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Abstract

Rationale Limited access nicotine self-administration de-
creases hippocampal neurogenesis, providing a mechanism
for the deleterious effects of nicotine on hippocampal neuro-
nal plasticity. However, recent studies have shown that limited
access nicotine self-administration does not exhibit key fea-
tures of nicotine dependence such as motivational withdrawal
and increased motivation for nicotine after deprivation.
Objectives The present study used extended access nicotine
self-administration (0.03 mg/kg/infusion, 21 h/day, 4 days)
with intermittent periods of deprivation (3 days) for 14 weeks,
to test the hypothesis that this model enhances nicotine seek-
ing and produces distinct responses in hippocampal
neurogenesis when compared with limited access (1 h/day,
4 days) intake. Animals in the extended access group were
either perfused prior to or following their final deprivation
period, whereas animals in the limited access group were
perfused after their last session.

Results Limited- and extended access nicotine self-
administration with periodic deprivation did not affect prolifera-
tion and differentiation of oligodendrocyte progenitors in the
medial prefrontal cortex (mPFC). Conversely, extended access
nicotine self-administration with periodic deprivation enhanced
proliferation and differentiation of hippocampal neural progeni-
tors. Furthermore, in the hippocampus, the number of differenti-
ating NeuroD-labeled cells strongly and positively correlated
with enhanced nicotine seeking in rats that experienced
extended access nicotine self-administration.
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Conclusions These findings demonstrate that extended versus
limited access to nicotine self-administration differentially
affects the generation of new oligodendroglia and new neu-
rons during adulthood. The increases in the number of differ-
entiating cells in extended access nicotine self-administering
rats may consequently contribute to aberrant hippocampal
neurogenesis and may contribute to maladaptive addiction-
like behaviors dependent on the hippocampus.
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Introduction

Despite the well-known health consequences of smoking,
approximately a fifth of the adults in the USA were current
cigarette smokers in 2009 and among developing nations,
tobacco use is rising annually by 3.4 % (CDC 2010; WHO
2002). The development of tobacco dependence is considered
to be motivated by the reinforcing effects of nicotine, the
primary psychoactive and addictive compound found in to-
bacco (Jaffe and Kanzler 1979; Pich et al. 1997; Pontieri et al.
1996; Stolerman and Jarvis 1995). The positive reinforcing
effect of nicotine has been observed in nonhuman primate and
rodent models of limited and extended access to nicotine self-
administration (Corrigall and Coen 1989; Goldberg et al.
1981; Valentine et al. 1997). Furthermore, rats with extended
(but not limited) access to nicotine self-administration exhibit
key features of nicotine dependence, particularly when
allowed periodic deprivation (George et al. 2007). These
features are observed as increased motivation for nicotine
and emergence of a negative emotional state during abstinence
(Cohen et al. 2012; Cohen et al. 2013; George et al. 2007).
Clinical studies have demonstrated that following absti-
nence from smoking, nicotine-dependent subjects show
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profound impairments in behaviors dependent on the hippocam-
pus and prefrontal cortex (PFC), e.g., concentration (Hendricks
et al. 2006; Hughes et al. 1991; Hughes et al. 1994), attention
(Hughes et al. 1989; Jacobsen et al. 2005), learning and memory
(Jacobsen et al. 2007; Mendrek et al. 2006; Merritt et al. 2010;
Snyder et al. 1989), and maladaptive cortical plasticity (Grundey
et al. 2012). Remarkably, few studies have used the extended
access self-administration model in rodents to investigate the
effects of nicotine self-administration with periodic deprivation
on neuroplasticity in the hippocampus and PFC. Such studies
may help elucidate the neurobiological mechanisms contributing
to the pathology of tobacco addiction in humans (Abrous et al.
2002; Cohen et al. 2012; Cohen et al. 2013; George et al. 2007;
Wei et al. 2012).

