
Research Article
Fluoxetine Dose and Administration Method Differentially
Affect Hippocampal Plasticity in Adult Female Rats

Jodi L. Pawluski,1,2,3 Eva van Donkelaar,2 Zipporah Abrams,3 Virginie Houbart,4

Marianne Fillet,4 Harry W. M. Steinbusch,2 and Thierry D. Charlier1,3
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Selective serotonin reuptake inhibitor medications are one of the most common treatments for mood disorders. In humans,
these medications are taken orally, usually once per day. Unfortunately, administration of antidepressant medications in rodent
models is often through injection, oral gavage, or minipump implant, all relatively stressful procedures. The aim of the present
study was to investigate how administration of the commonly used SSRI, fluoxetine, via a wafer cookie, compares to fluoxetine
administration using an osmotic minipump, with regards to serum drug levels and hippocampal plasticity. For this experiment,
adult female Sprague-Dawley rats were divided over the two administration methods: (1) cookie and (2) osmotic minipump and
three fluoxetine treatment doses: 0, 5, or 10mg/kg/day. Results show that a fluoxetine dose of 5mg/kg/day, but not 10mg/kg/day,
results in comparable serum levels of fluoxetine and its active metabolite norfluoxetine between the two administration methods.
Furthermore, minipump administration of fluoxetine resulted in higher levels of cell proliferation in the granule cell layer (GCL) at
a 5mg dose compared to a 10mg dose. Synaptophysin expression in the GCL, but not CA3, was significantly lower after fluoxetine
treatment, regardless of administration method. These data suggest that the administration method and dose of fluoxetine can
differentially affect hippocampal plasticity in the adult female rat.

1. Introduction

Plasticity in the hippocampus has long been implicated in
the etiology of mood disorders and regulation of stress
[1–3]. Recent work has also suggested that the actions
of antidepressant medications, such as selective serotonin
reuptake inhibitors (SSRIs), on hippocampal plasticity may
play an important role in alleviating symptoms of depression
[4–6]. Serotonin, itself, is an important neurotransmitter
involved in regulating the rate of hippocampal neurogenesis
during adulthood, with lower levels of serotonin reducing
the number of newly formed neurons in the hippocampus
and elevated levels of serotonin increasing the rate of cell
proliferation [7–11]. More importantly, increased serotonin

levels, following SSRI treatment, significantly upregulate
adult hippocampal neurogenesis [7, 12–14] and it has been
suggested that the actions of SSRI medications on hip-
pocampal plasticity (morphology and neurogenesis) may be
important for alleviating the effects of stress on affect-related
behaviours [4, 12, 15, 16].

Although there has been a substantial amount of work
investigating the effects of SSRI medications on plasticity
in the hippocampus and their role in treating depressive-
like behavior, very little work has taken into account the
effects of these medications on hippocampal plasticity in
the adult female [17]. With women being 2-3 times more
likely to suffer from depression, it is important to include
females in research related to depression [18, 19]. Recent work
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2 Neural Plasticity

focusing on females has shown that chronic administration of
imipramine, a tricyclic antidepressant, to intact female rats
exhibiting depressive-like behavior increases cell prolifera-
tion in the dentate gyrus [20]. However, others have shown
that administration of fluoxetine, a popular SSRI, has no
effect on cell proliferation or neurogenesis in the hippocam-
pus of adult female rats [21, 22], but it does trigger spine
formation in the hippocampus of the adult female rats [23].

More work is also needed to better mimic the clinical
administration method of SSRIs. In humans, SSRIs are taken
orally, usually one time per day. Unfortunately, the typical
administration of antidepressantmedications in rodentmod-
els of depression is invasive and stressful, with administra-
tion being done most often via injection, oral gavage, or
minipump implant [24, 25]. Administration method alone
affects the metabolism and effects of the medication [26, 27].
Interestingly, recent research in animal models investigating
effects of environmental teratogens on development [28] has
demonstrated that administration of a solution injected in a
wafer cookie may be as effective as injecting a solution into
the animal and thus would reduce the stress of the animal,
particularly for long-term daily treatment (greater than 4
weeks). However, it remains to be determined whether this
method of drug administration is effective for SSRIs and is
comparable to other methods of antidepressant administra-
tion that are commonly used.

The aim of this project was to understand the role of
fluoxetine treatment in hippocampal plasticity in the adult
female rat, using two methods of SSRI administration. More
specifically the proposed study aims to (1) determine the
blood concentration levels of fluoxetine and its primary
metabolite, norfluoxetine, in response to two administration
types, cookie and minipump, at three fluoxetine doses (0, 5,
and 10mg/kg/day) and (2) determine the effect of these forms
of fluoxetine administration on neural and synaptophysin
expression in hippocampus. This study will provide impor-
tant information toward the goal of generating a new and
reliable method of antidepressant administration that elim-
inates the need for surgery, lowers the stress to the animal,
can be readily applied to animal models, provides accurate
drug levels, and most closely models antidepressant admin-
istration in humans. This work will result in a more accu-
rate understanding of the neurobiological and physiological
impact of SSRIs in preclinical models, ultimately improving
our understanding of how to treatmooddisorders in humans.

