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Abstract

Investigator-administered nicotine alters neurotensin and substance P levels in Sprague-Dawley
rats. This finding suggests a role of the dopamine-related endogenous neuropeptides in nicotine
addiction. We sought to extend this observation by determining the responses of neurotensin and
substance P systems (assessed using radioimmunoassay) in male and female rats following
nicotine self-administration (SA). Male and female Sprague-Dawley were trained to self-
administer nicotine, or receive saline infusions yoked to a nicotine-administering rat during daily
sessions (1-h; 21 days). Brains were extracted 3 h after the last SA session. Nicotine SA increased
tissue levels of neurotensin in the males in the anterior and posterior caudate, globus pallidus,
frontal cortex, nucleus accumbens core and shell, and ventral tegmental area. Nicotine SA also
increased tissue levels of neurotensin in the females in the anterior caudate, globus pallidus,
nucleus accumbens core and shell, but not in the posterior caudate, frontal cortex, or ventral
tegmental area. There were fewer sex differences observed in the substance P systems. Nicotine
SA increased tissue levels of substance P in both the males and females in the posterior caudate,
globus pallidus, frontal cortex, nucleus accumbens shell, and ventral tegmental area. A sex
difference was observed in the nucleus accumbens core, where nicotine SA increased tissue levels
of substance P in the males, yet decreased levels in the females. The regulation of neuropeptides
following nicotine SA may play a role in the susceptibility to nicotine dependence in females and
males.
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In Sprague-Dawley rats, nicotine self-administration alters neurotensin-like immunoreactivity and
substance P-like immunoreactivity differentially in male and female rats. The regulation of
neuropeptides following nicotine SA may play a role in the susceptibility to nicotine dependence
in females and males.
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Introduction

In the past half century, an estimated 20,830,000 Americans have died prematurely from the
consequences of smoking (USDHHS, 2014). Despite almost ubiquitous public knowledge
that smoking is harmful, nearly 1 in 5 Americans currently smoke cigarettes (USDHHS,
2014). Individuals that do smoke overwhelmingly report a desire to stop completely (68.8%;
CDC, 2011) and more than half attempt to quit in a given year (52.4%; CDC, 2011).
Unfortunately, very few quit attempts are successful; only 6.2% of smokers effectively quit
smoking annually (CDC; 2011). Nicotine is generally considered the primary addictive
constituent in tobacco (Benowitz, 2010). Examination of possible neurobiological alterations
in the mammalian brain following long-term nicotine SA will inform smoking cessation
strategies and hopefully increase the percentage of quit attempts that are successful.

Studies investigating potential sex differences in nicotine dependence have determined that,
on average, men are more likely to be smokers than women (20.5% vs 15.3%: CDC, 2014)
and appear to smoke more cigarettes per day than women (Peters ef a/, 2014). While slightly
less likely to be smokers, women actually progress to smoking dependence more rapidly,
attempt to quit less frequently, relapse at higher rates than men, and show lower rates of
efficacy to nicotine replacement therapy (Cepeda-Benito et a/, 2004; Ockene, 1993; Perkins,
2001; Perkins and Scott, 2008; Piper et a/, 2010; Tunstall et a/, 1985; Wetter et a/, 1999).
Preclinical research suggests that females are more influenced by conditioned reinforcement
of cues associated with nicotine and demonstrate greater withdrawal symptoms from
nicotine than males (see reviews; O'Dell and Torres, 2014; Perkins, 2009; Perkins et a/,
1999; Torres and O'Dell, 2015). Further elucidation of the neurobiological factors that
contribute to these sex differences is needed to help identify the basis of gender distinctions
and inform the development of gender-sensitive strategies for tobacco cessation.
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Numerous studies have examined the effects of nicotine on dopaminergic systems in limbic-
related (LR) neural structures, establishing the importance of dopamine in the motivational
factors contributing to nicotine addiction (Benwell and Balfour, 1992; Benwell et a/, 1994;
Calabresi et al, 1989; Corrigall et al, 1994; Corrigall et a/, 1992; Damsma et af, 1989;
Grenhoff et a/, 1986; Imperato et a/, 1986; Marshall et a/, 1997; Mifsud et a/, 1989; Nisell et
al, 1997). Studies have also demonstrated that nicotine differentially alters dopaminergic
systems in females and males (Dluzen and Anderson, 1997; Harrod et a/, 2004; Pogun,
2001). Dluzen and Anderson (1997) showed that peak nicotine-evoked (10 UM in vitro
infusion of nicotine) dopamine release tended to be lower in ovariectomized females
compared to castrated males and estrogen treatment resulted in differential effects. Estrogen
increased nicotine-evoked dopamine release in the females and decreased release in the
males. Extracellular dopamine concentrations in the nucleus accumbens have also been
reported higher in female rats compared to male rats following systemic nicotine injections
(Pogun, 2001). Harrod and colleagues (2004) showed that females exhibited an increase in
the number of dopamine transporters in the NAcc following 21 days of nicotine infusions
(50 pg/kg/ml). While the impact of nicotine on sex differences in dopaminergic
neurotransmission has been established, less is known about the effects of nicotine on
neuropeptides that modulate these dopaminergic systems.

