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Abstract—Adult neurogenesis occurs in mammals within
the dentate gyrus, a hippocampal subarea. It is known to
be induced by antidepressant treatment and reduced in
response to nicotine administration. We checked here
whether the antidepressant fluoxetine would inverse the
decrease in hippocampal neurogenesis caused by nicotine.
It is shown that repeated, but not a single injection of rats
with fluoxetine was able to abolish the decrease in adult
dentate cell proliferation produced by nicotine treatment.
We measured the expression of several biochemical param-
eters known to be associated with neurogenesis in the den-
tate gyrus. Both drugs increased the expression of p75
neurotrophin receptor, which promotes proliferation and
early maturation of dentate gyrus cells. Using the condi-
tioned place preference (CPP) paradigm, we also gave both
drugs in a context in which their rewarding properties could
be measured. Fluoxetine produced a significant but less
robust CPP than nicotine. A single injection of fluoxetine
was found to reduce nicotine-induced CPP. Moreover, the
rewarding properties of nicotine were completely abolished
in response to repeated fluoxetine injections. Expression of
nicotine-induced CPP was accompanied by an increase of
phospho-CREB (cyclic AMP-responsive element-binding
protein) and HDAC2 (histone deacetylase 2) expression in
the nucleus accumbens. The data suggest that fluoxetine
reward, as opposed to nicotine reward, depends on
dentate gyrus neurogenesis. Since fluoxetine was able to
disrupt the association between nicotine and the environ-
ment, this antidepressant may be tested as a treatment
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INTRODUCTION

The dentate gyrus (DG) in the hippocampal formation is
one of the few brain structures in which neurogenesis
has been demonstrated in adult mammals (Eriksson
et al., 1998). Increased neurogenesis can be produced
by a variety of treatments, including enriched environment
(Brown et al., 2003), physical activity (van Praag et al.,
1999), memory (Denny et al., 2014) or antidepressant
drugs, including fluoxetine (Mendez-David et al., 2013).
The neurogenic hypothesis of depression postulates that
decreased production of new granule cells in the DG is
linked to the pathophysiology of depression and that
increased hippocampal neurogenesis is required for the
behavioral effects of antidepressant treatment (Malberg
et al., 2000; Santarelli et al., 2003). In contrast to the
effect of antidepressants, decreased neurogenesis can
be produced by drugs of abuse (Campbell et al., 2011),
stress (Schoenfeld and Gould, 2012) or certain brain dis-
eases (Danzer, 2012). For example, early studies have
indicated that repeated exposure to nicotine impaired
the long-term survival of adult-born neurons (Berger
et al., 1998). These data were confirmed by studies using
mutant mice lacking the two major nicotinic receptor sub-
types (Campbell et al., 2011).

The neurobiological ~mechanisms by  which
antidepressants  exert their effect are under
reassessment. Recent data suggest that an additional
mechanism used by the selective serotonin reuptake
inhibitor (SSRI) fluoxetine to alleviate depression is by
inhibiting the activity of the cholinergic system (Chau
etal., 2011). Further arguments indicate a strong relation-
ship between major depression and acetylcholine nicotinic
receptors (Bertrand, 2005). Moreover, prevalence of nico-
tine dependence is significantly higher among individuals
with mood disorders (Grant et al., 2004), probably because
nicotine alleviates some negative cognitive features in
afflicted individuals (Dani and Harris, 2005). Other data
show that smokers present a greater risk of becoming
depressed than nonsmokers (John et al., 2004), mostly
during withdrawal periods. On the other hand, nicotine
administration to freely moving mice was shown to produce
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long-term potentiation (LTP) in vivo in the DG (Tang and
Dani, 2009), implying that nicotine acts on the DG circuits.
The effect may be direct or may occur through dopaminer-
gic afferents from the ventral tegmental area (VTA), the lat-
ter establishing a functional link between reward centers
and memory systems (Lisman and Grace, 2005).

Given that nicotine reduces adult hippocampal
neurogenesis while fluoxetine increases it, we tested the
hypothesis that fluoxetine would be able to reverse the
decrease in DG neurogenesis caused by nicotine.
Neurogenesis in the adult rodent brain was assessed by
measuring bromodeoxyuridine (BrdU) labeling as well as
expression of the cellular markers hexaribonucleotide
binding protein-3 (NeuN) and glial fibrillary acidic protein
(GFAP) (Kempermann et al., 1997; Bernabeu et al.,
2006). Expression of p75 neurotrophin receptor
(p75N™?) was carried out as the receptor is expressed
by adult dentate progenitor cells and it promotes prolifer-
ation and early maturation of DG cells in mice (Bernabeu
and Longo, 2010). We also characterized the effects of
combining both drugs on conditioned place preference
(CPP) to evaluate whether fluoxetine modifies the CPP
induced by nicotine. Nicotine-induced CPP has been well
characterized (Le Foll and Goldberg, 2005; Pascual et al.,
2009; Natarajan et al., 2011; Pastor et al., 2011), while
fluoxetine-induced CPP has only been shown in initial
studies (Collu et al., 1997).