2. Material and Methods

2.1. Animals. Thirty-six intact adult female Sprague-Dawley
rats (250–300 g; Charles River Laboratories, France) were
used in the present study. Rats were kept under standard
laboratory conditions in a 12 h:12 h light/dark schedule (lights
on at 07:00 h), initially housed in pairs in clear polyurethane
bins (48 cm × 27 cm × 20 cm) with ad libitum access to
rat chow (Sniff) and tap water. Females were randomly
divided into two conditions (cookie orminipump) with three
dose options: (1) fluoxetine (10mg/kg/day), (2) fluoxetine
(5mg/kg/day), and (3) vehicle (0mg/kg/day), for a total of

6 groups. Females were weighed weekly and individually
housed with standard enrichment once treatment began. All
experiments were approved by the Animal Ethics Board of
Maastricht University in accordance with Dutch governmen-
tal regulations (DEC 2010-146). All efforts weremade tomin-
imize the pain and stress levels experienced by the animals.

2.2. Fluoxetine Administration

2.2.1. Cookie Treatment. On days 1-2, females in the cookie
treatment groups were trained for oral ingestion of the
medication treatment. For training, females were fed 1/9th of
a vanilla wafer cookie (Crousti fondante, Delacre, Belgium),
filled with saline [29]. After cookie training, females in
the cookie groups were fed a cookie filled with fluoxetine
(Fagron, Belgium: 5mg/kg or 10mg/kg) dissolved in vehicle
(25% propylenediol in saline) or vehicle solution once per day
between 8:00 and 9:00 am After cookie feeding females were
monitored to ensure that cookies were eaten. Cookies were
consistently eaten by all females. Females were treated with
fluoxetine or vehicle for 14 days.

2.2.2. Minipump Treatment. Females in the minipump
treatment group were administered fluoxetine or vehicle
via osmotic minipumps (Alzet Osmotic pumps, 2ML2,
Charles River, The Netherlands) for 2 weeks. Minipump
implants were filled with either fluoxetine (Fagron, Bel-
gium: 5mg/kg/day or 10mg/kg/day) dissolved in vehicle
(25% propylenediol in saline) or with vehicle as previ-
ously described [22, 30–33]. Minipumps were implanted
subcutaneously in the dorsal region, while females were
under mild isoflurane anesthesia. The weight of a full 2ML2
minipump was approximately 7.5 g. Thirty minutes prior to
the minipump implant, the NSAID carprofen (dose: 2.5–
5mg/kg) was given subcutaneously for pain. Implantation
took a maximum of 20 minutes.

2.3. Glucose Levels. At sacrifice, glucose levels were taken
from trunk blood (mg/dL). The first drop of blood was
removed; the second drop was placed on a test strip (GLU-
COCARD X-SENSOR test strips) for immediate glucose
measurement with a hand-held glucose meter (GLUCO-
CARD TMX-meter, A. Menarini Diagnostics, Benelux, N.V.,
Valkenswaard, The Netherlands).

2.4. BloodCollection. Todetermine serum levels of fluoxetine
and its active metabolite, norfluoxetine, blood collection, via
the tail vein, from females treated with fluoxetine was taken
twice on days 6 and 10 between 8-9 am, after cookie feeding,
and 2–4 pm. Blood from vehicle-treated females was taken on
day 6 between 8-9 am only. At decapitation, trunk blood was
also taken from all animals between 1–3 pm. Blood samples
were stored at 4∘C overnight and centrifuged at 10,000 g for
10 minutes. Serum was collected and stored at −80∘C until
analysis.

2.5. Estradiol Levels. To investigate whether estradiol levels
affected measures of cell proliferation, 17𝛽-estradiol (E2) was
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measured in a subset of animals that were randomly selected
(18 in total). All samples were run in duplicate using commer-
cially available 17𝛽-oestradiol (E2) I125 radioimmunoassay
(RIA) kits fromMPBiomedicals (MPBiomedicals, Belgium).
The average intracoefficient of variation for the assay is 2.75%
for the E2 assay. The lowest detection limit for E2 was
1.4 pg/mL.

2.6. Fluoxetine and Norfluoxetine Determination. Drug con-
centrations were determined from serum using liquid chro-
matography coupled with mass spectrometry (LC-Chip-
MS/MS) that was used as previously described [22, 33, 34].
Briefly, the chromatographic separation was achieved on
a 1200 series LC-chip system (Agilent Technologies, Ger-
many) using an ultrahigh capacity chip including a 500 nL
trapping column and a 150mm × 75 𝜇m analytical column,
both packed with a Zorbax 80SB 5 𝜇m C18 phase (Agilent
Technologies). The mobile phase was composed of H

2
O/FA

(100 : 0.1, v/v) (A) and ACN/H
2
O/FA (90 : 10 : 0.1, v/v/v) (B)

and used in gradient elution mode. Mass spectrometric
detection was performed using a 6340 ion trap equippedwith
a nanoelectrospray ionization source operating in positive
mode (Agilent Technologies, Waldbronn). Finally, an Oasis
𝜇Elution MCX 96-well plate (Waters, UK) was used to
prepare the samples for the analysis. All conditions were
performed in duplicate and back-calculated using a calibra-
tion curve. Fluoxetine and norfluoxetine levels were averaged
across days to provide one morning and one afternoon value.

