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Abstract

Antidepressant induced increases in neurogenesis and neurotrophin mobilization in rodents and
primates are proposed to be necessary for behavioral efficacy. The current study examines the
relationship between the effects of fluoxetine treatment on behavior, cell proliferation and the
neurotrophin BDNF in females. Female MRL/MpJ mice were treated acutely (5 and 10 mg/kg) or
chronically (2.5, 5 and 10 mg/kg b.i.d.) with fluoxetine and tested in the tail suspension test (TST)
and or novelty induced hypophagia test (NIH) respectively. Mice treated chronically with
fluoxetine received 4 (100 mg/kg) injections of 5-bromo-2’-deoxyuridine (BrdU) on the last 4
days of treatment to measure DNA synthesis. The other half of the hippocampus and the frontal
cortex were removed and examined for BDNF levels. Fluoxetine treatment decreased immaobility
in the TST and latency to eat in the NIH test, but only the highest dose of fluoxetine significantly
altered behavior in both tests. Chronic treatment with 5 and 10 mg/kg of fluoxetine significantly
increased cell proliferation and BDNF levels in the hippocampus. Only chronic treatment with the
highest of fluoxetine increased BDNF levels in the frontal cortex. Behavioral measures in the NIH
test correlated with BDNF levels in the frontal cortex but not in the hippocampus or with cell
proliferation in the hippocampus. These data suggest that females require high doses of fluoxetine
for behavioral efficacy regardless of elevations of neurogenesis and BDNF mobilization in the
hippocampus. Elevations in BDNF levels in the frontal cortex are related to the behavioral
efficacy of fluoxetine.
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Female mice treated with high doses of fluoxetine (10 mg/kg) produce more new cells in the
hippocampus than males [14]. The behavioral ramifications of this increased level of cell
proliferation remain to be determined. Antidepressants are thought to alter depression and
anxiety associated behavior through their actions on cell proliferation and neurotrophin
mobilization [10, 24]. Women have a 2-fold higher incidence of depression than men [18].
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The majority of experiments examining the biological basis of depression and
pharmacological agents are conducted in male animals [17]; therefore it remains to be
determined whether changes in adult neurogenesis and neurotrophin mobilization are
involved with behavioral antidepressant efficacy in females.

A variety of behavioral tests have been used to measure the effects of acute and chronic
antidepressant treatments in rodents [9]. The novelty induced hypophagia test / novelty
suppressed feeding test has good face validity as it requires chronic treatment with
antidepressants to induce behavioral alterations which are associated with decreases in
anxiety. Originally it was reported that irradiating the hippocampus to block cell
proliferation also blocked the ability of antidepressants to decrease the latency to consume
food in the novelty suppressed feeding test [25]. However, recent studies indicate that
whether or not cell proliferation is necessary for behavioral efficacy in this test seems to be
strain [16] and species dependent [5]. Antidepressant efficacy can also be measured with
tests which only require acute treatment. Both the forced swim test and tail suspension test
show good predictive value as treatment with a number of antidepressants decrease
immobility in both tests [9].

The current study examined the behavioral effects of antidepressants in female mice by
measuring the effects following acute and chronic treatment with the selective serotonin
reuptake inhibitor (SSRI) fluoxetine. These studies used female mice from the MRL/MpJ
strain because male MRL/MpJ mice are highly responsive to the neurogenic and behavioral
effects of chronic antidepressant treatments [3]. The behavioral responses to acute and
chronic fluoxetine were examined using the tail suspension test and the novelty induced
hypophagia test, respectively. The effects of chronic fluoxetine treatment on cell
proliferation in the hippocampus and BDNF levels in the hippocampus and frontal cortex
were also measured in the same individuals and then used to examine biological correlates
to chronic treatment effects.

Materials and Methods

Animals were experimentally naive adult female MRL/MpJ mice (Jackson Laboratories, Bar
Harbor, ME, USA) age 8-10 weeks at the beginning of all studies. Male MRL/MpJ mice
have an enhanced capacity for regeneration without scarring [13] and behavioral and cellular
sensitivity to the effects of both acute and chronic antidepressant treatment [2] making this
mouse strain ideal for modeling antidepressant efficacy. Mice were pair housed for all
experiments except the TST study in which they were group housed (5 to a cage). In all
studies mice were housed in polycarbonate cages and maintained on a 12-h light/dark cycle
(lights on at 07:00 hours) in a temperature (22°C) and humidity-controlled colony. Animals
were given ad libitum access to food and water. Adequate measures were taken to minimize
pain and discomfort to the animals and all procedures were in conducted in accordance with
the guidelines published in the NIH Guide for Care and Use of Laboratory Animals. All
protocols were approved by the University of Pennsylvania Institutional Animal Care and
Use Committee.
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Drugs were given by intraperitoneal (i.p.) injection. Fluoxetine hydrochloride was purchased
from Anawa (Zurich, Switzerland) and prepared fresh daily. The doses were calculated
according to the base weight of the drug and administered in a volume of 10 ml/kg. 5-
Bromo-2-deoxyuridine (BrdU; Roche Applied Sciences Indianapolis, IN) was dissolved in
warm saline and administered by i.p. injection at a volume of 10 ml/kg. Mice were
administered injections of 0.9% saline or fluoxetine (2. 5, 5 or 10 mg/kg) twice daily.
Fluoxetine was given twice daily because due to its long half —life this dosing strategy
results in relatively stable plasma levels [14].