Expression of proteins that were previously
associated with nicotine-related conditioning was also
analyzed. We measured the expression of phospho-
cyclic AMP responsive element binding protein (pCREB)
since enhanced phosphorylation of CREB is required for
nicotine-induced CPP and reinstatement in rats
(Pascual et al., 2009; Pastor et al., 2011). It is also
involved in the regulation of adult neurogenesis in the
DG (Nakagawa et al., 2002). Phospho-CREB binds the
CREB-binding protein CBP, a transcriptional coactivator
which possesses histone acetyltranferase (HAT) activity
(Kalkhoven, 2004). In addition, histone deacetylase
(HDAC) family members, especially HDAC2, are recog-
nized as playing an important role in cognitive functions,
inducing memory impairment when over-expressed
(Guan et al., 2009). HDAC2 has been proposed to be
involved in promoting synaptic plasticity underlying the
preference for nicotine (Pastor et al., 2011). By removing
acetyl groups from key histone residues, HDACs promote
an inactive chromatin state, resulting in the silencing of
downstream genes (Klose and Bird, 2006).

In the present study, we found that repeated, but not a
single injection of rats with fluoxetine was able to abolish
the decrease in adult dentate cell proliferation produced
by nicotine treatment. A single fluoxetine injection was
also found to reduce nicotine-induced CPP and the
rewarding properties of nicotine were completely
abolished in response to repeated fluoxetine injections.

EXPERIMENTAL PROCEDURES
Animals

Sixty-six adolescent male Sprague—Dawley rats (School
of Pharmacy and Biochemistry, University of Buenos

Aires), weighing 80—-100 g (PN 25-26) at their arrival at
the laboratory were housed in groups of four on a 12-h
light/dark cycle with ad libitum access to food and water.
Animals were handled for 5 min twice a day for 4 days
prior to behavioral experiments. Adolescent rats were
used since we and others previously found that they
establish much stronger nicotine-induced CPP than
adult rats (Natarajan et al., 2011; Pastor et al., 2011;
Ahsan et al., 2014). All procedures involving animal care
were conducted in compliance with national laws and poli-
cies, with the approval of the Ethics committee of the
University of Buenos Aires.

Pharmacological treatment

Rats were injected intraperitoneally (i.p.) either acutely or
repeatedly for 10 days (one injection per day, ‘repeated
treatment’) with 10 mg/kg fluoxetine hydrochloride (Eli
Lilly, Indianapolis, IN, USA) or an equivalent volume of
phosphate-buffered saline (PBS). Nicotine tartrate
(Sigma, St. Louis, MO, USA) was dissolved in PBS and
administered subcutaneously (s.c.) at a dosage of
0.4 mg/kg in a volume of 1 mi/kg. This dosage is known
to induce strong CPP in adolescent rats (Natarajan
et al., 2011; Pastor et al., 2011; Ahsan et al., 2014). An
equal volume of PBS was injected for the control condi-
tion. Indicated doses are based on the molecular weight
of the free base. Bromodeoxyuridine (BrdU; Sigma, St.
Louis, MO, USA) was dissolved in sterile 0.9% NaCl, fil-
tered and injected i.p. at the dosage of 50 mg/kg. The var-
ious compounds were injected alone or in combination,
according to the diagram shown in Fig. 1a. Animals were
killed 1 day after the last injection (Pascual et al., 2009).

Conditioned-place preference (CPP)

Place conditioning was essentially performed in a three
compartment box, as described previously (Pascual
et al., 2009; Pastor et al., 2011). Briefly, home-made
acrylic boxes were divided into two equally sized compart-
ments (30 x 25 x 30 cm) separated by a smaller central
chamber (12 x 21 x 21 cm) that had gray walls and a
smooth plastic floor, with doors allowing access to the
two lateral compartments. These two compartments had
different visual, tactile and olfactory cues: one compart-
ment had vertically striped black and white walls and a
wire mesh floor above pine shavings; the other compart-
ment had horizontal striped black and white walls and a
bar-grid floor above cedar shavings. The apparatus was
designed so that rats did not present any consistent bias
for a particular chamber. During the habituation period,
animals were handled twice a day for 5 days and were
injected s.c. or i.p. with PBS to habituate them to the injec-
tions. A camera connected to a computer was placed
approximately 1.2 m above the CPP boxes. During pret-
est and CPP test, rat behavior was recorded and videos
were analyzed, first by direct observation and then using
the Noldus Ethovision XT7 software (Noldus Information
Technology, The Netherlands).