In the context of the above studies, nicotinic cholinergic
input in the hippocampus influences adult hippocampal
neurogenesis. Newly born neurons during their differentiation
and maturation stages express functional ionotropic nicotinic
acetylcholine receptors (nAChRs), whose expression is criti-
cal for normal survival and integration of newly born neurons
into the hippocampal circuitry (Cooper-Kuhn et al. 2004; Ide
et al. 2008; Kaneko et al. 2006; Mohapel et al. 2005).
Additionally, recent evidence supports a causal role for
nAChRs in the differentiation, maturation, survival, and inte-
gration of newly born neurons, suggesting that nAChR sig-
naling is vital for proper functioning and networking of newly
born granule cells in the dentate gyrus (Campbell et al. 2010;
Harrist et al. 2004; Mechawar et al. 2004). In contrast, chronic
nicotine exposure affects various developmental stages of
newly born neurons. For example, nicotine self-
administration or experimenter delivered nicotine at high
doses reduces proliferation, differentiation, and survival of
newly born neurons (Abrous et al. 2002; Scerri et al. 2006;
Shingo and Kito 2005; Wei et al. 2012), indicating a dissoci-
ation between nicotine and endogenous acetylcholine, and
their contribution to regulation of adult hippocampal
neurogenesis (Nakauchi and Sumikawa 2012). However, it
has yet to be determined whether nicotine exposure alters
proliferation and differentiation of progenitors in the PFC, a
brain region that generates glial progenitors and newly born
oligodendrocytes (Mandyam and Koob 2012). As a result, the
present study explores whether limited- versus extended
access nicotine self-administration differentially alters prolif-
eration and differentiation of newly born hippocampal pro-
genitors and cortical progenitors.

A periodic deprivation model of nicotine self-
administration was used, and, in this model, 4 days of extend-
ed (21 h) or limited access (1 h) of nicotine self-administration
was followed by 3 days of abstinence. As previously demon-
strated in the extended access conditions with periodic depri-
vation model, an increase in nicotine intake is observed on the
first postdeprivation day and this effect is not evident on the
subsequent 3 days of self-administration (Cohen et al. 2013;
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George et al. 2007). The enhanced nicotine seeking resulting
from deprivation is assumed to represent the consequence of
withdrawal symptoms on the motivation to consume nicotine
(Cohen et al. 2013). We therefore used the deprivation model
to examine the motivational effects of nicotine withdrawal that
accompany its effects on developmental stages of
neurogenesis in the hippocampus and gliogenesis in the me-
dial prefrontal cortex (mPFC). The hypothesis of the current
study is that withdrawal from extended access nicotine self-
administration via deprivation of nicotine produces aberrant
responses in adult hippocampal neurogenesis.

Methods
Animals

Twenty-nine adult male Wistar rats (Charles River, Hollister,
CA, USA) were group-housed and maintained on a 12 h:12 h
light/dark cycle with ad libitum access to food and water. All
animal procedures were approved by The Scripps Research
Institute Institutional Animal Care and Use Committee and
were in accordance with National Institutes of Health
guidelines.

Nicotine self-administration

All rats underwent surgery for catheter implantation for intra-
venous nicotine self-administration (George et al. 2007). For
surgery, rats were anesthetized with 2-3 % of isoflurane
mixed in oxygen. They were implanted with a silastic catheter
(0.3x0.64 mm OD; Dow Corning Co.) into the right external
jugular vein under aseptic conditions. The distal end of the
catheter was s.c. threaded over the shoulder of the rat where it
exited the rat via a metal guide cannule (22G, Plastics One
Inc.) that was anchored onto the back of the rat. After surgery,
rats were given an analgesic (Flunixin, 2.5 mg/kg, s.c.).
Antibiotic (Timentins, 20 mg, i.v.; SmithKline Beecham)
was administered daily to the rats for at least 5 days. To extend
catheter patency, the catheters were flushed once daily with
0.1 ml of an antibiotic solution of cefazolin (10.0 mg/mL;
SavMart Pharmaceuticals) dissolved in heparinized saline
(70 U/mL; Baxter Health Care Corp) before each self-
administration session and with 0.1 ml of heparinized saline
(70 U/mL) after each session. The patency of catheters in the
rats was tested using the ultra short-acting barbiturate Brevital
(methohexital sodium, 10 mg/ml, 2 mg/rat) whenever a cath-
eter failure was suspected during the study.

Seventeen animals were surgically implanted with an in-
travenous jugular catheter. Twelve additional rats did not
undergo intravenous surgeries and remained in their home
cages as drug naive controls. Drug self-administration was
performed in operant chambers fitted with levers for intravenous
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self-administration and nosepokes for food and water responses.
Prior to and after recovery from intravenous surgery, rats were
trained in the operant chambers to nosepoke for food pellets
(45 mg; precision, Formula A/l from Research Diets,
Lancaster, NH, USA) and water (0.1 ml) on a fixed-ratio sched-
ule (FR1). Pellets were dispensed between retracted two levers
on the front wall of the chamber. Water was delivered into a
metal dipper cup. When rats were split into extended access
nicotine self-administration group and when extended access
sessions began, the rats were allowed to obtain intravenous
nicotine through lever presses and food and water intake through
nose poke. Following acquisition of these operant responses,
nicotine self-administration sessions were commenced, during
which pressing the active lever resulted in an infusion of nicotine
(nicotine hydrogen tartrate salt [Sigma, Natick, MA, USA] dis-
solved in saline; pH 7.4; 0.03 mg/kg; FR1) in a volume of 0.1 ml
over 1 s. [llumination of a white cue light above the active lever
began at the onset of the nicotine infusion and ceased following a
20-s timeout period, during which responses were recorded but
not reinforced. Pressing the inactive lever resulted in no sched-
uled consequences, but was also recorded.