Neurotensin, an endogenous tridecapeptide, and substance P, an undecapeptide, inhibit and
stimulate, respectively, dopaminergic neuronal function in LR brain regions, and participate
in the modulation of dopaminergic pathways vital to nicotine addiction [for a review of the
complex dopamine-neurotensin/substance P interactions see Binder o 5 (2001); Commons,
(2010); Tyler-McMahon et a/, (2000)]. Consistent with this suggestion, investigator-
administered nicotine significantly altered both neurotensin and substance P systems
associated with dorsal and ventral striatal structures. Five doses (2-hour intervals) of 0.8
mg/kg nicotine rapidly reduced both neurotensin-like immunoreactivity (NTLI) and
substance P-like immunoreactivity (SPLI) levels in regions related to limbic- and basal
ganglia-related structures. The neurotensin-related changes were antagonized by D2, but not
D1, antagonists (Alburges et a/, 2007); in contrast, the nicotine-induced changes in SPLI
levels were blocked by both D1 and D2 antagonists (Alburges et a/, 2009). Consequently, in
the present study, neurotensin and substance P systems were investigated for sexually diergic
responses to nicotine in LR brain regions. This was done in a more chronic fashion by
examining tissue levels of NTLI and SPLI following 21 days of nicotine SA and determining
sex patterns in these responses.

Materials and Methods

Subjects

Fifty-one Sprague-Dawley rats (32 females; 19 males) were purchased from Harlan
Laboratories (Indianapolis, IN, USA) at approximately 9 weeks of age. Rats were housed
individually in clear polycarbonate cages (35.5 x 32 x 18 cm; length x width x depth) with
TEK-Fresh® cellulose bedding. Rats were allowed to acclimate to the colony room for 3
days. At that time, 90% free feeding weights were calculated and maintained for the
duration of the experiment. Rats received ad /ibitum access to water in the home cages. A
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6:00 AM light/6:00 PM dark cycle was maintained in the colony room. All experimental
procedures were conducted during light phase of the cycle. Protocols were approved by the
University of Nebraska-Lincoln Institutional Animal Care and Use Committee.

Conditioning sessions were conducted in 10 chambers (ENV-008CT; Med Associates,
Georgia, VT, USA). Each chamber measured 30.5%24.1x21 cm and was enclosed in a
sound-attenuating cubicle. A variable-speed syringe pump (PMH-100VS; Med-Associates)
was located outside each cubicle. Tygon® tubing was threaded from the pump syringe,
through a leash, into the chamber to be attached to the catheter port that exited below the
scapula of the rat. A recessed receptacle (5.2x5.2x3.8 cm) was centered on 1 sidewall of
each chamber. A dipper arm, when raised, provided access to 0.1 ml of 26% (w/v) sucrose in
this recessed receptacle. A retractable lever was located on each side of the receptacle. A
white cue-light (2.54 cm diameter; 28V, 100-mA) was mounted 7 cm above each lever. A
house-light (two white 28V, 100-mA lamps) was located in the cubicle, 10 cm above the
Perspex chamber ceiling. An infrared emitter/detector unit was located 4 cm above the rod
floor and 14.5 cm from the side wall containing the receptacle. Chamber activity was
defined as the number of times this beam was broken.

(-)-Nicotine hydrogen tartrate was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Nicotine was dissolved in 0.9% sterile saline and adjusted to a pH of 7.0 + 0.2 using a dilute
NaOH solution. Nicotine was infused intravenously at 35.74 ul over 1 sec at 0.0071 mg/
infusion or approximately 0.03 mg/kg/infusion given an average weight of 236 g. Nicotine
dose (calculated from the base form) was based on previous research (Levin et a/, 2011a;
Palmatier et af, 2007).