Pre-conditioning phase. Following the habituation
period, animals were injected with PBS and placed in
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Fig. 1. Analysis of BrdU-positive cells in the DG. (a) schematic representation of the injection schedules used to evaluate the properties of newly
formed cells in the DG. Rats were given injections of nicotine (s.c., 4 days), fluoxetine (i.p., 1 or 10 days), BrdU (i.p., 6 days) and saline (i.p.,
10 days), as indicated; (b) photomicrographs showing BrdU-positive cells in coronal sections of the DG from rats treated with saline (control),
nicotine (nic), acute fluoxetine (flx ac), repeated fluoxetine (flx rep), acute fluoxetine + nicotine (flx ac + nic) and repeated fluoxetine + nicotine (flx
rep + nic). BrdU-positive cells are located in the subgranular zone adjacent to the DG. (c) Quantification of BrdU-positive cells in the various
experlmental groups of rats. Cell counts in right and left DG were averaged for each rat. Each bar represents mean + SEM (n = 6-7 animals per
group). p < 0.05, “p < 0.01, in comparison with control rats; #p < 0.05, in comparison with acute fluoxetine group; *p < 0.01, in comparison with
acute fluoxetine and nicotine treatment group (ANOVA followed by Scheffé post hoc test). Scale bar applicable to all micrographs, 300 ptm.
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the middle compartment with the doors open, which
allowed them to roam freely from side to side for
10 min, and the time spent in each compartment was
recorded. Placement was counterbalanced within each

group.

Conditioning phase. At conditioning day 1, rats were
injected with PBS and immediately exposed to the
preferred compartment (door closed) for 20 min. At
conditioning day 2, rats were injected with nicotine,
fluoxetine or PBS according to the schedule shown in
Fig. 6a, and immediately exposed to the non-preferred
compartment (door closed). The entire procedure was
repeated four times (8-day protocol).

Test phase. During the day following the last
conditioning session, animals were tested in a drug free
environment. They were placed in the middle
compartment and allowed to explore the box for 10 min,
the doors being open. The time spent in each
compartment was recorded for each animal. Three
control groups were established: two groups of animals
were injected in their home-cage with nicotine for 4 days
or with fluoxetine for 10 days before being killed. No
pharmacological treatment was given to a third group.

Data analysis. Time spent in each compartment was
converted into a preference score [Score (s) = time
spent in the white compartment during test — time spent
in the white compartment during pretest]. Preference
scores were analyzed by a two-way ANOVA using
nicotine (saline and repeated nicotine treatment) and
fluoxetine (saline, single and repeated fluoxetine
treatment) as independent factors, followed by Scheffé
post hoc test. Results are expressed as mean + SEM.
Significance was set at p < 0.05.

Immunohistochemistry

Tissue preparation. Animals were given an overdose
of pentobarbital and were then perfused transcardially
with 4% paraformaldehyde in PBS. The brains were
removed, kept overnight at 4 °C in 30% sucrose, frozen
in isopentane and stored at —20 °C. Coronal sections
(50-pm thick) were obtained using a sliding freezer
microtome and stored at 4 °C in 0.1 M phosphate buffer
containing 0.005%  sodium azide. For BrdU
immunohistochemistry, DNA was denatured by
incubating the free-floating sections in 50%
formamide/50% 2x SSC (0.3 M NaCl/30 MM sodium
citrate) at 37 °C for 2 h. Sections were then washed in
2x SSC, incubated in 2N HCI for 30 min at 37 °C and
rinsed in 0.1 M borate buffer (pH 8.5) for 15 min.

Antibodies. The following rabbit polyclonal antibodies
were used: anti-BrdU antibody (Roche, Indianapolis,
USA) diluted 1:1000 in 0.1 M TBS containing 0.1% triton
and 5% normal donkey serum; anti-p75 antibody
(Millipore, Massachusetts, USA) diluted 1:600; anti-
pCREB antibody (Cell Signaling, Danvers, MA, USA)
diluted 1:800; anti-HDAC2 antibody (Santa Cruz

Biotech., Santa Cruz, CA, USA) diluted 1:500 and anti-
GFAP antibody (Dako, Glostrup, Denmark) diluted
1:1000. Other antibodies were rat monoclonal anti-BrdU
antibody (Accurate Scientific, Westbury, New York)
diluted 1:500, or mouse monoclonal anti-NeuN antibody
(Chemicon, USA) diluted 1:800; anti-GFAP antibody
(Boehringer Mannheim, Indianapolis, USA) diluted
1:1000.

Immunohistochemistry. Immunohistochemistry  was
performed as described previously (Pascual et al., 2009;
Pastor et al., 2011). Briefly, brain sections were incubated
for 1 h in blocking solution (0.1 M phosphate buffer con-
taining 0.1% triton X-100, 2% normal goat serum and
1 g/l bovine serum albumin) and then overnight at 4 °C
with the primary antibody. Sections were then succes-
sively incubated with a biotinylated secondary antibody
(Jackson Laboratories) for 2 h at room temperature, fol-
lowed by an avidin-biotin-peroxidase = complex
(Vectastain ABC Kit, Vector, Burlingame, CA, USA).
Staining was revealed with the chromagen 3,3'-
diaminobenzidine (DAB) and H,O,. Slides were cover-
slipped with mounting medium (Vector Laboratories)
and staining was observed by light microscopy using dif-
ferential interference contrast, (Olympus (Olympus
BX50 epifluorescence microscope). Images were
acquired using a digital camera (Cool-Snap) and pro-
cessed with Image-Pro Plus (Media Cybernetics Inc.,
Bethesda, MD, USA). Only general contrast enhance-
ment and color level adjustment were improved; images
were not otherwise digitally modified.