To allow for acquisition of self-administration behavior, all
rats were given access to nicotine for 1 h per day over 12 days.
Rats were then allowed to self-administer nicotine daily in
sessions of either 1 h [limited “short” access (ShA); n=8] or
21 h [extended “long” access (LgA); n=9]. Extended access
nicotine self-administration has been shown to induce nicotine
dependence while limited access nicotine self-administration
does not produce dependence-like behavior (Cohen et al.
2013; George et al. 2007; O'Dell et al. 2007). To model
periodic deprivation, each week, limited- and extended
access rats self-administered nicotine for 4 days (Monday
10:00 AM through Friday 10:00 AM) and were subsequently
deprived of nicotine for 3 days (Friday 10:00 AM—Monday
10:00 AM; Fig. 1a). Nicotine self-administration continued
for 14 weeks. Following the final self-administration period of
the 14th week, limited access rats were euthanized 2848 h
after their last self-administration session (7=8), and extended
access rats were either euthanized 2 h after the last self-
administration session (z=4) or 75 h after the last self-
administration session (n=5) by rapid decapitation under
isoflurane anesthesia. Drug-naive controls were euthanized
at identical time points. A potential limitation of the current
study is the use of drug naive controls that did not experience
surgery for intravenous catheters and maintenance on antibi-
otics. However, we have previously reported that surgery for
intravenous catheters and maintenance on antibiotics for an
extended period of time does not alter proliferation and
neurogenesis in the hippocampal dentate gyrus (Engelmann
et al. 2013). Brain tissue was extracted from the skull and cut
along the midsagittal line and immediately immersed in 4 %
paraformaldehyde and stored in the same solution for 5 days
after which all the brains were transferred to 30 % sucrose

solution. Brains remained in the sucrose solution at 4 °C until
processed for immunohistochemistry.

Immunohistochemistry and microscopic analysis

Fixed brain tissue containing the left hemisphere was cut into
serial sections (40 pwm) on a freezing microtome and was
collected in four vials (containing 0.1 % NaN;3 in 1x
phosphate-buffered saline (PBS)) and stored at 4 °C until
processed for immunohistochemistry. One eighth of the brain
region was used for immunohistochemical analysis. Unilateral
brain sections containing the medial prefrontal cortex (3.7 to
2.2 mm from bregma) and hippocampus (—1.88 to —6.8 mm
from bregma; (Paxinos and Watson 1997) were slide
mounted, coded, and processed for immunohistochemistry
as described previously (Mandyam et al. 2004). Four sections
through the mPFC and eight sections through the hippocam-
pus were examined for each rat. The distance between the
adjacent sections was maintained at 320 pm.

Immunohistochemistry was performed with primary anti-
bodies directed against Ki-67 (rabbit monoclonal anti-Ki-67;
1:1000; LabVision), neurogenic differentiation factor 1
[NeuroD; a basic helix-loop-helix (bHLH) transcription factor
with significant roles in neuronal differentiation] (rabbit poly-
clonal anti-NeuroD1; 1:1000; Santacruz Biotechnology),
Olig2 (abHLH transcription factor and a proneural factor with
significant roles in gliogenesis; rabbit polyclonal anti-Olig2,
1:10,000; generous gift from Drs. Charles Stiles and John
Alberta, Harvard Medical School), and activated caspase-3
(AC3, rabbit polyclonal anti AC3; Cell Signaling).