Preliminary Lever Training

Following colony acclimation and food restriction, rats were trained to lever press with
sucrose (26% wi/v). Sessions were initiated by illumination of the house-light and random
selection of 1 of the 2 levers for insertion into the chamber. Following a lever press, or a
lapse of 15 sec, sucrose was available for 4 sec and the lever was retracted. A timeout also
commenced with an average duration of 60 sec and a range of 30-89 sec. Following the
timeout, this protocol was repeated with the stipulation that the same lever was not presented
more than twice in a row. A session terminated when the rat received 60 sucrose deliveries;
65 to 80 min depending on individual performance. Rats were trained until a lever press was
made on at least 80% of lever insertions. All rats met criterion between sessions 3 to 5.

Catheter Surgery and Recovery

Rats were then implanted with indwelling jugular catheters using our standard protocol
(Charntikov et af, 2013). Rats were anesthetized using a 2:1 ketamine HCI (100 mg/kg) plus
xylazine HCI (20 mg/kg) cocktail (intramuscular; IM). Once anesthetized, rats were prepped
for surgery and the indwelling catheter was surgically implanted. Buprenorphine (0.1 mg/kg,
SC) and atipamezole (0.5 mg/kg, IM) were administered immediately following surgery to
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control for pain and to terminate anesthesia, respectively. Buprenorphine was again
administered 24 h post-surgery. Rats recovered for 7 days, during which, they stayed in their
home cages except for daily flushing of catheters with a cocktail of 0.2 ml cefazolin (50
Units/ml) and heparin (30 Units/ml). Catheters were check for patency on the last day of
recovery by 1V infusion of 0.05 ml xylazine (20 Units/ml). Rats that displayed motor ataxia
within 20 sec were considered patent (Charntikov et a/, 2013; Reichel ef a/, 2008). Patency
was again checked following session 20 of the self-administration phase (21 total sessions,
see below). Rats that were not patent were excluded from the study. Forty-one rats (22
female; 19 male) recovered from surgery and remained patent for the duration of the
experiment.

Post-surgery Training

Following recovery, rats were trained to respond on a variable ratio 3 (VR3) schedule with a
sucrose reinforcer. Training consisted of three daily 1 h sessions conducted on consecutive
days. Levers were again inserted individually with the condition that the same lever was not
inserted more than 2 times consecutively. In contrast to pre-surgery training, lever pressing
was required to receive sucrose access. On average, every 3 lever press (range 1-5) was
followed by 4-sec access to sucrose. These procedures produced robust responding with both
levers having a similar reinforcement history. By session 3, all rats earned greater than 80%
of 60 possible sucrose deliveries.

Self-administration

Following post-surgery training, female and male rats were assigned to 1 of 2 conditions;
nicotine self-administration or saline-yoked. This produced 4 separate groups: nicotine-
female (n=12), saline-female (n=10), nicotine-male (n=10), and saline-male (n=9).
Assignment of active and inactive lever was counterbalanced as much as allowed by the
sample size for each group. Before a rat was attached to the leash/tubing and the start of
each session, the catheter was flushed with 0.2-ml heparin (30 Units/ml) in sterile saline.
After each session, the catheter was flushed with a 0.2 ml of the cefazolin/heparin cocktail.
Sessions began with insertion of both levers and priming of the catheter with nicotine or
saline [ca. 31 pl (90% of internal catheter volume)] depending on group assignment. Rats in
the nicotine self-administration groups received nicotine by pressing the active lever on a
VR3 schedule. Responses on the inactive lever were recorded but held no programmed
consequence. Following a nicotine infusion, a 20-sec timeout commenced. Timeouts were
signaled by illumination of the house-light and extraction of the levers. Following the
timeout, both levers were extended and the light was turned off. Rats in the saline-yoked
groups were presented with two inactive levers; saline infusions and consequent signaled
timeouts were matched to the response pattern of a nicotine self-administering partner. That
is, responding on the two levers was recorded, but the saline rats did not control the
infusions. Self-administration sessions (1 h) were conducted daily for 21 consecutive days.
Brains were extracted 3 h after the last self-administration session, rapidly frozen with dry
ice, and stored at —80°C for neurotensin/substance P processing.
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Brain Dissection

After treatments, brains were removed rapidly, frozen immediately on dry ice and stored at
—80° C until dissected and analyzed. For regional studies, brain areas were dissected from
consecutive 1-mm thick coronal slices as previously described (Alburges et al. 2007;
Alburges et al. 2009; Alburges et al., 2011). Based on the atlas of Paxinos and Watson
(1986), regions were removed and subsequently stored at —80° C until assayed for NTLI and
SPLI levels.