After the pretreatment for BrdU immunohistochemistry
indicated above, sections were kept in blocking solution
for 2 h, followed by incubation for 24 h at 4 °C with the
primary antibody. Sections were then incubated for 2 h
at room temperature with a secondary antibody raised in
donkey (Cy3-conjugated for detecting BrdU and p75NR,
Cy5-conjugated for detecting GFAP and FITC-
conjugated for detecting NeuN). After washing the
sections, slides were coverslipped with mounting
medium  for fluorescence (Vectashield, Vector
Laboratories, Burlingame, CA, USA). Fluorescent signal
was detected using a confocal microscope (Olympus
FV1000, Japan) and the images were processed with
Adobe Photoshop. Only general contrast enhancement
and color level adjustment were improved; images were
not otherwise digitally modified.

Quantification of DAB-labeled cells. The number of
DAB-stained cells was determined within the
subgranular layer of the hippocampus, defined as
located within one-cell diameter from the granule cell
layer boundary (for a full description of cell quantification
method, see (Bernabeu and Longo, 2010). Cell counting
was performed using a Plan-Apochromat 40X, NA: 1.25
with an oil immersion objective. Quantification of DAB-
positive cells in the hippocampus and the nucleus accum-
bens (NAc) was performed by an investigator unaware of
the identity of the samples, using Image-Pro Plus. The
appropriate areas were imaged and immunoreactive cells
were counted on five to six sections in both hemispheres
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(Miller and Marshall, 2005; Pascual et al., 2009). Counts
were averaged from squares of 0.5 mm? drawn randomly
in the NAc core and shell. Statistical analysis was per-
formed using a one-way ANOVA (number of positive cells
as variation factor), followed by Scheffé post hoc test,
when required.

Colocalization of BrdU-positive cells with cells
expressing phenotype markers. Colocalization analysis
was performed using a confocal microscope (Olympus,
FV1000). Sections were optically sliced in the Z-axis at
4-um intervals and fluorescence images were acquired
for each marker. In each section, the number of BrdU-
positive cells associated with the markers NeuN or
GFAP was determined, as described before (Peterson,
1999). Seven to nine sections were assessed for a given
DG, which corresponds to the number of sections
required to fully span each DG (Bernabeu and Longo,
2010). For each animal, data from the right and left DG
were averaged and the percentage of BrdU-positive cells
associated with NeuN or GFAP was determined. Images
obtained from individual optical slices were imported to
Adobe Photoshop for the composition of figures.

RESULTS

Effect of fluoxetine and nicotine on the number of
BrdU-positive cells in the DG

To determine whether nicotine and fluoxetine were
affecting proliferation of new-born cells in the adult DG,
rats were injected with 50 mg/kg BrdU during the last
6 days of the experiment. Nicotine was given for 4 days,
the period required for inducing nicotine preference (see
below) and fluoxetine was injected acutely or repeatedly
for 10 days, as illustrated in Fig. 1a. Morphological
assessment revealed that the number of BrdU-positive

cells increased mainly in response to repeated
fluoxetine injections, while some increase was also
detectable when fluoxetine was co-administrated
repeatedly with nicotine (Fig. 1b). Quantitative
stereological analysis shows that repeated fluoxetine
treatment elicited a 73% increase in BrdU-positive cells
relative to control animals (Fig. 1c). The number of
BrdU-positive cells was also significantly increased, by
55%, when the repeated fluoxetine treatment was
accompanied with nicotine injection during the Ilast
4 days. Nicotine treatment alone was found to decrease
significantly, by 40%, the number of BrdU-positive cells.

Quantitative assessment of phenotype markers
associated with BrdU-positive cells

Using the same groups of rats, immunodetection of the
cell-specific NeuN and GFAP markers was performed in
the DG to identify and quantify the amount of BrdU-
positive cells expressing each marker (Fig. 2a). Six
labeling combinations, when considering the three
markers, could be found in the various sections. Cells
displaying only one of each of the BrdU, NeuN or GFAP
marker could be observed. BrdU-positive cells that also
expressed NeuN or GFAP were detected. Quantitative
analysis shows that the number of BrdU-positive cells
expressing NeuN was increased 1.7-fold in the DG of
rats treated repeatedly with fluoxetine compared to
control rats (Fig. 2b); the increase reached only 1.3-fold
in rats treated repeatedly with fluoxetine and nicotine.
The number of BrdU-positive cells expressing GFAP
was comparatively low and not affected by the various
pharmacological treatments, as was the case for the
cells that were only BrdU-positive. The data confirm
that, at least at the time-point analyzed, cells newly
synthesized in response to repeated fluoxetine exposure
are predominantly neurons.
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Fig. 2. Co-immunolabeling analysis of BrdU-positive cells expressing NeuN or GFAP in the DG. (a) Photomicrographs showing coronal sections
immunolabeled using antibodies directed against BrdU (red), NeuN (green) and GFAP (blue). Cells positive for BrdU and NeuN appear yellow; cells
positive for BrdU and GFAP appear pink. Sections were obtained from rats treated with saline, nicotine (nic), acute fluoxetine (flx ac), repeated
fluoxetine (flx rep), acute fluoxetine + nicotine (flx ac + nic) and repeated fluoxetine + nicotine (flx rep + nic). The inset in the saline micrograph
shows a high magnification illustrating the various patterns of cell labeling: BrdU (red), NeuN (green), GFAP (blue), BrdU + NeuN (yellow),
BrdU + GFAP (pink). (b) Quantitative analysis of BrdU-positive cells expressing NeuN or GFAP marker in the same cells. Total cells in both DG
were averaged for each animal. Each bar represents mean + SEM (n = 6—7 animals per group). p < 0.05, “p < 0.01, in comparison with control
rats; #p < 0.05, in comparison with acute fluoxetine group; *p < 0.05, in comparison with repeated fluoxetine group (ANOVA followed by Scheffé
post hoc test). Scale bar applicable to all micrographs = 300 pm. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Effect of fluoxetine and nicotine on pCREB, HDAC2
and p75"™R expression