Absolute cell counting rather than unbiased stereological
estimates (Noori and Fornal 2011) were quantified in sections
through the mPFC and hippocampus using a Zeiss Axiophot
Microscope equipped with MicroBrightField Stereo
Investigator software, a three-axis Mac 5000 motorized stage,
a Zeiss digital charge-coupled device ZVS video camera, PCI
color frame grabber, and computer workstation. Live video
images were used to draw contours delineating the mPFC and
granule cell layer (a region in the dentate gyrus of the hippo-
campus including the granule cell neurons and the subgraular
zone) and were traced atx 25 magnification. The contours were
realigned at high magnification ofx400—x 600. Following de-
termination of mounted section thickness (cut section thick-
ness, 40 pwm; measured mounted section thickness and anti-
body penetration, 28 pum), z plane values and selection of
contours, absolute cell counting with systematic random sam-
pling was performed atx400 (mPFC cells—cells within the
cingulate, prelimbic, and infralimbic cortices) and* 600
(subgranular zone (SGZ) cells—cells touching and within
three cell widths inside and outside the hippocampal granule
cell-hilus border) magnification. A 150x 150 um frame was
placed over the regions of interest using the Stereo Investigator
stereology platform. The frame was moved systematically over
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Fig. 1 a Schematic of the experimental design. Each vertical line (tick)
represents 1 week of self-administration session (thin line baseline (BL);
thick line limited or extended access). The top panel represents the
experimental design for limited access (ShA4) animals. All animals re-
ceived baseline sessions for 2 weeks followed by limited (1 h)- or
extended (21 h)-access sessions for 14 weeks (indicated in the main
panel). Each week was composed of four consecutive daily sessions of
self-administration followed by 3 days of abstinence (indicated as weekly
schedule). The fop panel represents the experimental design for ShA
animals. ShA animals were euthanized (£U) at two different time points,
24 (n=4) and 48 (n=4)h, after their last self-administration session. All
ShA animals were combined for immunohistochemical analysis. The
bottom panel represents the experimental design for extended access
(LgA) animals. LgA animals were euthanized at two different time points,
2 (n=4) and 75 (n=5)h after their last self-administration session and the
two LgA groups were not combined for immunohistochemical analysis. b
Weekly 4-day average of nicotine intake (mean+SEM) in rats that self-

the tissue to cover the entire contoured area and labeled cells
(Ki-67 in the mPFC and subgranular zone and NeuroD in the
SGZ) in each region of the contour were marked and analyzed.
Immunoreactive cells were quantified unilaterally from sec-
tions representing mPFC and hippocampus and were summed
up for each brain region to give the total number of cells per
square millimeter of the brain region.
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administered nicotine under a fixed-ratio (FR)1 schedule in either 21-h
extended access (LgA) or 1-h limited access (ShA) sessions. LgA rats had
a higher number of active lever presses when compared with ShA rats.
Total number of nicotine infusions per session per week (active operant
responses) was significantly higher than the total number of inactive
operant responses per session in LgA and ShA animals. *»<0.05 com-
pared with inactive responses; #p<0.05 compared with ShA active re-
sponses. ¢ Total nicotine consumed over the period of 14 weeks (data is
the average of four sessions per week for 14 weeks); ***p<0.0001
compared with ShA. d Percent increase in the number of lever presses
during the first hour of the postdeprivation of LgA/ShA session (day 1
after 3 days of deprivation) compared with the previous predeprivation
session (day 4 during the previous week of self-administration). LgA
animals are in black and ShA animals are in gray. *p<0.05; #p=0.06
compared with ShA animals. e Average number of lever presses pre- (day
4) and postdeprivation (day 1) over the entire 14-week period. **p<0.01
compared with predeprivation sessions. n=8-9 per group

For Olig2 analysis, mPFC sections were examined with the
same microscope and software system. Live video images were
used to draw contours delineating the area in the cingulate,
prelimbic and infralimbic cortices, and each region was traced
separately atx 25 magnification. The contours were realigned at
high magnification atx200. Following determination of
mounted section thickness, z plane values and selection of
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contours, an optical fractionator analysis was used to determine
unbiased estimates of Olig2 cell amounts per mPFC. A counting
frame of appropriate dimensions, denoting forbidden and
nonforbidden boundaries, was superimposed on the video mon-
itor, and the optical fractionator analysis was performed atx200.
Cells were identified as Olig2 immunoreactive cells based on
standard morphology (Ligon et al. 2006), and only cells with a
focused nucleus within the nonforbidden regions of the counting
frame were counted. Over 30 cells (with cell bodies falling
entirely within the borders of the frame) were counted using a
150% 150 pm counting grid, and a 2 um top and bottom guard
zone. Total number of Olig2 cells per square millimeter was
calculated for each section.

For AC3 analysis, absolute cell counting in the granule cell
layer of the dentate gyrus was performed with a Zeiss
Primostar microscope atx400 magnification. The total num-
ber of cells per section was added, and the total number of
cells per animal was multiplied by 16 to extrapolate the
number of cells within the entire dentate gyrus.

