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Behavioral Effects of Chronic Fluoxetine in BALB/c] Mice
Do Not Require Adult Hippocampal Neurogenesis
or the Serotonin |A Receptor
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We previously reported that chronic, but not subchronic, treatment with the selective serotonin reuptake inhibitor (SSRI) fluoxetine
altered behavior in the forced swimming test (FST) in BALB/cJ mice. We now use this model to investigate mechanisms underlying the
delayed onset of the behavioral response to antidepressants, specifically (1) adult hippocampal neurogenesis and (2) expression of the 5-
HTIA receptor. Here, we show data validating this model of chronic antidepressant action. We found the FST to be selectively
responsive to chronic administration of the SSRI fluoxetine (18 mg/kg/day) and the tricyclic antidepressant desipramine (20 mg/kg/day),
but not to the antipsychotic haloperidol (I mg/kg/day) in BALB/c] mice. The behavioral effects of fluoxetine emerged by 12 days of
treatment, and were affected neither by ablation of progenitor cells of the hippocampus nor by genetic deletion of the 5-HT | A receptor.
The effect of fluoxetine in the BALB/cJ mice was also neurogenesis-independent in the novelty-induced hypophagia test. We also found
that chronic fluoxetine does not induce an increase in cell proliferation or the number of young neurons as measured by BrdU and
doublecortin immunolabeling, respectively, in BALB/c] mice. These data are in contrast to our previous report using a different strain of
mice (129SvEvTac). In conclusion, we find that BALB/c] mice show a robust response to chronic SSRI treatment in the FST, which is not
mediated by an increase in new neurons in the hippocampus, and does not require the 5-HT | A receptor. These findings suggest that

INTRODUCTION

Selective-serotonin reuptake inhibitors (SSRIs), such as
fluoxetine, have emerged as first-line treatments for mood
disorders due to an improved side effect profile over
tricyclic antidepressants. However, a significant proportion
of nonresponsive patients (Kampf-Sherf et al, 2004), and a
delay of 2-4 weeks before therapeutic efficacy is apparent
(Andreoli et al, 2002; De Nayer et al, 2002; Blier, 2003)
impair the treatment of depression. A better understanding
of the mechanisms underlying antidepressant efficacy may
permit the development of novel treatments with greater
efficacy and faster onset.

SSRIs bind the serotonin transporter (SERT) within half
an hour after oral administration (Hirano et al, 2005), which
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is too fast to account for the therapeutic effects that appear
weeks later. SSRIs have a net effect of increasing
extracellular serotonin (5-HT) concentrations, and this
effect accumulates over time with chronic treatment (Kreiss
and Lucki, 1995). Therefore, adaptive mechanisms down-
stream of SERT inhibition likely account for the delayed
onset of antidepressant efficacy.

Neurotrophin research (Castren, 2004) has suggested
growth-related mechanisms underlying the SSRI response
including changes in neurogenesis, and dendritic and spine
growth (D’Sa and Duman, 2002; Costa e Silva, 2004). Stress
induces dendritic remodeling of CA3 pyramidal neurons,
reduces the number of synapses on those neurons, and
impairs neurogenesis in the dentate gyrus (Fuchs et al, 2006).
While major depression is often thought to be the result of
chronic stress, no major cell loss or atrophy in the
hippocampus has been found, despite reports of reduced
hippocampal volume (Lucassen et al, 2001; Muller et al, 2001).

Many classes of antidepressants have been shown to
enhance neurogenesis in the subgranular zone (SGZ) of the
hippocampus in rodents (van Praag et al, 1999; Malberg
et al, 2000; Scott et al, 2000) reportedly through an increase
in the division of amplifying neural progenitor cells



(Encinas et al, 2006). The time course for integration of new
neurons into functional circuits is consistent with the time
course for antidepressant drugs to exert therapeutic efficacy
(van Praag et al, 2002).

Previously published data (Santarelli et al, 2003) have
suggested that hippocampal neurogenesis is required for the
behavioral effects of antidepressants in the novelty-sup-
pressed feeding (NSF) and chronic unpredictable stress
paradigms. In that study, mice lacking the 5-HT1A receptor
(1AKO) did not show the behavioral or neurogenic response
to chronic fluoxetine in 129SvEv mice (Santarelli et al, 2003).
Fluoxetine-mediated increases in serotonin may stimulate
adult hippocampal neurogenesis through 5-HT1A receptor
signaling, leading to the behavioral response.

A role of the 5-HT1A receptor in antidepressant efficacy
is probable. Chronic antidepressants cause the desensitiza-
tion of somatodendritic 5-HT1A autoreceptors, removing
inhibitory control over the firing rate of serotonergic
neurons (Blier et al, 1987; Le Poul et al, 1995; Hensler,
2002; Blier, 2003). Pharmacological studies investigating the
role of the 5-HTIA receptor have been inconsistent
(Redrobe et al, 1996; Redrobe and Bourin, 1998; Moser
and Sanger, 1999), although studies of 1AKO mice have
suggested that this receptor is necessary for the behavioral
effects of acute (Mayorga et al, 2001) and chronic (Santarelli
et al, 2003) antidepressants.