For the cell proliferation, BDNF, and NIH study, animals (n = 60; 10 per dose) received
antidepressant treatment for 26 days. To conduct the NIH study, mice were first trained to
consume Reese’s peanut butter chips from a plastic petri dish. Training sessions (15 min-
first exposure, 5 min - all subsequent exposures) were conducted in the home cage with a
divider separating the pair. Mice received 4 training sessions prior to antidepressant
treatment and 2 training sessions at the end of antidepressant treatment. After 21 days of
antidepressant treatment, the latency to eat in the home cage was recorded. The following
day, mice were tested in a novel cage environment. The novel environment differed from the
home cage via room location, lighting, smell and lack of bedding. Mice were placed into the
novel cage for 5 min and latency to eat was recorded. Immediately after exposure to the
novel cage, mice received the first of 4 once daily injections of BrdU (100 mg/kg). Mice
were sacrificed 24 hours after the last injection.

For the tail suspension test study a different cohort of mice (n=30; 10 per dose) were given
a single injection of fluoxetine (5 and 10 mg/kg). Mice were injected with their first dose of
antidepressant or saline and were tested 30 min later in an automated TST device (Med
Associates, St Albans, VT). Mice were suspended by their tails with tape from an aluminum
bar connected to a strain gauge for 6 min. The duration of immobility was calculated as the
time the force of the animal’s movements were below a preset threshold (breathing only).
Optimum thresholds were originally determined by comparing manually scored videotapes
with automated scores [8].

Labeling of BrdU was measured in cells displaying the nuclear marker 7-aminoactinomycin
D (7-AAD) by flow cytometry as previously described and validated [3, 4]. Mice were
decapitated, their brains quickly removed, and the hippocampus and frontal cortex were
dissected out. For the hippocampus only the right lobe was analyzed, as cell counts have not
been shown to differ between hemispheres [3]. The hippocampus was minced, and digested
using an enzymatic cocktail (0.5 mL, 1 mg/mL papain, Roche Applied Sciences
Indianapolis, IN; 0.1 M L-cysteine, Sigma St. Louis, MO) and incubated in a dry heat block
at 37°C for 15 minutes. Enzymatic digestion was blocked using Hibernate-A (Brain Bits
Springfield, IL) containing 10% heat-inactivated fetal bovine serum (FBS; Gibco Grand
Island, NYY). Tissue was then mechanically triturated to form a single cell suspension and
spun in a centrifuge at 2000 rpm for 5 min.

The supernatant was removed and the resultant cells were then fixed and stained using the
FITC BrdU Flow Kit (BD Biosciences San Jose, CA). Prior to analysis, cells were filtered
through a cell strainer cap (30 um) to remove debris. The data was collected on a BD FACS
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Canto system at the University of Pennsylvania Flow Cytometry Core Facility. Background
signal was controlled for by staining tissue from animals that had not been injected with
BrdU. All data was collected an analyzed using BD FACSDiva software (BD Biosciences,
San Jose, CA).

The left unilateral hippocampus and the whole frontal cortex were used to measure BDNF
levels 24 hr after cessation of antidepressant treatment. Tissue was flash frozen in
isopentane and placed in at freezer at —80° C until analysis. BDNF protein levels were
quantified using a commercially available sandwich ELISA kit (Promega, Madison, WI).
The tissue was homogenized in 0.75 mL of lysis buffer (100 mM PIPES pH 7.0, 500 mM
NaCl, 2 mM EDTA, 0.1% sodium azide, 2% bovine serum albumin, 0.2% Triton X-100, 5
pg/mL aprotinin, 0.1ug/mL pepstatin A, 0.5 pg/mL antipain). The homogenate was
centrifuged at 13,000 rpm for 30 min at 4°C. The supernatant was removed and the amount
of BDNF protein in each sample was measured from the supernatant in duplicate by ELISA
following the manufactures instructions. BDNF levels were normalized to the wet tissue
weighs.