Statistical analyses

All statistical tests were performed using SPSS software. The
effects of access (ShA versus LgA) and lever (active versus
inactive) on the mean number of lever presses were examined
using a two-way mixed analysis of variance (ANOVA). The
effects of nicotine dependence and deprivation (pre- versus
postdeprivation) on the mean amount of nicotine intake (mg/
kg) were also evaluated using a repeated-measures two-way
ANOVA, with access (limited vs. extended) as a between-
subject factor and deprivation as a within-subject factor. To
determine the difference between groups (drug naive, limited
access, extended access, and withdrawal from extended access)
in the mean number of immunoreactive Ki-67, NeuroD, Olig2,
and AC3 cells, one-way independent measures ANOVA was
performed. All significant ANOVAs were followed by
Newman-Keuls multiple comparison test for post hoc analysis.
For both the dependent groups (pre- and postdeprivation), the
number of immunoreactive NeuroD cells were correlated with
the total amount of nicotine intake infused predeprivation and
the total amount of nicotine infused postdeprivation using
Pearson’s correlation tests. The significance criterion was set
to 0.05 for all tests.

Results

Extended access rats self-administer more nicotine
than limited access rats

Rats were given either limited access (ShA; 1 h/day, 4 days/
week) or extended access (LgA; 21 h/day, 4 days/week) to

self-administered nicotine. Repeated-measures two-way
ANOVA indicated that there was a significant effect of access
(F1.15=23.605, p<0.001), lever responses (£ 15=87.067,
»<0.001), and their interaction (F, ;5=17.282, p<0.01;
Fig. 1a) on the mean number of lever presses. Both groups
pressed the active lever significantly more than the inactive
lever (each p<0.001) and LgA rats self-administered signifi-
cantly more nicotine than ShA rats (p<0.001; Fig. 1a, b).
Repeated-measures two-way ANOVA indicated that the num-
ber of nicotine infusions on postdeprivation days was signif-
icantly higher compared with the nicotine infusions on the last
day predeprivation in LgA rats, but not in ShA rats
(effect of deprivation Fgg=26.5, p<0.001; and a sig-
nificant accessxdeprivation interaction, where lever
presses were greater postdeprivation during weeks 2 to
13 in LgA rats , F9s5=2.5, p=0.009). Nicotine depri-
vation was associated with a 200-500 % increase in
active lever presses during the first hour in LgA rats
but not in ShA rats. Post hoc analysis revealed a higher
response during the first hour post deprivation during
weeks 2, 5, 7, 10, 12, and 13 in LgA rats (p<0.05;
Fig. 1c) and during the entire 14-week period (p=0.02;
Fig. 1d) compared with predeprivation responses in LgA
animals.

Nicotine does not alter levels of proliferating progenitors
and premyelinating oligodendrocytes in the mPFC

Separate cell counting was performed for each limited
access group (24 and 48 h) and the data (Ki-67, Olig2,
and NeuroD analysis) indicated no significant difference
between the groups. Therefore, cell quantification for the
limited access animals were pooled and reported as one
group for the entire study. Limited access nicotine self-
administration also did not alter the levels of Ki-67 labeled
cells and did not alter the levels of Olig2 labeled
premyelinating oligodendrocytes in the mPFC when com-
pared with naive and extended access animals. Extended
access nicotine self-administration with periodic deprivation
did not alter the levels of Ki-67 labeled cells or Olig2
labeled cells when analyzed immediately following nicotine
self-administration (2 h group), and after 3 days of depri-
vation (75 h group; Fig. 2a—d) when compared with naive
and limited access animals.

Nicotine dependence and deprivation increases the levels
of immature neurons in the subgranular zone of the dentate
gyrus of the hippocampus

Limited access nicotine self-administration did not alter the
levels of Ki-67-labeled cells and did not alter the levels of
NeuroD-labeled immature neurons in the SGZ when com-
pared with naive animals. Extended access nicotine self-
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Fig. 2 Schematic representation of Ki-67 (a) and Olig2 immunoreactive
cells (b) in the mPFC. Arrowhead points to positively stained cells. Scale
bar in b is 30 pum. Quantitative analysis of Ki-67 (¢)- and Olig2 (d)-
labeled cells per square millimeter of the mPFC by stereology. ShA
animals from both 24 and 48 h groups were combined; n=8. LgA animals
from 2- and 75-h groups are represented separately; n=4-5 each group.
n=12 in drug-naive controls