We previously described behavioral tests of antidepres-
sant action that exhibit sensitivity to chronic, but not
subchronic, fluoxetine treatment (Dulawa et al, 2004), and
may therefore reflect the therapeutic delay observed in
patients. These tests were developed in BALB/c] mice, which
are reported to display high baseline anxiety-like behavior
(Robertson, 1979; Belzung and Griebel, 2001; Bouwknecht
and Paylor, 2002; Tang et al, 2002). Temporal specificity of
antidepressant behavioral effects in the FST have also been
reported in C57Bl/6 mice treated with chronic amitriptyline
(21 days, via drinking water) (Caldarone et al, 2003), and in
rats treated with fluoxetine via osmotic minipumps (Cryan
et al, 2005). However, repeated treatment by daily injection
(Reneric et al, 2002) or gavage (Kelliher et al, 2003) in rats
showed no difference in the behavioral effects with chronic
treatment, although this may be a consequence of the doses
studied (Detke et al, 1997).

We used the FST to explore potential underlying
mechanisms of the antidepressant response, including adult
hippocampal neurogenesis and 5-HT1A receptors. We
found that the mouse FST can be used to detect effects of
sustained fluoxetine administration beginning at 12 days of
treatment, and these effects require neither adult hippo-
campal neurogenesis nor the 5-HT1A receptor in BALB/c]
mice. In contrast to our previous study (Santarelli et al,
2003), we found the effects of fluoxetine in the BALB/c]
mice in the novelty-induced hypophagia test also to be
independent of adult hippocampal neurogenesis, suggesting
a strain-specific mechanism of antidepressant efficacy.

MATERIALS AND METHODS
Animals

BALB/cJ male mice (Jackson Laboratories, Bar Harbor, ME)
were used for pharmacological, time course, and irradiation
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experiments. Mice arrived at 6-8 weeks of age, and were
tested between 12 and 18 weeks of age (25-30 g). Separate
groups of mice were used for all drug treatments and time
points tested. Additionally, adult male wild-type and 5-
HT1A receptor null (1AKO) mice were used for separate
experiments. All experimental mice were littermates pro-
duced from heterozygote breeding. Mice ranged from 2 to 4
months of age, and weighed 18-30g.

For all experiments, mice were housed five per cage in a
colony room controlled for light (12h light/12h dark; on
from 0600 to 1800 h) and temperature. Food and water were
available ad libitum. Behavioral testing occurred during
the light phase between 1000 and 1600h. All animal care
and testing conditions were in accordance with the NIH
Laboratory Animal Care Guidelines and with IACUC
protocol approval.

Drugs

Fluoxetine (Anawa Biomedical Services and Products,
Switzerland), desipramine and haloperidol (Sigma-Aldrich
Corporation, St Louis, MO) were made available ad libitum
in the drinking water. The concentration of each drug in
drinking water was determined from the average daily water
consumption (x ml/mouse/day), and the average body
weight per mouse (g/mouse) to achieve the desired doses.
The drug doses, with the dissolved concentrations in
parentheses, were as follows: fluoxetine 18 mg/kg/day
(160 mg/l), despiramine 20 mg/kg/day (240 mg/1), and halo-
peridol 1mg/kg/day (7.5mg/l). Drug solutions were pro-
tected from light in opaque water bottles. Vehicle-treated
animals received regular (tap) drinking water. The drug
solutions were replaced every 3 days. Mice treated acutely
with diazepam (1.0 and 3.0 mg/kg; Sigma-Aldrich Corpora-
tion, St Louis, MO) were administered the drug dissolved in
0.9% NaCl and 0.3% Tween-80 (i.p. injection volume of
10 ml/kg) 30 min before behavioral testing on day 2 of the
FST. Each mouse received only one drug and duration of
treatment. Plasma levels of fluoxetine, its metabolite
norfluoxetine, and desipramine where determined by liquid
chromatography with fluorescence detection (Suckow et al,
1992).

In the acute 1AKO studies, fluoxetine (10 mg/kg) and
desipramine (20 mg/kg) were dissolved in 0.9% NaCl at a
volume of 5ml/kg of body weight and injected intraper-
itoneally 30 min before testing. For chronic studies, the
same mice were then chronically administered fluoxetine
(10 mg/kg/day) and desipramine (20 mg/kg/day) in the
drinking water.

Forced Swimming Test

The test conducted here is a modification of the traditional
rat FST (Porsolt et al, 1979), and was performed as we have
described previously (Dulawa et al, 2004). Mice are placed
into plastic buckets (24" h x 19” diam) filled 19” high with
23-25°C tap water for 6 min each on 2 consecutive days.
Both swim sessions are videotaped from a tripod-mounted
camera positioned directly above the swim buckets. The
swim sessions were analyzed by a blind scorer using a time
sampling technique in which the predominant behavior
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(swimming, immobility, or climbing) is scored every 5s in
the last 4 min of the test (Cryan and Lucki, 2000).