Statistical analysis was performed using analysis of variance (ANOVA) and post hoc
analysis was performed using Newman-Keuls when appropriate. All analyses were
performed as one way ANOVAs using Statistica software (StatSoft Inc, Tulsa, OK).

Acute treatment with fluoxetine significantly reduced the duration of immobility in the tail
suspension test [F 5 29 = 3.28, p < 0.05]. Only 10 mg/kg significantly reduced immobility
compared to saline treated controls (p = 0.05) (Fig 1a).

Chronic treatment with fluoxetine reduced the latency to eat in the NIH test [F 3 30 =7.97, p
< 0.001]. Mice treated with 10 mg/kg/day had shorter latencies to eat in a novel environment
than all other doses and saline treated controls (p values < 0.001) (Fig 1b). Fluoxetine
treatment did not alter latency to eat in the home cage [F 3 34 = 1.00, p> 0.05] or the
amount eaten in the home cage [F 3 36 = 0.35, p> 0.05] or novel cage [F 3 36 = 1.60, p>
0.05].

Cell proliferation in the hippocampus was increased following chronic treatment with
fluoxetine [F 334 = 9.73, p < 0.001] (Fig. 2). Post hoc analysis indicated that treatment with
5 mg/kg/day of fluoxetine caused a 1.5-fold increase in cell proliferation compared to
animals given saline or treated with 2.5 mg/kg fluoxetine (p values < 0.05). Chronic
treatment with 10 mg/kg/day of fluoxetine resulted in a 1.8-fold increase in cell proliferation
above saline controls or animals treated with 2.5 mg/kg fluoxetine (p values < 0.001).
Changes in cell proliferation did not correlate with latency to eat in the novel cage of the
NIH test [r = —0.195, p > 0.05] or the amount of chips eaten [r = -0.001, p > 0.05].

Chronic fluoxetine treatment also increased BDNF levels in the hippocampus [F 3 36 =
12.03, p < 0.001] and the frontal cortex [F 3 34 = 36.29, p < 0.001]. In the hippocampus,
treatment with both 5 and 10 mg/kg/day resulted in a 2-fold increase in BDNF levels
compared to animals treated with saline or 2.5 mg/kg fluoxetine (p values < 0.001) (Fig. 3a).
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In the frontal cortex 10 mg/kg produced a significant ~ 3-fold increase in BDNF levels
compared to all other groups (p values < 0.001) (Fig. 3b). BDNF levels in the hippocampus
did not correlate with latency to eat in the novel cage of the NIH test [r = —0.189, p > 0.05]
or the amount eaten [r = 0.127, p > 0.05]. However, BDNF levels in the frontal cortex
correlated with both latency to eat in the novel cage [r = -0.591, p < 0.05] (Fig 4a) and the
amount eaten [r = 0.467, p < 0.05] (Fig. 4b) for the NIH test.

Discussion

Treatment with 10 mg/kg of fluoxetine reduced immobility in the tail suspension test, and
continued treatment with 10 mg/kg/day for 21 days decreased the latency to eat a palatable
food in the novelty induced hypophagia test, indicating that females were only behaviorally
responsive to high doses of fluoxetine. Chronic treatment of female mice with fluoxetine
elevated cell proliferation in a dose dependent manner. Both 5 and 10 mg/kg/day of
fluoxetine increased cell proliferation whereas a low dose (2.5 mg/kg/day) did not. The
highest dose of fluoxetine (10 mg/kg/day) produced larger increases in cell proliferation
than any other dose used. It has been established that around 80-90% of new cells generated
in the hippocampus develop a neuronal phenotype 28 days after labeling [6, 7, 11, 20]
suggesting that the majority of proliferating cells measured in this region would become
neurons. Changes in cell proliferation were accompanied by increases in BDNF levels. Both
5 and 10 mg/kg/day of fluoxetine, the doses that increased cell proliferation also increased
BDNF levels in the hippocampus. Only the highest dose (10 mg/kg/day) altered BDNF
levels in the frontal cortex. These alterations in BDNF mobilization in the frontal cortex
were the only measures to correlate with behavior in the NIH test. Therefore, these data
dissociate the effects of antidepressants on cell proliferation and BDNF levels in the
hippocampus from behavioral efficacy, as the 5 mg/kg dose of fluoxetine which was
sufficient to increase cell proliferation and BDNF levels in the hippocampus was not
sufficient to alter behavior.