2.7. Histology. All histological procedures were based on
previous work [35, 36]. Fourteen days after treatment,
females were deeply anesthetized with sodium pentobarbi-
tal, weighed, and rapidly decapitated. Following extraction,
the right hemisphere of the brains was stored at 4∘C in
4% paraformaldehyde for 24 h, then cryoprotected in 30%
sucrose/phosphate-buffered saline solution for up to one
week, frozen on dry ice, and kept at −80∘C. The left hemi-
sphere was stored and not used in the present investigation.
Brain tissue was sliced in 40𝜇m sections on a cryostat
(Leica). Tissue was stored in brain antifreeze solution and
maintained at −15∘C until use. The level of cell proliferation
in the granule cell layer and subgranular zone (GCL/SGZ) of
the hippocampus was assessed using an endogenous marker
for cell proliferation, Ki67. Every 6th section throughout
the right hippocampi was stained as previously described
[35, 37]. Sections were blocked with H

2
O
2
and incubated

overnight in rabbit anti-Ki67 (1:500; Vector Laboratories) or
blocked with H

2
O
2
and NGS and incubated overnight in

mouse antisynaptophysin (1:500; Sigma Aldrich). Sections
were then incubated for 2 h in biotinylated donkey anti-rabbit
(1:500; Jackson Immunoresearch Laboratories, West Grove,
PA) or biotinylated goat anti-mouse (1:200 Vector BA-9200)
secondary antibody. Brain sections were further processed by
using the avidin-biotin complex (ABCElite kit; 1:1000; Vector
laboratories, USA). DAB (3,3-diaminobenzidine) Peroxidase
Substrate Kit (SK-4100, Vector Laboratories) was used as a
substrate to obtain a color reaction. Sections were mounted
on gelatin-coated slides and dried overnight, dehydrated,

stained with cresyl violet (Ki67-ir only), and coverslipped
with PermountTM (Fisher Scientific, USA).

2.7.1. Ki67 Quantification. The number of Ki67 immunore-
active (-ir) cells in granule cell layer/subgranular zone
(GCL/SGZ) was counted under 40x objective using a Nikon
Microphot SA microscope. Cells were considered Ki67-ir if
they were intensely stained and exhibited medium round
or oval nuclear bodies. Ki67-ir cells were counted on half
of every 6th section throughout the entire hippocampus.
For representative Ki67-ir cells in the GCL/SGZ of the
hippocampus, see Figure 1.

2.7.2. Synaptophysin Quantification. Three dorsal sections of
the hippocampus, located between stereotaxic coordinates
bregma −2.64mm to −4.92mm [38], were analysed per
animal for synaptophysin-immunoreactivity by an observer
blind to conditions. Photomicrographs were taken for two
areaswithin theCA3 andGCL/SGZof the hippocampus from
each of the three sections (e.g., see Figure 1) for a total of 6
photomicrographs per area. Immunoreactivity was examined
under 40x objective using a Nikon Microphot SA and Nikon
DS-Qi1MC camera with Nikon NIS Elements F4.00 software.
The software ImageJ64 (Wayne Rasband, NIH, Bethesda,
MD, USA) was used for quantification of optical densities of
synaptophysin.The relative optical density was defined as the
difference between optical density (grey level) measures after
calibration within the area of interest and in an equivalent
adjacent area (background). For representative photomicro-
graphs of synaptophysin density, see Figure 1.

2.8. Statistical Analysis. The fluoxetine and norfluoxetine
levels were analyzed using repeated-measures analysis of
variance tests (ANOVA) with administration type (cookie
versus minipump) and dose (0, 5, or 10mg/kg) as the
between-subjects factors. Repeated measure ANOVAs were
also used to assess synaptophysin density in the CA3 and
GCL/SGZ. ANOVAs were conducted on the total number of
Ki67 cells in theGCL, the percent change in Ki67-ir cells from
controls, body weight, and glucose levels with administration
type (cookie versus minipump) and dose (0, 5, or 10mg/kg)
as the between-subjects factors. Any effects of estradiol on the
number of Ki67-ir and synaptophysin-ir cells were controlled
for. Post hoc comparisons utilized the Fisher’s LSDprocedure.
Statistical significance was set at 𝑃 ≤ 0.05.

3. Results

3.1. Fluoxetine and Norfluoxetine Levels. For serum fluoxe-
tine and norfluoxetine levels there was a significant interac-
tion between administration type (cookie, minipump) and
dose (5mg/kg/day, 10mg/kg/day) (fluox: 𝐹(1, 20) = 7.95,
𝑃 = 0.012, norfluox: 𝐹(1, 20) = 21.16, 𝑃 = 0.0002) with
significantly higher serum levels of fluoxetine/norfluoxetine
in the animals receiving 10mg/kg/day of fluoxetine via
minipump (0.000001 < 𝑃 < 0.0005; Figure 2). There
was also a main effect of time (fluox: 𝐹(1, 20) = 57.70,
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Figure 1: (a) Photomicrograph representing Ki67 immunoreactive cells in the dentate gyrus. (b) Drawing of hippocampal areas selected
for quantification of synaptophysin expression and (c) a photomicrograph representing synaptophysin immunohistochemistry in the
hippocampus (40x). Scale bar = 10𝜇m.