Radioimmunoassay

Antiserum was raised against the neurotensin carboxy-terminus in New Zealand White
rabbits and expresses no cross-reactivity with 1000-fold excess concentrations of other
endogenous neuropeptides, including dynorphin, metenkephalin, cholecystokinin, substance
P or substance K. The substance P antiserum was also raised in New Zealand White rabbits
as previously described (Letter et a/, 1987). This antiserum recognizes the substance P
carboxy terminus and expresses no cross-reactivity with 1,000-fold excess concentrations
with dynorhpin A, metenkephalin, neurotensin, or substance K.

Neuropeptide (NTLI or SPLI) concentrations within brain regions were determined by solid-
phase radioimmunoassay (RIA) as previously described (Alburges et a/, 2009; Alburges et
al, 2011). Briefly, dissected tissue was homogenized in 300 uL 10 mM HCI, boiled for 10
min, then centrifuged at 17000 g for 30 min. A small amount of supernatant was collected
for protein analysis using the Bradford assay. The remaining sample was lyophilized and
stored at —80° C until further use. For the RIA, lyophilized samples were reconstituted in
assay buffer consisting of 300 uL phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM
KCI, 10.1 mM Na2HPO4, and 1.8 mM KH2PO4 in dH20; pH 7.4), 0.1% (w/v) gelatin and
0.1% (wi/v) Triton X-100. Nunc-Immunoplates (ISI Bio-Express; Kaysville, UT) were
prepared for the assay by incubating 50 L protein G solution (50 ng/100 mL in 0.1 mol/L
NaHCO3; Invitrogen; Carlsbad, CA) per well overnight at 4 °C followed by three washes
with wash buffer (150 mM K2HPO4, 20 mM Na2HPO4, 0.2 mM ascorbic acid, 0.2% (v/v)
Tween-20 and 0.1% (w/v) sodium azide in dH20; pH 7.4). Neurotensin (25 uL; 1:20000
dilution) and substance P (25 pL) antisera were diluted in assay buffer [wash buffer
containing 0.1% (w/v) gelatin], incubated in plate wells for 2 h at 25° C to attach antibody to
protein G surface, and then washed three times with wash buffer. Twenty-five pL of samples
or standards were added to wells and incubated for 3 h at 25 °C. Radiolabeled neurotensin or
substance P ([1251]neurotensin or [1251]substance P; 6500 dpm per 25 pL diluted in assay
buffer) was then added to each well and incubated for 2 h at 25 °C. Following incubation,
wells were washed with wash buffer and protein G was removed from wells, placed in
polypropylene tubes and radioactivity was counted in a five-channel Packard Cobra 11 Auto-
Gamma counter (Packard Instrument Co.; Meriden, CT). NTLI and SPLI concentrations
were determined by comparing bound to free [1251]neurotensin or [125I]substance P in each
sample to standard curves ranging from 1 to 125 pg protein per assay tube.

Dependent Measures

Lever-pressing was the primary dependent measure during the self-administration phase of
the experiment. To show inactive lever responding relative to active lever responding, a

Synapse. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pittenger et al.

Page 7

discrimination index was calculated using the following formula: Discrimination Index =
[Active Lever Presses/(Active Lever Presses + Inactive Lever Presses)]. A Discrimination
Index value of 0.5 indicates equal responding on the active and inactive lever (i.e., no
discrimination between levers); a value >0.5 indicates more pressing on the active lever.
Total nicotine intake controlling for body weight was calculated by the equation: nicotine
intake = (group average weight (g) used to calculate dose/rat’s weight (g) on each self-
administration day * 0.03 mg * infusions earned). This calculation allowed us to keep the
dose of nicotine per infusion constant and still properly assess possible differences in total
nicotine intake. NTLI and SPLI levels were measured in all of the brain regions.