Previously it has been reported that male MRL/MpJ mice respond with the greatest increase
in cell proliferation to the 5 mg/kg/day dose and that this dose was also sufficient to
decrease latency to eat in the NIH test. [3]. While the current study did not directly compare
males and females, it suggests that there may be sex differences in both the effects of
fluoxetine on behavior and hippocampal neurogenesis, which should be examined in future
studies. Sex differences in the behavioral effects of fluoxetine may be due to sex differences
in the metabolism of fluoxetine. Female MRL/MpJ mice had larger ratios of the metabolite
norfluoxetine to fluoxetine and developed higher circulating levels of norfluoxetine in the
brain and plasma following chronic treatment with fluoxetine [14]. With a longer half-life
than fluoxetine, norfluoxetine can maintain increased extracellular serotonin levels via
serotonin transporter inhibition and may be a mechanism for these behavioral effects [23].
Serotonin transporter knock out rats have decreased levels of BDNF in the frontal cortex and
hippocampus. [21]. BDNF in the forebrain is necessary for the efficacy of antidepressants in
acute behavioral tests in both sexes, such as the forced swim test, and conditional genetic
deletion of BDNF in the forebrain leads to the development of anhedonia specifically in
female mice [22].
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There has been a lack of agreement in the literature on the effects of antidepressants on
neurogenesis in females. Some studies have found that doses that are sufficient to increase
cell proliferation in males do not increase cell proliferation in females [12, 15] whereas
others have found increases in cell proliferation in females occur when higher doses of
antidepressants are used [1, 19]. The current study is the first in females to examine the
relationship between the dose dependent effects of fluoxetine treatment on cell proliferation,
neurotrophins and behavior. These data suggest that some of the inconsistencies in the
literature are likely due to different dosing strategies, although strain and species differences
may also contribute.
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Research Highlights

« High doses but not low doses of fluoxetine increase neurogenesis in the
hippocampus of female mice.

» High doses but not low doses of fluoxetine increase BDNF protein levels in the
hippocampus and frontal cortex of female mice.

«  The highest dose of fluoxetine tested (10 mg/kg/day) altered depression
associated behavior in female mice, but lower doses did not alter behavior.

e The effects of fluoxetine on depression associated behavior in females
correlated with BDNF protein levels in the frontal cortex, but not BDNF protein
levels or neurogenesis in the hippocampus.
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Figure 1.
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Dose dependent effects of fluoxetine treatment on depression associated behaviors in female
mice. A) Acute treatment with 10 mg/kg but not 5 mg/kg of fluoxetine reduced immaobility
in the tail suspension test. B) Chronic treatment with 10 mg/kg/day but not 5 mg/kg/day of
fluoxetine decreased latency to eat in the novel cage during the NIH test. Bars represent
mean values + SEM. Asterisk (*) denotes significant differences, multiple asterisks indicate

level of significance (* p < 0.05, ** p< 0.01).
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Figure 2.
Chronic treatment with fluoxetine produced dose dependent patterns of cell proliferation in

the hippocampus of female mice. Treatment with 5 and 10 mg/kg/day increased cell

prol

iferation when compared to saline treated animals and mice treated with 2. 5 mg/kg/day.

Bars represent mean values = SEM. Asterisk (*) denotes significant differences, multiple
asterisks indicate level of significance (* p < 0.05, ** p<0.01).

Neurosci Lett. Author manuscript; available in PMC 2015 October 28.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Hodes et al. Page 11

A Hippocampus B Frontal Cortex
35 *%  an 35 — .
30 T I 30 I
O <X
K5 35
28 255
o 538 o 28
= 5238 2 28
XD %] >
2 20 QR £ 20 X
2 (S E &
()]
2 15 - 1 5585 < 15 - K8
w KR w Q
X X
z KX Z >
<X T X
a ¢S Q _ %
@ 10 - 9505 210 - %
5L
5 - 5
0 , ; x 0 . . \
Saline FLX2.5 FLX5 FLX10 Saline FLX2.5 FLX5 FLX10
Figure 3.

Chronic treatment with fluoxetine increased BDNF levels in the hippocampus and frontal
cortex of female mice in a dose dependent manner. A) Treatment with 5 and 10 mg/kg/day
increased BDNF levels in the hippocampus of female mice. B) Only the 10 mg/kg/day dose
increased BDNF levels in the frontal cortex of female mice. Bars represent mean values +
SEM. Asterisk (*) denotes significant differences, multiple asterisks indicate level of
significance (* p < 0.05, ** p< 0.01).
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Figure 4.

BDNF levels in the frontal cortex correlate with behavior in the NIH test. A) Female mice

with higher levels of BDNF in the frontal cortex had a shorter latency to eat in the novel

cage of the NIH test. B) Females with higher levels of BDNF in the frontal cortex ate more

peanut butter chips in the novel cage of the NIH test.
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