We next measured immunohistochemically the
expression of the Ser133-phosphorylated form of CREB
(pCREB) within cells located in the DG of the same
experimental groups of rats (Fig. 3a). Again, the
repeated fluoxetine treatment was found to significantly
increase the number of pCREB-positive cells compared
to the control group of rats (Fig. 3b). Contrary to what
we observed for BrdU-labeled cells, the number of
pCREB-positive cells in this group was not reduced by
concomitant nicotine injections. Treatment with nicotine
alone had no effect on pCREB expression.
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Fig. 4a shows photomicrographs representing HDAC2
immunoreactivity observed in the molecular layer of the
DG. Nicotine produced a significant stimulatory effect on
HDAC2 expression in the hippocampus, which was
however much weaker than the nicotine effect observed
in structures of the reward system, such as the NAc or
the prefrontal cortex (PFC), see also (Pastor et al.,
2011). Quantitative analysis reveals that the number of
HDAC2-immunoreactive cells in the DG was actually
decreased in the group of rats repeatedly injected with flu-
oxetine when compared to the control group (Fig. 4b). In
contrast, no such decrease was observed in the group of
rats treated with fluoxetine and nicotine.
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Fig. 3. pCREB expression in the DG. (a) Photomicrograph of pCREB labeling in the DG of rats treated with nicotine shown at low magnification;
photomicrographs showing pCREB immunoreactivity in coronal sections of the DG from rats treated with saline, nicotine (nic), acute fluoxetine (flx
ac), repeated fluoxetine (flx rep), acute fluoxetine + nicotine (flx ac + nic) and repeated fluoxetine + nicotine (flx rep + nic). (b) Quantification of
pCREB immunoreactive cells in the various experimental groups of rats. Cell counts in the right and left DG were averaged for each rat. Each bar
represents mean + SEM (n = 6—7 animals per group). 'p < 0.05, in comparison with control rats; #p < 0.05, in comparison with acute fluoxetine
group; *p < 0.05, in comparison with acute fluoxetine and nicotine treatment group (ANOVA followed by Scheffé post hoc test). Scale

bar = 100 um for DG and 300 pum for the other micrographs.
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Fig. 4. HDAC2 expression in the DG. (a) Photomicrographs illustrating HDAC2 immunoreactivity in coronal sections of the DG from rats treated
with saline (control), nicotine (nic), repeated fluoxetine (flx rep) and repeated fluoxetine + nicotine (flx rep + nic). (b) Quantification of HDAC2
immunoreactive cells in the various experimental groups of rats. The number of positive cells per section was averaged for each rat. Each bar
represents mean + SEM (n = 6-7 animals per group). p < 0.05, in comparison with control rats (ANOVA followed by Scheffé post hoc test). Scale

bar applicable to all micrographs = 20 pm.
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Fig. 5. p75"TR expression in the DG. (a) photomicrographs illustrating p75NTR immunoreactivity in coronal sections of the DG from rats treated with
saline, nicotine (nic), acute fluoxetine (flx ac), repeated fluoxetine (flx rep), acute fluoxetine + nicotine (flx ac + nic) and repeated
fluoxetine + nicotine (flx rep + nic). The inset in the saline micrograph shows a high magnification of p75"™R staining (red, left), DAPI (blue,

center) and co-localization of p75NTR with DAPI (pink, right). (b) Quantification of p7