Data Analyses

Results

Analyses of active lever-pressing in the SA phase used two-factor ANOVASs with Sex
(females vs. males) as a between-subjects factor and Sessions as a within-subjects factor.
The nicotine groups were analyzed separate from the saline-yoked groups. An independent
samples t-test was used to analyze differences in total nicotine intake between females and
males. NTLI and SPLI levels for each brain region were analyzed using separate two-factor
ANOVAs with Sex (females vs. males) and Drug (nicotine vs. saline) as between-subjects
factors. For all analyses, significant main effects or interactions were followed by post-hoc
pairwise comparisons. Pairwise tests were conducted on the following comparisons:
nicotine-males vs. nicotine-females; saline-males vs. saline-females; nicotine-males vs.
saline-males; nicotine-females vs. saline-females. Bonferroni correction was used to control
family-wise error rate with significance set at p<0.05. Corrected p values are reported for all
significant post-hoc tests. Outliers were identified and excluded from analysis using Grubs’
test for outliers.

Self-administration

Rats in the nicotine groups demonstrated robust active lever-pressing (Figure 1A). Analysis
of active lever-pressing in nicotine groups revealed a significant main effect of Session
[F(20,400)=5.413; p<0.001]. Males and females responded similarly as neither the main
effect of Sex (F<1; p=0.597), nor the Sex x Session interaction (F<1; p=0.9310) was
significant. Responding in the saline-yoked groups quickly decreased following preliminary
training (Figure 1B). The saline-yoked groups, analysis revealed a main effect of Session
[F(20,340)=16.57; p<0.001]. The main effect of Sex (F<1; p=0.996) and the Sex x Session
interaction (F<1; p=0.833) were not significant. Males and females that had nicotine
reinforcing lever pressing displayed clear discrimination between the active and inactive
lever (Inset Figure 1A; discrimination ratio well above 0.5), whereas rats in the saline-yoked
groups did not discriminate between the levers (Inset Figure 1B; discrimination ratio around
0.5). This latter finding was expected as the saline-yoked rats essentially had two inactive
levers. Total nicotine intake during the SA phase did not differ between male (7.39 mg/kg

+ 0.739) and female (9.32 mg/kg + 0.842) rats [t(20)=1.69, p=0.106; Figure 2].
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Neurotensin

Tissue levels of NTLI were significantly higher in rats self-administering nicotine compared
to the saline-yoked rats throughout the examined brain areas (Figure 3). The main effect of
Drug was significant in the anterior caudate [F(1,35)=13.25, p<0.001], posterior caudate
[F(1,31)=17.22, p<0.001], globus pallidus [F(1,33)=28.06, p<0.001], frontal cortex
[F(1,35)=4.61, p<0.05], nucleus accumbens core [F(1,33)=19.17, p<0.001], nucleus
accumbens shell [F(1,34)=10.61, p<0.01], and the ventral tegmental area [F(1,32)=5.51,
p<0.05]. All brain areas had higher NTLI levels in the nicotine rats compared to the saline-
yoked rats. The main effect of Sex was significant in the globus pallidus [F(1,33)=15.32,
p<0.001] and the nucleus accumbens core [F(1,33)=12.90, p<0.01]. In these areas, higher
tissue levels of NTLI were detected in males compared to females.

The Sex x Drug interaction was significant in 3 brain regions. For the posterior caudate
[F(1,31)=17.22, p<0.001], post-hoc tests revealed that the nicotine-male rats were
significantly higher than the saline-male rats (p<0.001) and higher than the nicotine-female
rats (p<0.001). No other comparisons were significant. There was also a significant Sex x
Drug interaction in the frontal cortex [F(1,35)=6.57, p<0.05]. Post-hoc tests revealed that the
nicotine-males were higher than the saline-males; no other comparisons differed
significantly. The Sex x Drug interaction was also significant in the ventral tegmental area
[F(1,32)=5.51, p<0.05]. Post-hoc tests indicated that male-nicotine rats were significantly
higher than the male-saline rats; no other comparisons were significant.

Substance P

The main effect of Drug was significant for the analysis of SPLI tissue levels (Figure 4) in
the posterior caudate [F(1,35)=14.91, p<0.001], globus pallidus [F(1,32)=7.93, p<0.01],
frontal cortex [F(1,35)=28.66, p<0.001], nucleus accumbens shell [F(1,33)=22.95, p<0.001],
and the ventral tegmental area [F(1,31)=23.06, p<0.001]. In all of these brain regions, the
nicotine rats had higher tissue levels of SPLI compared to the saline-yoked rats. The main
effect of Sex was significant in the posterior caudate [F(1,35)=7.30, p<0.05], globus pallidus
[F(1,32)=4.87, p<0.05], and nucleus accumbens shell [F(1,33)=5.36, p<0.05]. In these areas,
males had higher tissue levels of SPLI than females. The Sex x Drug interaction was
significant only in the nucleus accumbens core [F(1,35)=13.25, p<0.001]. Post-hoc tests
revealed that nicotine-males had significantly higher levels of substance P than the nicotine-
females; no other comparisons were significant.