administration and deprivation differentially affected prolifer-
ation versus immature neuron levels in the SGZ. One-way
ANOVA indicated a significant effect of nicotine plus depri-
vation on the mean number of Ki-67 immunoreactive cells
(F326=2.8, p=0.054). Post hoc analysis indicated a signifi-
cantly higher number of Ki-67 cells in extended access rats
postdeprivation (75-h group; LgA-WD) when compared with
drug-naive controls (p<0.05; Fig. 3d). Extended access nico-
tine self-administration and deprivation significantly in-
creased the number of NeuroD cells in the SGZ. One-way
ANOVA indicated a significant effect of nicotine on the mean
number of NeuroD immunoreactive cells (F326=6.3,
p=0.003). Post hoc analysis indicated a significantly higher
number of NeuroD cells in LgA rats predeprivation (2-h
group) and postdeprivation (75-h group; LgA-WD) when
compared with drug-naive controls and ShA rats (p<0.05;
Fig. 3e¢). Limited- and extended access nicotine self-
administration and deprivation did not alter the number of
AC3 immunoreactive cells in the SGZ (Fig. 3f) when com-
pared with naive animals.
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Nicotine intake positively correlates with the number
of immature neurons in extended access rats

Because the number of NeuroD immunoreactive immature
neurons in 24- and 48-h limited access and 2- and 75-h
extended access animals were not differently affected by
nicotine and deprivation (Fig. 3e), and because the transient
expression of NeuroD occurs in differentiating progenitors
between 1 and 7 days of cell birth (Seki 2002), the animals
in both groups were combined for further analysis. More
specifically, in limited access and extended access, we deter-
mined whether the number of NeuroD cells correlated with
nicotine-seeking behavior experienced during the last week of
self-administration (when NeuroD expression was initiated in
differentiating neural progenitors). In limited access rats, there
were no significant correlations between the number of
NeuroD immunoreactive immature neurons and the number
of nicotine lever presses on day 1 postdeprivation (Fig. 4a;
ShA; %=0.03, n.s.), or the number of nicotine lever presses on
days 1-4 postdeprivation (Fig. 4b; ShA; *=0.14, n.s.) during
the last week of self-administration. In extended access rats,
there were strong positive correlations between the number of
NeuroD immunoreactive immature neurons and the number
of nicotine lever presses on day 1 postdeprivation (Fig. 4a;
LgA; #=0.72, p=0.006), or the number of nicotine lever
presses on days 1-4 postdeprivation (Fig. 4b; LgA; 17=0.90,
p=0.0003) during the last week of self-administration.

Discussion

The present study sought to relate nicotine self-administration
and two distinct stages of development of adult hippocampal
neurogenesis in a model of extended access to self-
administration of nicotine with periodic deprivation, in which
rats were exposed to weekly cycles composed of 4 days of
extended (21 h) or limited (1 h) nicotine self-administration
followed by 3 days of abstinence. As previously demonstrated
(Cohen et al. 2013; George et al. 2007), in extended access
(but not limited access) conditions, nicotine intake is increased
on day 1 post-abstinence compared with the previous self-
administration session, and the increase tapers off by day 4
post-abstinence. This deprivation effect is assumed to repre-
sent the consequence of withdrawal symptoms on the motiva-
tion to consume nicotine (Cohen et al. 2013). Indeed, with-
drawal symptoms have been shown to be important for the
escalation of tobacco smoking in humans (Dierker and
Mermelstein 2010; DiFranza et al. 2002; Doubeni et al.
2010). We used the 4 days on—-3 days off nicotine self-
administration schedule in the current study because of several
design advantages: it allows comparison between the state of
neurogenesis before and after withdrawal, and, as tobacco use
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among smokers is interspersed with periods of deprivation
(Borland et al. 2012), the periodic deprivations may accurately
model effects of withdrawal in dependent nicotine users.
Thus, we varied rats’ access to nicotine self-administration
and examined whether extended access with deprivation af-
fects proliferation and differentiation of hippocampal neural
progenitors despite its recurrence over 14 weeks. In contrast to
studies that found that daily administration of nicotine impairs
several aspects of hippocampal neurogenesis (proliferation,
immature neurons, and neurogenesis), our findings demon-
strate that extended access self-administration with depriva-
tion produces increases in the levels of proliferation and
immature neurons compared with limited access nicotine
intake.