𝑃 = 0.000001, norfluox: 𝐹(1, 20) = 7.14, 𝑃 = 0.015) with
morning levels of fluoxetine/norfluoxetine being significantly
lower than afternoon levels. There was a main effect of
administration method with minipump administration of
fluoxetine resulting in significantly higher serum levels of
fluoxetine/norfluoxetine compared to cookie administration
(fluox: 𝐹(1, 20) = 14.68, 𝑃 = 0.001, norfluox: 𝐹(1, 20) =
43.46, 𝑃 = 0.000001). There was also a significant main
effect of dose on norfluoxetine levels (𝐹(1, 20) = 22.98, 𝑃 =
0.00011).

At sacrifice, serum from trunk blood revealed signifi-
cantly higher levels of fluoxetine/norfluoxetine in the ani-
mals receiving 10mg/kg/day of fluoxetine via minipump
(0.00001 < 𝑃 < 0.03; interaction effect fluox: 𝐹(1, 20) = 4.52,
𝑃 = 0.046, norfluox: 𝐹(1, 20) = 14.06, 𝑃 = 0.0013, Figure 2).
There were also main effects of dose (fluox: 𝐹(1, 20) = 8.29,
𝑃 = 0.0093, norfluox: 𝐹(1, 20) = 19.84, 𝑃 = 0.00024) and
a main effect of administration type (norfluox: 𝐹(1, 20) =
10.44, 𝑃 = 0.0042) on drug levels in trunk blood at sacrifice.
There were no other main or interaction effects (0.24 < 𝑃 <
0.91).

As expected, vehicle-treated animals did not have
detectable serum levels of fluoxetine or norfluoxetine.

3.2. Ki67-ir Cells. Minipump animals receiving the
5mg/kg/day dose of fluoxetine had significantly more
Ki67-ir cells in the GCL compared to minipump animals
receiving the 10mg/kg/day dose, when looking at overall
change from baseline (controls) (𝐹(1, 9) = 9.64, 𝑃 = 0.013;
𝑛 = 5/group). There were no other significant effects of
fluoxetine dose or administration type on total number of
Ki67-ir cells in the GCL/SGZ (0.3 < 𝑃 < 0.7; Figure 3). There
was also no effect of estradiol levels on number of Ki67-ir
cells in the GCL/SGZ (𝑃 = 0.98).

3.3. Synaptophysin Density. Synaptophysin density in the
GCL/SGZ was significantly greater in vehicle-treated ani-
mals, regardless of administration method (0.000001 < 𝑃 <
0.03, Figure 4; region (CA3, GCL) by dose interaction for
synaptophysin density: 𝐹(2, 30) = 8.48, 𝑃 = 0.0012).
Synaptophysin density was also significantly greater in the
GCL/SGZ than in the CA3 (main effect of region: 𝐹(1, 30) =
40.35,𝑃 = 0.000001).There were no other significantmain or
interaction effects between groups in synaptophysin density
and no effect of estradiol levels on synaptophysin density
(0.15 < 𝑃 < 0.99; Table 1).
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Figure 2: Mean (±SEM) serum levels of fluoxetine (a, c) and norfluoxetine (b, d) (ng/mL). (a, b)There were significantly higher serum levels
of fluoxetine/norfluoxetine in the animals receiving 10mg/kg/day of fluoxetine via minipump. Serum levels were significantly lower in the
morning and were significantly higher in the minipump group (0.000001 < 𝑃 < 0.015). (c, d) At sacrifice, serum from trunk blood revealed
significantly higher levels of fluoxetine/norfluoxetine in the animals receiving 10mg/kg/day of fluoxetine viaminipump (0.00001 < 𝑃 < 0.03).
(𝑛 = 6/group). ∗∗ denotes 10mg significantly different from all other groups.

Table 1: Mean (±SEM) synaptophysin expression in the CA3 region
of the hippocampus (optical density) (𝑛 = 6/group).

Fluoxetine dose/day Cookie treatment Pump treatment
0mg/kg 0.1129 ± 0.009 0.0798 ± 0.017

5mg/kg 0.1100 ± 0.019 0.0875 ± 0.014

10mg/kg 0.0994 ± 0.019 0.0996 ± 0.024

3.4. Glucose Levels. As expected, animals fed with the cookie
had significantly elevated blood glucose levels compared
to animals with minipump implants (𝐹(1, 30) = 8.0435,
𝑃 = 0.008; Table 2); however, these levels were still within
the physiological range. There were no other significant
differences between groups (𝑃 < 0.82).

Table 2: Mean (±SEM) blood glucose levels at sacrifice (mg/dL). As
expected, animals fed with cookies had significantly elevated blood
glucose levels compared to animals with minipump implants (𝑃 =
0.008, 𝑛 = 6/group).

Fluoxetine dose/day Cookie treatment Pump treatment
0mg/kg 12.53 ± 1.80 9.27 ± 0.52

5mg/kg 11.28 ± 1.46 9.25 ± 0.59

10mg/kg 12.92 ± 1.94 9.22 ± 0.60

3.5. Body Weight. For body weight measurements there was
no significant main effect of administration type or dose on
overall change in weight (0.29 < 𝑃 < 0.58).
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Figure 4:Mean (±SEM) synaptophysin expression in the GCL/SGZ
of the hippocampus. Synaptophysin density was significantly greater
in vehicle-treated animals, regardless of administration method
(0.000001 < 𝑃 < 0.03). (𝑛 = 6/group). ∗ denotes 0mg significantly
different from 5mg and 10mg.