Discussion

Consistent with previous studies, male and female rats in the present report readily self-
administered nicotine (Chaudhri et a/, 2005; Chen et a/, 2007; Donny et al, 2000; Feltenstein
et al, 2012; Grebenstein et al, 2013; Johnson et a/, 2012; Levin et a/, 2011b; Li et al, 2014;
Lynch, 2009; Park et a/, 2007; Rezvani et al, 2008; Swalve et al, 2015; Wang et al, 2014).
Further, nicotine intake was not significantly different between male and female rats, similar
to several previous studies (Chen et a/, 2007; Feltenstein et af, 2012; Li et al, 2014; Maehler
et al, 2000; Nesil ef al, 2011; Swalve et al, 2015). This finding is not universal, however, as
studies have reported higher intake in females than males (Chaudhri ef a/, 2005; Donny et al,
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2000; Li et al, 2014; Lynch, 2009; Rezvani et a/, 2008 Wang g¢ a4 2014y and there is at least
one study reporting greater intake by males than by females (Johnson et a/, 2012). The
inconsistencies across studies likely reflects methodological differences. Inter-laboratory
variations are prevalent in the route of nicotine administration (i.e., IV vs. oral), schedule of
reinforcement (e.g., FR1 vs. FR5 vs. VR3), nature and use of signaled timeouts, dose of
nicotine (0.01-0.15 mg/kg/inf), age of the rats (e.g., adolescent vs. adult), and training
procedures (e.g., presence vs. absence of preliminary lever training; escalating vs. fixed
reinforcement schedule). Elucidation of how these factors alter sex differences in nicotine
intake is important, but largely outside of the scope of this report. From our perspective, the
finding that nicotine intake was not different between the sexes allows us to conclude that
possible sex differences in LR NTLI and SPLI levels following nicotine self-administration
does not reflect quantitative differences in nicotine exposure.

Tissue levels of NTLI were significantly augmented by nicotine SA in several LR brain
regions. Tissue levels of NTLI in all 7 brain regions investigated were increased following
nicotine SA in the male rats. This consistent increase in males induced by nicotine SA
contrasts with findings obtained from studies where the nicotine was acutely administered
by the investigator. For example, AIPUrges o 4/(2007) found that IP injections of 4.0 mg/kg
(5 injections of 0.8 mg/kg; injections separated by 2 hours) actually decreased NTLI in
tissue of the ventral tegmental area, prefrontal cortex, and anterior striatum after drug
treatment, with no effect in the nucleus accumbens core and shell areas. Alburges and
colleagues (2007) suggested that the transiently reduced NTLI levels in these regions
reflected enhanced neurotensin release, turnover, and depletion (Merchant ef a/, 1989;
Wagstaff et al, 1994; Wagstaff ef a/, 1996). Albeit speculative, the increased NTLI tissue
levels reported herein after long-term exposure to self-administered nicotine, may be a
compensatory response and reflect a reduced decrease in neurotensin release as previously
reported for the SA of methamphetamine (Frankel et al 2010), another stimulant. That is, the
chronic effects on these neurotensin systems induced by repeated, long-term nicotine intake
may evoke increased synthesis and/or decreased release via opponent-process counter-
adaptations. Contrary neurobiological effects following acute vs. chronic drug
administration are not uncommon (for a review see, Koob and Le Moal, 2001). Future
studies characterizing the precise mechanisms by which nicotine SA increases tissue levels
of neurotensin will be of interest. It is also noteworthy that the reduction in NTLI levels
caused by the acute investigator-induced nicotine treatments was mediated by D2 and not
D1 receptors. This conclusion is supported by findings that D2 agonists alone reduce NTLI
tissue levels in basal ganglia and limbic regions, whereas D1 agonists do the opposite and
elevate NTLI levels in these brain regions (Merchant et a/, 1989). Thus, the current
observations suggest that the responses of neurotensin systems to acute nicotine
noncontingent exposures are D2-mediated (i.e., NTLI levels decrease), but D1 receptors
become critical when exposure to nicotine is done contingently for extended periods (i.e.,
NTLI levels increase).