5NTR immunoreactive cells in the various experimental groups of

rats. Total cells in both DG were averaged for each rat. Each bar represents mean + SEM (n = 5-6 animals per group). *p < 0.05, in comparison
with control rats; #p < 0.05, in comparison with acute fluoxetine group (ANOVA followed by Scheffé post hoc test). Scale bar applicable to all
micrographs = 300 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. CPP experiments induced by nicotine and fluoxetine in rats.
(a) Schematic representation of the injection schedules used to
induce CPP. Animals were pretreated with saline or fluoxetine and
then submitted to nicotine-induced CPP. (b) Rats were injected s.c.
with 0.4 mg/kg nicotine (nic-CPP) or i.p. with 10 mg/kg fluoxetine
(fix-CPP). An equal volume of PBS was injected in the control
condition. The fluoxetine-nicotine group of rats was injected with
fluoxetine for one (flx ac + nic-CPP) or 10 days (flx rep + nic-CPP)
before the nicotine-CPP (see methods for details). Bar graphs
indicate preference scores (positive values) for the drug. Since
nicotine was administered in the initially non-preferred compartment,
the score was negative for the PBS control group. Each bar
represents mean + SEM (n = 5-7 animals per group). p < 0.05,
“p < 0.01, “p < 0.001, in comparison with the control group and
#p < 0.05, *p < 0.01, "p < 0.001, in comparison with the
nicotine-induced CPP group of rats (ANOVA followed by Scheffé
post hoc test).

We measured by immunofluorescence the expression
of p75N™R protein in the groups of rats described above.
Many p75NTR immunoreactive cells were detected in the
subgranular zone of the DG (Fig. 5a). The quantitative
analysis shown in Fig. 5b reveals that the number of
p75NTR_positive cells was significantly increased in the
group of rats treated repeatedly with fluoxetine, and also
in the group that was treated with nicotine, although to a
lesser extent. Surprisingly, rats treated with fluoxetine
and nicotine displayed no modification in the expression
of p75"TR in the DG compared to control animals.

Effect of fluoxetine and nicotine on CPP

To examine the effect of fluoxetine on the development of
nicotine-induced place preference, we trained rats in a
well-established biased CPP protocol (Fig. 6a). The
results clearly show that the nicotine treatment we used
throughout the present study (0.4 mg/kg given once a
day for 4 days) was sufficient to induce an important
CPP, as demonstrated previously (Pascual et al., 2009;
Pastor et al., 2011). Using this protocol, fluoxetine injec-
tion also led to the development of a significant CPP, as
reported previously (Collu et al., 1997; Subhan et al,,
2000). Interestingly, an acute injection of fluoxetine was
sufficient to significantly reduce the nicotine-induced
CPP, while repeated injections almost completely pre-
vented this preference (Fig. 6b).

pPCREB and HDAC2 expression in the hippocampus
and nucleus accumbens after nicotine-induced CPP

Numbers of pCREB- and HDAC2-immunoreactive cells
were assessed in the DG, and also in the NAc of rats
that had been subjected to CPP using nicotine,
fluoxetine or a combination of both drugs (Fig. 7).
Significant differences between experimental groups
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Fig. 7. Quantification of pPCREB and HDAC2-positive cells in the DG and NAc of rats submitted to CPP. Animals from the various CPP experimental
groups were analyzed for the expression of pPCREB or HDAC2 in the NAc and the DG. Nic-CPP, nicotine-induced CPP; flx-CPP, fluoxetine-induced
CPP; fIx + nic-CPP, rats showing nicotine-induced CPP and treated repeatedly with fluoxetine. Three control groups were established: a group with
no pharmacological treatment and two groups of rats treated repeatedly with nicotine and fluoxetine in their home-cage. Total cells in both DG were
averaged for each rat. Each bar represents mean + SEM (n = 5-7 animals per group). 'p < 0.05 in comparison with the control group of rats

(ANOVA followed by Scheffé post hoc test).

could be established (DG: Fj,, = 10.2, p < 0.0001;
NAc: F4 2, = 6.45, p < 0.0021). In the NAc, the number
of pCREB-positive cells was increased in the group in
which CPP was induced by nicotine. It was also
significantly increased in the group injected with
fluoxetine before the nicotine-induced CPP experiment.
In contrast, an increase in pCREB expression was only
noticed in the DG from rats subjected to fluoxetine-
induced CPP, and was abolished in the group of rats
treated with both drugs (Fig. 7). The expression of
HDAC?2 was increased in the NAc of rats in which CPP
was induced by nicotine, but the effect was not
significant in the group injected repeatedly with
fluoxetine before the nicotine-induced CPP experiment.
In the DG, we found an increase in the number of
HDAC2-immunoreactive cells in rats subjected to
fluoxetine-induced CPP that did not differ from that
found in animals treated with both drugs (Fig. 7).

Number of BrdU-positive cells in the DG of rats
subjected to fluoxetine- and nicotine-CPP

Finally, considering that repeated administration of nicotine
and fluoxetine had opposite effects on the number of BrdU-

positive cells, we determined the number of newly formed
DG cells in animals subjected to fluoxetine- and nicotine-
induced CPP. Fig. 8 shows that nicotine-induced CPP
was not accompanied with the proliferation of progenitor
cells in the DG, in contrast to fluoxetine-induced CPP, in
which we noticed a big increase in the number of BrdU-
positive dentate cells. When fluoxetine was administered
before nicotine-induced CPP, no change in the number of
BrdU-positive cells was found.

DISCUSSION

We report here that the decrease in adult hippocampal cell
proliferation induced by nicotine was abolished when
animals were also treated repeatedly with fluoxetine.
Fluoxetine, which by itself induced a less robust CPP
than nicotine, reduced nicotine-induced CPP in response
to a single injection, and completely abolished the
rewarding properties of nicotine after repeated exposure.