4. Discussion

Findings of the present study show that two weeks of
fluoxetine treatment results in a significant decrease in synap-
tophysin expression in the dentate gyrus, but not the CA3
region, of adult female rats. In turn, we found that admin-
istration method (cookie versus minipump) and fluoxetine
dose differentially affected hippocampal cell proliferation,
with only females receiving the 5mg/kg dose via a minipump
having increased cell proliferation in the GCL compared
to females receiving the 10mg/kg dose via a minipump.
Furthermore, administration method differentially affected
circulating levels of fluoxetine and its active metabolite,
norfluoxetine, with the greatest levels of fluoxetine being
evident at a 10mg/kg dose administered via minipump.

4.1. Fluoxetine Effects Synaptophysin Expression in the Dentate
Gyrus. In the present study, fluoxetine treatment signif-
icantly decreased synaptophysin expressionin the dentate
gyrus and had no effect on synaptophysin expressionin the
CA3 region of the hippocampus. To our knowledge there is
no previous research on the effects of fluoxetine treatment
on synaptophysin expression in adult female rats. However,
previous research in adult male rats has shown that 7 days
of fluoxetine treatment significantly increases synaptophysin
mRNA levels in the granule cell layer of the hippocampus
[39]; however, they did not measure protein levels. Work
in hippocampal cell culture, under toxic conditions, and
in male Ts65Dn mice (model of Down Syndrome) also
shows that fluoxetine can rescue or improve synaptophysin
expression [40, 41]. In addition, the decrease in synapto-
physin expression in the dentate gyrus of female rats with
fluoxetine administration is perhaps counterintuitive given
the general idea that SSRI medication enhances hippocampal
neurogenesis [6, 42]. However, it is well documented inmales
only that SSRI medications increase hippocampal plasticity
and alleviate depressive-like behaviors [43], suggesting a
significant role of estradiol and progesterone on the effects
of SSRI medications in adult females. Further neurochemical
and behavioural data are needed to fully understand the
functional significance of SSRIs on hippocampal plasticity in
the adult female.

In the present study we did not find a significant effect of
fluoxetine treatment of synaptophysin expression in the CA3
region of the hippocampus. Previous work has shown that
fluoxetine administration (5mg/kg) significantly increases
pyramidal spine formation in both the CA1 and CA3 regions
of the hippocampus of adult female rats [23], with effects
in the CA1 region being evident after 5 days of fluoxetine
administration and effects in the CA3 region being evident
after 2 weeks of fluoxetine administration [23]. However,
previous work in adult male rats shows no effect of fluoxetine
treatment (10mg/kg) on synaptophysin mRNA density [39].
Discrepancies between the present study and the previous
work in females may be due to methodological techniques
as Hajszan et al. [23] administered fluoxetine via intraperi-
toneal injections and used electron microscopy to quantify
spine densities, whereas, in the present study, fluoxetine
was administered via a cookie or minipump and synapto-
physin immunohistochemistry was measured. Furthermore,
Hajszan et al. [23] used ovariectomized female rats whereas
female rats in the present study were cycling. Estradiol
alone is known to have marked effects on spine density,
particularly in the CA1 region of the hippocampus [44–47],
and has been shown to increase serotonin metabolite levels
in the CA3 region of the hippocampus [48]. In addition,
estradiol has been shown to upregulate serotonin synthesis
in the dorsal raphe in a similar manner to fluoxetine [49].
Recent work suggests that the effects of fluoxetine on spine
density in adult female rats are only evident in ovariectomized
females and when the endogenous actions of estradiol on
hippocampal spine density are disturbed [50]. Thus, there
are likely marked interactions between circulating estradiol
levels and the effects of fluoxetine on spine density in the
hippocampal formation.
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4.2. Fluoxetine Dose and Administration Effect on Cell Prolif-
eration. In the present study, we found effects of fluoxetine
on hippocampal cell proliferation only after administration
of fluoxetine via minipump. Here we show that after 2 weeks
of minipump administration females receiving the 5mg/kg
dose of fluoxetine had significantly more proliferating cells
in the GCL compared to females receiving the 10mg/kg
via minipump. This work shows that fluoxetine levels can
differentially affect cell proliferation in the adult female
rat. These findings also replicate previous work showing
that fluoxetine (5mg/kg) has no effect on cell proliferation
in the hippocampus of adult female rats when compared
to controls [21, 22]. Interestingly, previous work in adult
male rats shows that 2 weeks of fluoxetine administration
(7mg/kg) via minipump, as in the present study, increases
hippocampal cell proliferation [26].This work and a previous
one [21] point to marked sex differences in the effect of
fluoxetine on hippocampal plasticity. Sex/gender must be
taken into consideration when investigating neurobiological
effects of SSRI medications, particularly as these medications
are more often used to treat depression in women [19].
Apart from sex/gender, exposure to stress and changes in
circulating corticosterone levels also play an important role
in the effects of fluoxetine on hippocampal neurogenesis [22,
26]. For example, previous work shows the effect of fluoxetine
treatment on hippocampal neurogenesis in the adult female
is markedly increased in females exposed to stress [22].