Given the importance of dopaminergic action to nicotine addiction (Benwell et a/, 1992;
Benwell et al, 1994; Calabresi et al, 1989; Corrigall et a/, 1994, Corrigall ef a/, 1992;
Damsma et al, 1989; Grenhoff et a/, 1986; Imperato et a/, 1986; Marshall et a/, 1997; Mifsud
et al, 1989; Nisell et a/, 1997), neurotensin modulation of dopamine in LR brain regions
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suggests elucidation of the effects of nicotine on this neuropeptide system is vital to
understanding nicotine-taking behavior. Previous work has found that neurotensin agonists
block nicotine-induced sensitization (Fredrickson et a/, 2003a, 2003b), attenuates nicotine,
as well as methamphetamine, SA via indirect inhibitory modulation of dopamine
neurotransmission (Boules et a/, 2011; Frankel et al 2010), and restores dopamine levels
following nicotine SA relative to saline controls (Boules et a/, 2011; Liang et af, 2008).
These findings support the possibility that nicotine SA decreases the release of neurotensin
from limbic-related brain regions, prohibiting neurotensin mitigation of dopaminergic
neurotransmission, thereby enhancing the response by dopaminergic pathways to nicotine
exposure and enhancing the tenacity of nicotine addiction.

In female rats, tissue NTLI levels were also increased in the anterior caudate, globus
pallidus, nucleus accumbens core, nucleus accumbens shell, and ventral tegmental area
following SA, but were unaffected by nicotine exposure in the posterior caudate, frontal
cortex, and ventral tegmental area. The differences between neurotensin in males (i.e., NTLI
was increased in all 7 brain regions examined) and females were significant. Main effects of
Sex were found in the globus pallidus and nucleus accumbens core; male rats had higher
tissue levels of NTLI than the females, suggesting a possible sex-related role by neurotensin
systems in these regions. The finding that neurotensin sex differences are region-dependent
parallel the results of previous studies (Bello et a/, 2004; Herbison and Theodosis, 1992;
Rugarn et a/, 1999). Relevant to our study, Rugarn et a/ (1999) similarly did not detect sex
differences in the frontal cortex. Contrary to our report, however, they did not detect any sex
differences in the striatum, whereas we do see differences in the nucleus accumbens core.
These differences may be a result of the striatum being investigated as a whole vs. separated
further into sub-regions, or may be a consequence of methodological differences such as the
age of the animal and the time spent exploring and interacting with the operant chamber. In
addition to sex differences in basal tissue levels of neurotensin, nicotine SA differentially
altered neurotensin levels in males and females. In the posterior caudate, frontal cortex, and
ventral tegmental area, nicotine intake increased tissue levels of NTLI in the males, but did
not alter levels in the females. Increases in tissue levels found exclusively in the males may
represent elevated synthesis of NTLI, however, as mentioned earlier it may reflect inhibited
neurotensin release and turnover in the males, but not in the females. The functional
outcome of these sex differences in neurotensin is of great interest. While we did not see
behavioral differences in nicotine self-administration between the sexes in this study, the
possibility remains that these differences in neurotensin may play a role in behavioral
differences in nicotine sensitization (Harrod et a/, 2004; Kanyt et a/, 1999), nicotine
withdrawal (Gentile et a/, 2011; Slotkin et al, 2014; Torres et al, 2015), and/or nicotine
reinstatement (Wang et a/, 2012). Future studies will be needed to examine and possibly
manipulate neuropeptide levels in limbic-related brain regions to determine their role in sex
differences in these behavioral paradigms.

For comparison, we also examined the effect of nicotine on substance P systems, which
increase the activity of dopamine pathways. Nicotine SA in this study elevated SPLI levels
in the posterior caudate, globus pallidus, frontal cortex, nucleus accumbens shell, and ventral
tegmental area in male and female rats. Similar to our neurotensin results, the increased
SPLI tissue levels following 21 days of nicotine SA differ from findings following a short-
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term non-contingent nicotine “binge” treatment (Alburges et a/, 2009; Alburges et al, 2007,
Naftchi et a/, 1988). Thus, after investigator-administered nicotine, tissue levels of SPLI
were lower in the ventral tegmental area, prefrontal cortex, nucleus accumbens shell, and
very posterior caudate in male rats (Alburges et a/, 2009; Alburges et af, 2007, Naftchi et a/,
1988). As with the neurotensin, these decreases in SPLI levels likely reflected increased
substance P release and turnover (Alburges et a/, 2009). Thus, as discussed with the effects
in the neurotensin systems, the difference in SPLI levels after acute non-contingent binge
treatment vs. long-term SA of nicotine may be explained by compensatory responses and a
shift in dopamine receptor mechanisms. That is, increased release and turnover following
nicotine treatment may trigger counter-adaptations in dopamine systems when nicotine is
administered chronically, inducing the decreased substance P-release pattern (i.e., increased
SPLI tissue levels) found herein.