Effect of fluoxetine and nicotine on DG neurogenesis

The precise effect of fluoxetine on DG newly formed cells
is still a matter of debate, given that it depends not only on
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Fig. 8. Quantification of BrdU-positive cells in the DG of rats
subjected to CPP. Animals from the following experimental groups
were used: nic-CPP, nicotine-induced CPP; flx-CPP, fluoxetine-
induced CPP; flx rep + nic-CPP, rats showing nicotine-induced
CPP and treated repeatedly with fluoxetine. The number of BrdU-
positive cells was determined in the DG. Each bar represents
mean + SEM (n = 5-7 animals per group). o < 0.05, in comparison
with control rats (ANOVA followed by Scheffé post hoc test).

the species considered, but also on the type of treatment
(Lee et al., 2001). Early studies demonstrated that
repeated fluoxetine treatment was needed to induce DG
neurogenesis (Malberg et al., 2000); however, a 6-week
treatment was found to actually decrease it (Ohira and
Miyakawa, 2011). In addition, recent data indicate a differ-
ential sensitivity of the adolescent brain as compared to
the adult brain, with reduced neurogenesis observed in
the latter (Klomp et al., 2014). Using adolescent rats,
we found that fluoxetine was able to increase BrdU incor-
poration into the DG granular cells, and also to differenti-
ate the majority of newborn cells into a neuronal
phenotype. The effect was very robust, since nicotine
was not able to inhibit it, even when administered repeat-
edly. This is of special interest when considering that nico-
tine has been reported to decrease neurogenesis
(Campbell et al., 2011), as we have also found here.
Early studies indicate that nicotine signaling may be piv-
otal for the development of adult-born neurons, since
repeated exposure to nicotine impaired their long-term
survival (Campbell et al., 2011).

To further characterize the effects of the two drugs, we
analyzed the expression of p75N™R. It appears that
nicotine only increased the expression of p75N™R while
fluoxetine increased p75NTR together with pCREB. We
previously demonstrated that p75N™R is expressed by
adult dentate progenitor cells and promotes proliferation
and early maturation of DG cells in mice (Bernabeu and
Longo, 2010). On the other hand, after 14 days p75N™R
expression decreased in response to nicotine administra-
tion, whereas trkA expression was amplified (Hernandez
and Terry, 2005). We show that nicotine exposure
increased p75"TR expression, but failed to generate addi-
tional neurons in the DG. The p75N"R was proposed to act
as a regulator of fluoxetine-stimulated adult hippocampal
neurogenesis since p75"""" mice displayed reduced
neurogenesis. Furthermore, antidepressant administra-
tion increases the number of BrdU-positive cells without
affecting the NeuN/BrdU ratio in DG cells (Colditz et al.,
2010). Interestingly, p75N"R increases cell survival when

associated with trkA, while inducing cell death when asso-
ciated with sortilin (Chao, 2003). Although both drugs
increased p75N™R expression in the DG, the differential
associative functionality of p75"™® might help to explain
why nicotine promotes a decrease in DG neurogenesis,
while fluoxetine induces cell survival.

We report here that nicotine did not increase the
amount of pCREB in the DG when administered for four
consecutive days. A similar result was found when
nicotine was given over a period of 3—10 days, resulting
in reduced viability of progenitor cells in the DG (Jang
et al., 2002; Scerri et al., 2006). Conversely, CREB phos-
phorylation followed by CREB-induced gene expression
is produced by most antidepressants, including fluoxetine
(Tiraboschi et al., 2004). Our results are in line with those
findings. In addition, similarly to what we observed for
neurogenesis itself, nicotine was not able to modulate
the CREB phosphorylation provoked by fluoxetine, indi-
cating that CREB activation by fluoxetine is a very robust
effect. This observation also underlines the importance of
CREB phosphorylation and activation in neurogenesis.

Controversial results have been reported concerning
the effects of HDAC inhibiton on DG neurogenesis.
Some groups found that neurogenesis was stimulated
by treatment with HDAC inhibitors (Kim et al., 2009;
Yoo et al., 2011), while others found it was decreased
(Tsankova et al., 2007; George et al., 2013). HDAC2 is
highly expressed in the hippocampus and is known to
negatively regulate memory formation (Guan et al,
2009). Fluoxetine was found to repress HDAC2 expres-
sion in the hippocampus, suggesting that it affects chro-
matin remodeling by increasing the acetylation levels of
histones. Nicotine produced a significant stimulatory
effect on HDAC2 expression in the hippocampus, which
was weaker than the effect we observed in the NAc or
PFC (Pastor et al.,, 2011). When nicotine was adminis-
tered together with fluoxetine, HDAC2 expression
reached a level corresponding approximately to the alge-
braic sum of each effect considered separately, suggest-
ing that both drugs share a common target in the
mechanism by which HDAC2 expression is regulated.

