wilcoxon signed ranks tests, p

<0.05.
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Figure 4.

Mean (xSEM) time-sampled observations of location in quadrants Q1 and Q2 the contained
the adjoining wall during training sessions 1 and 9 in female rats in Experiment 2. Rats were
either isolated (white bars) or given limited social contact through a mesh barrier (Social,

black bars) during the sessions. See Table 1 for n/condition. Asterisk (*) in legend denotes a

main effect of Soc condition, p<0.05.
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Figureb.

Mean reinforcers obtained (xSEM) during the first session of Experiment 4 conducted with
male and female rats given saline (0.00 mg/kg, Sal), 0.015 mg/kg, IV nicotine (Nic), or 0.03
mg/kg, IV Nic on a FR1 schedule of reinforcement while allowed limited social contact
through a mesh barrier (Soc: solid bars) or while isolated (Iso: open bars). Inset illustrates
the social condition by dose interaction. N/condition ranged from 10-14. Asterisk (*)
represents a difference from Iso, test of simple effects, p <0.05.
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Figure 6.

Timeline of experimental procedures across PNDs in Experiment 4 (a) and mean reinforcers
obtained (£SEM) in Experiment 4 in male (b column) and female (c column) rats that had
access to saline (0.00 mg/kg, 1V, Sal) or a given dose of nicotine (0.015 or 0.03 mg/kg, 1V,
Nic) across acquisition on a FR1 schedule of reinforcement during sessions 1-3 and a
progressive ratio schedule of reinforcement sessions 4-20 while allowed limited social
contact through a mesh barrier (Soc: closed circles) or while isolated (Iso: open squares).
The progressive schedule increased from an FR1 to FR2 to FR 3 depending on individual
performance with the criterion for advancement of 5 reinforcers obtained within 60 min. See
Table 1 for n/condition. A 4-way Session x Sex x Dose x Social Condition interaction was
detected, ANOVA p <0.05. Further analyses of the interaction are shown in Figures 7 and 8.
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Mean reinforcers obtained (+SEM) in isolated (Iso: open squares/bars) and Social (Soc:
closed circles/bars) groups from Experiment 4 across acquisition sessions collapsed across
Sex and Dose and the total reinforcers obtained (£tSEM) collapsed across Session and Dose
(inset). An FR1 schedule of reinforcement was in effect during sessions 1-3 and a
progressive ratio schedule was in effect during sessions 4-20 that increased from an FR1 to
FR2 to FR 3 depending on individual performance with the criterion for advancement of 5
reinforcers obtained within 60 min. Asterisk (*) represents a difference from Soc, test of
simple effects, ps<0.05. Plus sign (+) represent a difference from all other groups, test of
simple effects, p <0.05.
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Figure 8.
Dose-dependent differences in the mean reinforcers obtained (+SEM) across acquisition

sessions in Experiment 4 collapsed across Sex and Social Condition (a; all rats), and
collapsed across Social Condition for males (b) and females (c). Rats either had access to
saline (0.00 mg/kg, Sal, open squares) or nicotine (0.015 mg/kg, Nic, triangles; 0.03 mg/kg,
Nic, closed circles). An FR1 schedule of reinforcement was in effect during sessions 1-3 and
a progressive ratio schedule was in effect during sessions 4-20 that increased from an FR1 to
FR2 to FR 3 depending on individual performance with the criterion for advancement of 5
reinforcers obtained within 60 min. Asterisks (*) represent a difference between 0.015 and
0.00 mg/kg doses, test of simple effects, ps<0.05. Plus signs (+) represent a difference
between 0.03 and 0.00 mg/kg doses, test of simple effects, ps<0.05. Pound sign (#)
represents a difference between 0.015 and 0.03 mg/kg doses, test of simple effects, p <0.05.
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Figure9.
Mean lever presses (+SEM) on the active (closed circle) and inactive (open square) levers

across sessions in Experiment 4 collapsed across Sex and Social Condition in rats with
access to (a) saline (0.00 mg/kg, Sal) or nicotine at doses of 0.015 (b) or 0.03 (c) mg/kg, IV.
An FR1 schedule of reinforcement was in effect during sessions 1-3 and a progressive ratio
schedule was in effect during sessions 4-20 that increased from an FR1 to FR2to FR 3
depending on individual performance with the criterion for advancement of 5 reinforcers
obtained within 60 min. See Table 1 for n/condition. Asterisks (*) represent a difference
between active and inactive lever, test of simple effects, ps<0.05.
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Figure 10.

Mean saline reinforcers obtained (+SEM) in Experiment 4 across Extinction sessions
collapsed across Sex and Social Condition for rats that had previously self-administered
saline (0.00 mg/kg, Sal: squares) or nicotine at doses of 0.015 (triangles) or 0.03 (circles)
mg/kg, IV. See Table 1 for n/condition. Asterisks (*) represent a decrease relative to both of
the other groups, test of simple effects, £s<0.05.
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Reinforcers obtained (£SEM) during self-administration sessions 1 and 20 and the first extinction session (Ext

1) by female rats (7 in parentheses) at different phases of the estrous cycle in Experiment 4.

Cycle phase Self-administration session

1 20 EXT1
Estrus 75+13(22) | 7.1£13(33) | 6.4+1.6(23)
Diestrus/metestrus | 7.4+1.3(33) | 7.1+1.4(24) | 6.9+1.0(26)
Proestrus 48+17(6) | 6.0+40(4) | 56+16(12)

*
There were no significant effects of estrous cycle phase on reinforcers obtained.
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