4.3. Effects of Administration Method on Fluoxetine. In the
present study fluoxetine administrationmethod differentially
affected measures of hippocampal plasticity and also serum
fluoxetine and norfluoxetine levels. Here we show that serum
fluoxetine and norfluoxetine levels, in a dose of 5mg/kg, do
not markedly differ between cookie and minipump adminis-
tration. However, serum fluoxetine and norfluoxetine levels,
after a fluoxetine dose of 10mg/kg, were significantly elevated
in animals treated with a minipump.This difference between
administration methods in serum levels of fluoxetine at a
higher dose is likely due to metabolism of fluoxetine by
cytochrome P450 enzymes in the liver after oral (cookie)
administration [51], thus leading to lower circulating levels
of fluoxetine and norfluoxetine. In higher doses it may be
advantageous to administer fluoxetine twice a day in a cookie
in order to increase the circulating levels of fluoxetine and
norfluoxetine. We have recently used a twice-a-day cookie
administration method (total fluoxetine dose 10mg/kg) dur-
ing the postpartum period and shown significant effects on
offspring development [33]. Others have also shown that
voluntary fluoxetine administration in a cookie dough ball
is an effective and noninvasive technique to chronically
administer this, and potentially other, medication [52]. Thus,
voluntary SSRI medication administration is possible and
may be a valuable way to further understand how these
medications affect neurobiological processes.

5. Conclusions

The present study investigated the effect of fluoxetine, a
common SSRI antidepressant medication, on hippocampal

plasticity in the adult female rat. Main findings show that two
weeks of fluoxetine treatment results in a significant decrease
in synaptophysin expression in the dentate gyrus, but not
the CA3 region, of the hippocampus. In turn, administration
method (cookie versus minipump) and fluoxetine dose (5mg
versus 10mg) differentially affected hippocampal cell prolifer-
ation in the GCL, with the females receiving the 5mg/kg dose
of fluoxetine via minipump having significantly more prolif-
erating cells compared to females receiving the 10mg/kg via
minipump (when investigating overall change frombaseline).
Furthermore, administration method differentially affected
circulating levels of fluoxetine and its active metabolite,
norfluoxetine, with the greatest levels of fluoxetine being
evident with a 10mg/kg dose given via minipump.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

[1] B. S. McEwen, “Central effects of stress hormones in health and
disease: understanding the protective and damaging effects of
stress and stress mediators,” European Journal of Pharmacology,
vol. 583, no. 2-3, pp. 174–185, 2008.

[2] N. A. DeCarolis and A. J. Eisch, “Hippocampal neurogenesis as
a target for the treatment of mental illness: a critical evaluation,”
Neuropharmacology, vol. 58, no. 6, pp. 884–893, 2010.

[3] P. J. Lucassen, P. Meerlo, A. S. Naylor et al., “Regulation of
adult neurogenesis by stress, sleep disruption, exercise and
inflammation: implications for depression and antidepressant
action,” European Neuropsychopharmacology, vol. 20, no. 1, pp.
1–17, 2010.

[4] L. Santarelli, M. Saxe, C. Gross et al., “Requirement of hip-
pocampal neurogenesis for the behavioral effects of antidepres-
sants,” Science, vol. 301, no. 5634, pp. 805–809, 2003.

[5] A. Dranovsky and R. Hen, “Hippocampal neurogenesis: regu-
lation by stress and antidepressants,” Biological Psychiatry, vol.
59, no. 12, pp. 1136–1143, 2006.

[6] A. Mateus-Pinheiro, L. Pinto, J. M. Bessa et al., “Sustained
remission fromdepressive-like behavior depends onhippocam-
pal neurogenesis,” Translational Psychiatry, vol. 3, article e210,
2013.

[7] M. Banasr, M. Hery, J. M. Brezun, and A. Daszuta, “Serotonin
mediates oestrogen stimulation of cell proliferation in the adult
dentate gyrus,” European Journal of Neuroscience, vol. 14, no. 9,
pp. 1417–1424, 2001.

[8] J. M. Brezun and A. Daszuta, “Serotonin may stimulate granule
cell proliferation in the adult hippocampus, as observed in
rats grafted with foetal raphe neurons,” European Journal of
Neuroscience, vol. 12, no. 1, pp. 391–396, 2000.

[9] J. M. Brezun and A. Daszuta, “Serotonin depletion in the adult
rat produces differential changes in highly polysialylated form
of neural cell adhesion molecule and tenascin-C immunoreac-
tivity,” Journal of Neuroscience Research, vol. 55, no. 1, pp. 54–70,
1999.

[10] J. M. Brezun and A. Daszuta, “Depletion in serotonin decreases
neurogenesis in the dentate gyrus and the subventricular zone
of adult rats,” Neuroscience, vol. 89, no. 4, pp. 999–1002, 1999.



8 Neural Plasticity

[11] A. Varrault, J. Bockaert, andC.Waeber, “Activation of 5-HT(1A)
receptors expressed in NIH-3T3 cells induces focus formation
and potentiates EGF effect on DNA synthesis,” Molecular
Biology of the Cell, vol. 3, no. 9, pp. 961–969, 1992.

[12] J. E. Malberg, A. J. Eisch, E. J. Nestler, and R. S. Duman,
“Chronic antidepressant treatment increases neurogenesis in
adult rat hippocampus,” Journal of Neuroscience, vol. 20, no. 24,
pp. 9104–9110, 2000.