The main findings of the study are repeated cycles of
extended access (21 h/day, 4 days) to nicotine self-
administration followed by 3 days of deprivation produces a
high level of nicotine intake compared with limited access
(1 h/day) schedule of self-administration, particularly on the
sessions following abstinence. The higher amount of nicotine
intake in extended access animals resulted in increases in the
levels of immature neurons in the dentate gyrus of the hippo-
campus, as measured by expression of NeuroD.
Concomitantly, extended access nicotine intake with depriva-
tion produced increases in the levels of proliferation (Ki-67)
and immature neurons when compared with limited access
animals and drug-naive controls. In extended access animals,
the number of immature neurons also positively correlated
with the amount of nicotine self-administered the first day
after deprivation in the last week of nicotine self-
administration. The number of immature neurons also posi-
tively and significantly correlated with the amount of nicotine

Subgranular Zone

Granule cell layer

the granule cell layer. AC3 cells are represented as total number of cells.
ShA animals from both 24- and 48-h groups were combined; n=8. LgA
animals from 2- and 75-h groups are represented separately; n=4-5 each
group. n=12 in drug-naive controls.*p<0.05 compared with controls,
#p<0.05 compared with ShA animals

self-administered in the entire last week of nicotine self-
administration. In contrast, limited access nicotine self-
administration did not alter the levels of progenitors in the
proliferation and differentiation stage of hippocampal
neurogenesis. Additionally, the amount of nicotine adminis-
tered during limited access intake did not correlate with the
number of immature neurons. Extended- and limited access
nicotine self-administration did not alter the number of oligo-
dendrocyte progenitors in the mPFC. Consequently, these
observations in limited- and extended access animals suggest
that nicotine dependence may have adverse consequences in
the hippocampus via an increase in neurogenesis.

The generation of myelin and myelin-associated proteins
by oligodendrocytes in the adult brain has been hypothesized
to play a critical role in the maintenance of brain function
(Fields 2005; 2010). For example, myelination in the adult
brain occurs through the proliferation and differentiation of
oligodendrocyte progenitors followed by maturation into
premyelinating oligodendrocytes and myelin-forming cells
(Baumann and Pham-Dinh 2001). Furthermore, in the post-
natal brain, Olig2 is expressed in premyelinating oligodendro-
cyte progenitors and in mature and terminally differentiating
myelinating oligodendrocytes, where it appears to have ongo-
ing biological functions (Rivers et al. 2008). Notably, recent
evidence supports the significant role of myelination in the
neuropathology of opiate and nicotine addiction (Bora et al.
2012; Cao et al. 2013; Eschenroeder et al. 2012; Lin et al.
2013), where clinical and preclinical findings demonstrate
significant reduction of myelin in opiate and nicotine-
exposed subjects. However, it is not known whether nicotine
exposure affects the various developmental processes that
maintain myelination in the adult brain. The present study
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Fig. 4 Linear regression analysis of nicotine self-administration-induced
changes in the levels of immature neurons (NeuroD). a Total number of
NeuroD-labeled cells per square millimeter in extended access animals
(2- and 75-h LgA animals combined; black circles) and limited access
animals (24 and 48 h ShA animals combined; white circles) plotted
against the number of active lever presses on day 1 postdeprivation during
week 14 of self-administration. b Total number of NeuroD-labeled cells
per square millimeter in extended access and limited access animals
plotted against the number of lever presses on days 1 to 4 combined
during the last week (week 14) of self-administration. n=8-9 per group

demonstrates that nicotine self-administration either with lim-
ited or extended access fails to alter the levels of progenitors in
the mPFC that were proliferating and differentiating into
premyelinating oligodendrocytes. Thus, it appears that chron-
ic nicotine exposure does not alter developmental stages of the
premyelinating progenitors in the PFC. Whether the newly
generated premyelinating oligodendrocytes eventually mature
to attain a myelin phenotype after limited- or extended access
nicotine exposure remains to be determined and warrants
detailed investigation.