Effect of fluoxetine and nicotine on CPP at the
behavioral and molecular levels

Several experiments, including ours using nicotine, have
shown that the hippocampus regulates the activity of the
mesocorticolimbic pathway (Lisman and Grace, 2005),
suggesting that it is able to modulate the effects of drugs
of abuse. Also, the hippocampus-VTA/NAc loop has been
shown to be activated during memory consolidation and in
addiction (Lisman and Grace, 2005). We therefore tested
the effects of both drugs separately and combined, using
CPP, a behavioral test which is used to analyze the
appetitive and rewarding properties of drugs. Both nico-
tine and fluoxetine induced a positive CPP, with nicotine
displaying a much stronger rewarding effect. This was
expected, considering that nicotine is a very addictive
compound in man and fosters strong CPP in rats
(Pascual et al., 2009; Pastor et al., 2011). Whether fluox-
etine actually promotes reward is under debate, as illus-
trated by the fact that its effects in the CPP paradigm
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are not consistent (Collu et al., 1997; Subhan et al.,
2000). The data shown here are nevertheless in favor of
fluoxetine producing reward. Moreover, it was able to
eliminate the nicotine-induced CPP, especially when
given repeatedly. This is in line with the fact that fluoxetine
was shown to act as a nicotinic receptor antagonist (Arias
et al., 2010) and also that repeated fluoxetine treatment
decreases extracellular acetylcholine levels in the NAc
(Bertrand, 2005).

To characterize CPP experiments at the molecular
level, the expression of pCREB and HDAC2 was
analyzed in the NAc, a structure associated with reward,
and in the DG, a structure mainly involved in memory
consolidation (Lisman and Grace, 2005). The idea was
to measure these parameters in response to drugs in an
experimental paradigm where their rewarding properties
could be evaluated. These results can be compared with
those obtained in animals simply injected with the drug
(Fig. 7 vs. Figs. 3 and 4). In the NAc, nicotine-induced
CPP was accompanied with an increase in both parame-
ters, similarly to what we found earlier (Pascual et al.,
2009; Pastor et al., 2011), whereas no marker was mod-
ified in the group of rats that displayed CPP triggered by
fluoxetine. When rats were treated with both drugs,
pCREB levels were increased, suggesting that CREB
activation in the NAc plays a major role during nicotine-
induced CPP. In the DG, it was the group of rats in which
CPP was induced by fluoxetine that displayed an increase
of both pCREB and HDAC2 expression. However, only
HDAC2 level was increased in the DG of rats treated with
both drugs, suggesting that reduced acetylation levels of
histones participate to the mechanism by which rats
develop CPP in response to nicotine. It is noteworthy that
animals which displayed fluoxetine-induced CPP and rats
treated repeatedly with fluoxetine showed similar levels of
pCREB but opposite levels of HDAC2 (compare
Figs. 3b and 4b with Fig. 7), further suggesting that
HDAC?2 activity is involved in the mechanisms by which
a drug is associated with a given environment (Malvaez
et al., 2010; Pastor et al., 2011).

Finally, we determined the number of newborn cells in
the DG of animals that exhibited nicotine- or fluoxetine-
induced CPP in order to establish an eventual role of
neurogenesis in the rewarding properties of these drugs.
Nicotine-induced CPP was not accompanied with BrdU
incorporation in the DG, whereas animals with
fluoxetine-induced CPP showed an increase in BrdU
labeling. Fluoxetine-induced BrdU-positive cells may
therefore be related to the rewarding properties of the
drug, which is not the case for nicotine. This would also
mean that fluoxetine reward, but not nicotine reward, is
under the control of hippocampal activity.

CONCLUSIONS: SIGNIFICANCE OF
EXPERIMENTAL FINDINGS

Our data present an additional mechanism by which the
hippocampus may control the reward system.
Hippocampal neurogenesis has recently been shown to
be associated with degradation or loss of established
memories, since increasing neurogenesis following

learning was sufficient to induce memory loss (Akers
et al., 2014). We clearly show that nicotine reduced neu-
rogenesis in the DG, and in the meantime produced a
rather strong CPP. This is also the case of the stronger
stimulant cocaine (Brown et al., 2010). By reducing DG
neurogenesis, both stimulants may lessen memory loss,
thus strengthening memory consolidation. Since there is
an obvious memory component in the induction of CPP,
the process would result in increased place conditioning.
A similar reasoning may apply to drug addiction which
also comprises a memory component. Conversely, fluox-
etine increases dentate neurogenesis, while producing a
much weaker CPP than nicotine. According to the same
line of thought, fluoxetine was not able to produce a
strong CPP because of the memory loss it induced as a
result of increased DG neurogenesis.

Repeated fluoxetine treatment was able to abolish
nicotine-induced CPP, probably by altering the
association between the drug and the environment in
which it was given. Since this association represents a
key component in drug addiction, one may propose
developing a pharmacological strategy based on
antidepressants to disrupt nicotine preference from
associated environmental cues. Along this line of
thinking, it is noteworthy that some data, although they
are limited or conflicting, provide evidence that the
antidepressants fluoxetine and selegiline are effective in
certain subgroups of tobacco smokers (Schnoll and
Lerman, 2006).
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