[13] M. Banasr, M. Hery, R. Printemps, and A. Daszuta, “Serotonin-
induced increases in adult cell proliferation and neurogenesis
are mediated through different and common 5-HT receptor
subtypes in the dentate gyrus and the subventricular zone,”
Neuropsychopharmacology, vol. 29, no. 3, pp. 450–460, 2004.

[14] E. Gould, “Serotonin and hippocampal neurogenesis,” Neu-
ropsychopharmacology, vol. 21, supplement 2, pp. 46S–51S, 1999.

[15] S. R. Wainwright and L. A. Galea, “The neural plasticity theory
of depression: assessing the roles of adult neurogenesis and
PSA-NCAM within the hippocampus,” Neural Plasticity, vol.
2013, Article ID 805497, 14 pages, 2013.

[16] J. M. Bessa, D. Ferreira, I. Melo et al., “The mood-improving
actions of antidepressants do not depend on neurogenesis but
are associatedwith neuronal remodeling,”Molecular Psychiatry,
vol. 14, no. 8, pp. 764–773, 2009.

[17] J. L. Pawluski, S. Brummelte, C. K. Barha, T. M. Crozier, and
L. A. M. Galea, “Effects of steroid hormones on neurogenesis
in the hippocampus of the adult female rodent during the
estrous cycle, pregnancy, lactation and aging,” Frontiers in
Neuroendocrinology, vol. 30, no. 3, pp. 343–357, 2009.

[18] M. Steiner, E. Dunn, and L. Born, “Hormones and mood:
from menarche to menopause and beyond,” Journal of Affective
Disorders, vol. 74, no. 1, pp. 67–83, 2003.

[19] M. M. Weissman and M. Olfson, “Depression in women:
implications for health care research,” Science, vol. 269, no. 5225,
pp. 799–801, 1995.

[20] A. D. Green and L. A. M. Galea, “Adult hippocampal cell
proliferation is suppressed with estrogen withdrawal after a
hormone-simulated pregnancy,” Hormones and Behavior, vol.
54, no. 1, pp. 203–211, 2008.

[21] G. E. Hodes, L. Yang, J. van Kooy, J. Santollo, and T. J. Shors,
“Prozac during puberty: distinctive effects on neurogenesis as a
function of age and sex,” Neuroscience, vol. 163, no. 2, pp. 609–
617, 2009.

[22] J. L. Pawluski, T. D. Charlier, M. Fillet et al., “Chronic fluoxetine
treatment and maternal adversity differentially alter neurobe-
havioral outcomes in the rat dam,” Behavioural Brain Research,
vol. 228, no. 1, pp. 159–168, 2012.

[23] T. Hajszan, N. J. MacLusky, and C. Leranth, “Short-term
treatment with the antidepressant fluoxetine triggers pyramidal
dendritic spine synapse formation in rat hippocampus,” Euro-
pean Journal of Neuroscience, vol. 21, no. 5, pp. 1299–1303, 2005.

[24] A. P. Brown, N. Dinger, and B. S. Levine, “Stress produced by
gavage administration in the rat,” Contemporary Topics in Labo-
ratory Animal Science, vol. 39, no. 1, pp. 17–21, 2000.

[25] M. K. Meijer, B. M. Spruijt, L. F. M. van Zutphen, and V.
Baumans, “Effect of restraint and injection methods on heart
rate and body temperature in mice,” Laboratory Animals, vol.
40, no. 4, pp. 382–391, 2006.

[26] G.-J. Huang and J. Herbert, “Stimulation of neurogenesis in the
hippocampus of the adult rat by fluoxetine requires rhythmic
change in corticosterone,”Biological Psychiatry, vol. 59, no. 7, pp.
619–624, 2006.

[27] S. Caccia, M. Cappi, C. Fracasso, and S. Garattini, “Influence of
dose and route of administration on the kinetics of fluoxetine
and its metabolite norfluoxetine in the rat,” Psychopharmacol-
ogy, vol. 100, no. 4, pp. 509–514, 1990.

[28] D. Yang, K. H. Kim, A. Phimister et al., “Developmental expo-
sure to polychlorinated biphenyls interferes with experience-
dependent dendritic plasticity and ryanodine receptor expres-
sion in weanling rats,” Environmental Health Perspectives, vol.
117, no. 3, pp. 426–435, 2009.

[29] B. E. Powers, J. J. Widholm, R. E. Lasky, and S. L. Schantz,
“Auditory deficits in rats exposed to an environmental PCB
mixture during development,”Toxicological Sciences, vol. 89, no.
2, pp. 415–422, 2006.

[30] S. AlAhmed and J. Herbert, “Strain differences in proliferation
of progenitor cells in the dentate gyrus of the adult rat and
the response to fluoxetine are dependent on corticosterone,”
Neuroscience, vol. 157, no. 3, pp. 677–682, 2008.

[31] R. D. Porsolt, G. Anton, N. Blavet, and M. Jalfre, “Behavioural
despair in rats: a new model sensitive to antidepressant treat-
ments,” European Journal of Pharmacology, vol. 47, no. 4, pp.
379–391, 1978.