Neurogenesis in the dentate gyrus of the hippocampus via
birth and differentiation of neural stem cells has been
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conceptualized as a process contributing to neural plasticity,
and the functional significance of this phenomenon in brain
regeneration and repair is still under intense investigation. Adult
hippocampal neurogenesis has been identified in many differ-
ent nonmammalian and mammalian species (Gould 2007),
including humans (Eriksson et al. 1998). A number of compu-
tational models of adult hippocampal neurogenesis have been
developed (Aimone et al. 2009; Becker 2005; Becker et al.
2009; Garthe et al. 2009; Weisz and Argibay 2009), and studies
have proposed that immature neurons engage in pattern inte-
gration (contextual discrimination) or the associating of events
(memory resolution). These studies also suggest that immature
neurons may play a role in cognitive-behavioral tasks, such as
drug self-administration and relapse to drug seeking. In this
context, it is now well-established that levels of immature
neurons and neurogenesis are altered by drugs of abuse, includ-
ing alcohol, morphine, heroin, cocaine, methamphetamine, and
nicotine (Eisch and Harburg 2006; Mandyam and Koob 2012;
Nixon 2006). With respect to nicotine, several studies have
previously demonstrated that chronic daily nicotine impairs
generation of immature neurons and neurogenesis across forms
of administration. These routes of administration include self-
administration (Abrous et al. 2002; Wei et al. 2012), and
experimenter delivered administration, such as, intraperitoneal
injection (Shingo and Kito 2005), subcutaneous osmotic
minipumps (Scerri et al. 2006), and intracerebroventricular
delivery (Van Kampen and Eckman 2010). Furthermore, such
impairment is well-evidenced by dose-dependent decreases in
several exogenous and endogenous markers of hippocampal
neurogenesis, such as 5-bromo-2'-deoxyuridine (Abrous et al.
2002; Scerri et al. 2006; Van Kampen and Eckman 2010; Wei
etal. 2012), PSA-NCAM (Abrous et al. 2002; Shingo and Kito
2005), and NeuN (Abrous et al. 2002; Shingo and Kito 2005;
Wei et al. 2012). Importantly, it appears that these negative
effects of daily nicotine intake on the developmental stages of
neural progenitors are only induced with chronic exposure to
relatively high doses of nicotine (Scerri et al. 2006) . Acute
binge nicotine (Mudo et al. 2007) and short access to nicotine
self-administration with unit dose of <0.04 mg/kg did not affect
the levels of proliferation and immature neurons in the hippo-
campus (Abrous et al. 2002) and present results with limited
access rats). In rats given extended access to self-administer
nicotine, the number of immature neurons strongly and posi-
tively correlated with nicotine intake on day 1 postdeprivation
and total nicotine intake on days 1-4 postdeprivation. Thus, it is
the withdrawal from nicotine that may be affecting the synaptic
plasticity of, and hence the information encoded by newborn
neurons (Nixon and Crews 2004; Noonan et al. 2008; Recinto
et al. 2012).

Recent in vivo evidence demonstrates that systemic nicotine
administration potently influences inhibitory circuitry in the
dentate gyrus. For example, nicotine affects synaptic plasticity
of granule cell neurons by inhibiting y-aminobutyric acid
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(GABA )ergic inhibitory interneurons via nAChRs, consequent-
ly disinhibiting granule cell neurons (Zhang et al. 2010).
Notably, GABA (released from GABAergic inhibitory interneu-
rons and signaling through the GABA 4 receptor on immature
neurons) in the dentate gyrus has been charged with dictating the
“tempo” for activity-dependent regulation of adult hippocampal
neurogenesis (Esposito et al. 2005; Ge et al. 2006; Ge et al.
2007; Overstreet Wadiche et al. 2005; Wang et al. 2005).
Therefore, chronic nicotine exposure could be associated with
reduced generation of immature neurons in the dentate gyrus via
altering GABAergic signaling from the interneurons.
Alternately, deprivation from chronic nicotine may produce a
rebound effect via enhancing GABAergic signaling from inter-
neurons, thus producing increases in the levels of immature
neurons. Recurrent alternation between chronic extended access
to nicotine self-administration and deprivation may then be
modifying synaptic plasticity of immature neurons as visualized
by the increases in NeuroD numbers (present results).
Consequently, chronic nicotine and deprivation-induced in-
creases in the number of NeuroD cells could affect the synaptic
transmission in the hippocampus. These alterations could con-
tribute to the ability of nicotine to alter hippocampal neural
signaling that leads to changes in synaptic plasticity that under-
lies learning and memory (Zhang et al. 2010).

In conclusion, these findings demonstrate that periodic depri-
vation with extended access to nicotine self-administration pro-
duces aberrant effects on immature neurons compared with
limited access to nicotine self-administration (Abrous et al.
2002; Wei et al. 2012). Moreover, these results provide support
for the hypothesis that immature (young adult generated) granule
cell neurons may serve to modulate nicotine-induced alterations
in hippocampal synaptic plasticity which modifies the overall
tone of activity in the dentate gyrus in response to periods of self-
administration and deprivation. The aberrant changes may con-
sequently contribute to or assist with the increased motivation for
nicotine observed in nicotine-dependent subjects.
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