Several limitations of this study warrant discussion. First, female rats were allowed to freely
cycle and we did not assess stages of the estrous cycle throughout the experiment. While
work has found that phase of estrous does not predict nicotine self-administration in adult
rats (Donny et al. 2000; Feltenstein et a/, 2012; Rezvani ef al, 2008), others have found that
nicotine responding is negatively associated with progesterone and positively correlated with
estradiol to progesterone ratio in adolescent rats (Lynch, 2009). We also did not determine
how variance in sex hormones may have affected neuropeptide levels at the time of sacrifice.
Previous work has shown that estrogen treatment in ovariectomized rats does alter
dopaminergic function, including increasing dopamine transporter levels and reducing D2
receptor density in the nucleus accumbens and caudate nucleus (Chavez et a/, 2010).
Estrogen also alters nicotine-evoked dopamine release (Dluzen and Anderson; 1997),
increasing dopamine levels in ovariectomized females treated with nicotine. Additionally,
neuropeptides can be regulated by estrogen exposure (Alexander ef a/, 1989a, 1991,
Alexander and Leeman, 1994; Szot and Dorsa, 1994; Waters and Dorsa, 1998; for a review
see Rostene and Alexander, 1997). Examining how fluctuations in hormones throughout the
estrous cycle may alter nicotine-evoked neuropeptide levels and these neuropeptides
subsequent interaction with dopamine will be important to understanding the possible
biological mechanisms underlying sex differences in nicotine dependence. A second
limitation of this study was that the antisera used in the RIA assays recognize the 5 amino
acid carboxyl terminal for neurotensin and substance P. Consequently as long as the same
carboxyl terminal is present, the antiserum cannot distinguish between the peptide itself, a
precursor, or a metabolite fragment. However, because the carboxyl terminal is thought to be
principally responsible for the peptides’ physiological activities, the RIA determinations are
indirect measures of peptide effects (Letter et al. 1987).

In summary, based on assessments of limbic and basal ganglia dopamine-linked
neuropeptides, we have determined that the interactions between dopamine and neurotensin/
substance P systems are differentially influenced by nicotine exposure according to the
duration and the contingent vs. noncontingent nature of the treatment. We also observed that
some of the neuropeptide responses to nicotine SA appear to be sex-dependent.
Consequently our findings suggest elucidation of the dopaminergic mechanism underlying
our neuropeptide responses to nicotine SA will help to better understand the process of
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nicotine SA and the role of gender in the development and maintenance of nicotine
dependence.
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Figurel.
Panel A shows active lever presses for the males (closed square) and females (closed circle)

responding for nicotine infusions during self-administration sessions. Rats responded on a
VR3. The inset graph shows discrimination between the active and inactive lever over self-
administration sessions. Panel B shows active lever presses for males (open square) and
females (open circle) in the yoked-saline group. Responding was recorded, but yoked rats
did not control the saline infusions. The inset graph shows discrimination between the active
and inactive lever during self-administration sessions.
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Total nicotine intake throughout self-administration is displayed for male (closed square)

and female (closed circle) rats.
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Neurotensin-like immunoreactivity found in the brain regions following self-administration
is displayed. Each panel uses the term “Sex” to signify regions with a significant main effect
of Sex, the term “Drug” to signify regions with a significant main effect of Drug, and the
term “Interaction” to denote regions with significant Sex x Drug interactions. A significant
interaction was followed by post-hoc tests. * signifies significant differences within each sex
identified in post-hoc testing following nicotine vs. saline-yoked self-administration. #
signifies significant differences within each drug condition identified in post-hoc testing
between the females and males.
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Figure 4.
Substance P-like immunoreactivity found in the brain regions following self-administration

is displayed. Each panel uses the term “Sex” to signify regions with a significant main effect
of Sex, and the term “Drug” to signify regions with a significant main effect of Drug, and
the term “Interaction” to denote regions with significant Sex x Drug interactions. A
significant interaction was followed by post-hoc tests. * signifies significant differences
within each sex identified in post-hoc testing following nicotine vs. saline-yoked self-
administration. # signifies significant differences within each drug condition identified in
post-hoc testing between the females and males.
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