[32] J. Xu, M. A. Kirigiti, K. L. Grove, and M. S. Smith, “Reg-
ulation of food intake and gonadotropin-releasing hormone/
luteinizing hormone during lactation: role of insulin and leptin,”
Endocrinology, vol. 150, no. 9, pp. 4231–4240, 2009.

[33] L. Knaepen, I. Rayen, T. D. Charlier et al., “Developmental flu-
oxetine exposure normalizes the long-term effects of maternal
stress on post-operative pain in Sprague-Dawley rat offspring,”
PLoS ONE, vol. 8, no. 2, Article ID e57608, 2013.

[34] V. Houbart, A. C. Servais, T. D. Charlier, J. L. Pawluski, F. Abts,
andM. Fillet, “A validatedmicrofluidics-based LC-chip-MS/MS
method for the quantitation of fluoxetine and norfluoxetine in
rat serum,” Electrophoresis, vol. 33, no. 22, pp. 3370–3379, 2012.

[35] J. L. Pawluski, D. L. A. van den Hove, I. Rayen, J. Prickaerts, and
H.W.M. Steinbusch, “Stress and the pregnant female: impact on
hippocampal cell proliferation, but not affective-like behaviors,”
Hormones and Behavior, vol. 59, no. 4, pp. 572–580, 2011.

[36] C. L. Burton, D. Chatterjee, M. Chatterjee-Chakraborty et
al., “Prenatal restraint stress and motherless rearing disrupts
expression of plasticity markers and stress-induced corticos-
terone release in adult female Sprague-Dawley rats,” Brain
Research, vol. 1158, no. 1, pp. 28–38, 2007.

[37] I. Rayen, D. L. van den Hove, J. Prickaerts, H. W. Steinbusch,
and J. L. Pawluski, “Fluoxetine during development reverses
the effects of prenatal stress on depressive-like behavior and
hippocampal neurogenesis in adolescence,” PLoS ONE, vol. 6,
no. 9, Article ID e24003, 2011.

[38] G. Paxinos and C. Watson,The Rat Brain in Stereotaxic Coordi-
nates, Elsevier Academic Press, 5th edition, 2004.

[39] M. H. Larsen, A. Hay-Schmidt, L. C. B. Rønn, and J. D.
Mikkelsen, “Temporal expression of brain-derived neuro-
trophic factor (BDNF) mRNA in the rat hippocampus after
treatment with selective andmixedmonoaminergic antidepres-
sants,” European Journal of Pharmacology, vol. 578, no. 2-3, pp.
114–122, 2008.

[40] M. K. Seo, C. H. Lee, H. Y. Cho et al., “Effects of antidepressant
drugs on synaptic protein levels and dendritic outgrowth in
hippocampal neuronal cultures,” Neuropharmacology, vol. 79,
pp. 222–233, 2014.

[41] T. Begenisic, L. Baroncelli, G. Sansevero et al., “Fluoxetine in
adulthood normalizes GABA release and rescues hippocampal



Neural Plasticity 9

synaptic plasticity and spatial memory in a mouse model of
Down Syndrome,” Neurobiology of Disease, vol. 63, pp. 12–19,
2014.

[42] G. E. Hodes, T. E. Hill-Smith, and I. Lucki, “Fluoxetine
treatment induces dose dependent alterations in depression
associated behavior and neural plasticity in female mice,”
Neuroscience Letters, vol. 484, no. 1, pp. 12–16, 2010.

[43] C. Dalla, P. M. Pitychoutis, N. Kokras, and Z. Papadopoulou-
Daifoti, “Sex differences in animal models of depression and
antidepressant response,” Basic and Clinical Pharmacology and
Toxicology, vol. 106, no. 3, pp. 226–233, 2010.

[44] C. S. Woolley and B. S. McEwen, “Estradiol regulates hippo-
campal dendritic spine density via an N-methyl-D-aspartate
receptor-dependent mechanism,” Journal of Neuroscience, vol.
14, no. 12, pp. 7680–7687, 1994.

[45] C. S.Woolley and B. S.McEwen, “Estradiolmediates fluctuation
in hippocampal synapse density during the estrous cycle in the
adult rat,” Journal of Neuroscience, vol. 12, no. 7, pp. 2549–2554,
1992.

[46] C. S.Woolley, E. Gould,M. Frankfurt, andB. S.McEwen, “Natu-
rally occurring fluctuation in dendritic spine density on adult
hippocampal pyramidal neurons,” Journal of Neuroscience, vol.
10, no. 12, pp. 4035–4039, 1990.

[47] E. Gould, C. S. Woolley, M. Frankfurt, and B. S. McEwen,
“Gonadal steroids regulate dendritic spine density in hippocam-
pal pyramidal cells in adulthood,” Journal of Neuroscience, vol.
10, no. 4, pp. 1286–1291, 1990.

[48] L. F. Jacome, C. Gautreaux, T. Inagaki et al., “Estradiol and
ER𝛽 agonists enhance recognition memory, and DPN, an ER𝛽
agonist, alters brain monoamines,” Neurobiology of Learning
and Memory, vol. 94, no. 4, pp. 488–498, 2010.

[49] J. Charoenphandhu, J. Teerapornpuntakit, A. Nuntapornsak, N.
Krishnamra, and N. Charoenphandhu, “Anxiety-like behaviors
and expression of SERT and TPH in the dorsal raphé of
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