Novelty-Induced Hypophagia

The novelty-induced hypophagia (NIH) was conducted as
described previously (Dulawa et al, 2004). Mice were singly
housed, and trained to drink a diluted solution of sweetened
condensed milk (3:1, tap water to milk). Training consists
of presenting the milk in a 10 ml serological pipette through
the lid of the cage to each mouse for 30 min per day (days
32-34 of fluoxetine treatment). On the fourth day (day 35),
the mice are tested in their home cage for latency to drink
the milk and volume consumed over a 30-min period. On
the fifth day (day 36), mice are retested in a novel cage,
which has no bedding and is more brightly lit.

Ablation of Progenitor Cells

All mice were anesthetized with ketamine and xylazine (100
and 7 mg/kg, respectively). Half of the mice (‘sham’) were
then returned to their home cage. The other half of the mice
(‘X-ray’) were irradiated as described previously (Santarelli
et al, 2003). After being anesthetized, the X-ray mice were
subsequently placed in a stereotaxic frame to position the
brain for hippocampal-specific irradiation using a Siemens
Stabilopan X-Ray System (300kVp and 20mA). A lead
shield was placed over the entire body including the head
with a 3.22 x 11 mm opening in the shield positioned over
the hippocampus. X-ray mice were given 5 Gy of irradiation
on three occasions spaced 3 days apart (total: 15 Gy over 1
week). A dose of 15h Gy reduces cell proliferation by at
least 85% in the denate gyrus of the hippocampus using this
procedure (Santarelli et al, 2003). Sixty mice were used in
this experiment with 15 mice per group by drug (vehicle or
fluoxetine) and X-ray (sham or X-ray) condition.

Perfusion and Sectioning

To assess changes in cell proliferation in the dentate gyrus,
4 days after the completion of behavioral testing, mice were
injected once with bromodeoxyuridine (150 mg/kg, i.p.;
Miller and Nowakowski, 1988; Yu et al, 1992). Two hours
after injection, mice were anesthetized with ketamine and
xylazine (100 and 7mg/kg, respectively), and killed by
cardiac perfusion (4% paraformaldehyde). Brains were then
post-fixed overnight in 4% paraformaldehyde at 4°C then
transferred into a 30% sucrose/0.1% sodium azide cryo-
protectant until the brains sank. Brains were embedded in
tissue freezing medium, and sectioned using a cryostat to
cut 35um coronal sections. Sections from each brain were
collected to generate six representative sets of each mouse
hippocampus. Each set of brains includes twelve 35pm
sections through the hippocampus, and was stored in one
well of a 24-well plate in phosphate-buffered saline (PBS)
with 0.1% sodium azide at 4°C.

Bromodeoxyuridine Immunohistochemistry

Mounted sections were boiled for 5 min in 0.01 M citric acid
(pH 6.0) then rinsed with PBS. Sections were treated with
0.1 M Tris-Cl/0.1% trypsin/0.1% CaCl, for 7 min, 2N HCI
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for 30 min, and then blocked with 3% normal goat serum
(1h). Primary antibody (anti-mouse BrdU, 1:100) was
applied with overnight incubation. On the following day,
sections were washed of primary antibody, and incubated
for one hour with goat anti-mouse IgG biotinylated
secondary antibody (1:200 in 1.5% NGS). The signal of
the biotinylated secondary antibody was then amplified by
binding avidin-biotin complex (ABC), which contains
peroxidase. The substrate, diaminobenzidine (DAB) was
then applied to visualize the staining by the action of
peroxidase on DAB, which produces a visible brown
product. Sections were counterstained with Fast Red,
dehydrated, delipidated, and coverslipped.

Doublecortin Immunohistochemistry

To assess expression of doublecortin (DCx), a cellular
marker of young neurons (Brown et al, 2003), free-floating
sections were treated with 0.3% peroxidase followed by
blocking with 10% Normal Donkey Serum (0.1 M TBS, 0.5%
Triton-X, 1h). Sections were then incubated with primary
antibody (goat anti-doublecortin, 1:3500) in 0.1 M TBS and
0.5% Triton-X at 4°C overnight (16 h). Sections were rinsed
with TBS, and secondary antibody (biotinylated donkey
anti-goat, 1:500) was applied (1h). Detection of the
secondary antibody was enhanced using the Vectastain
ABC Elite kit, followed by applying DAB. Sections were
rinsed with TBS, mounted, dehydrated and delipidated, and
coverslipped using Aqua Poly/Mount.

Quantification

In the irradiation experiment, brains were collected from six
mice for each treatment group (vehicle/fluoxetine, and
sham/X-ray). Two brains from the fluoxetine treatment
groups (one sham, one X-ray) were lost due to poor
perfusion quality. Data reported are the result of quantifica-
tion of BrdU and DCx of the following numbers of brains:
vehicle/sham 6, vehicle/X-ray 6, fluoxetine/sham 5, and
fluoxetine/X-ray 5. BrdU- and DCx-postive cells in the
subgranular zone of the dentate gyrus were quantified
under x 63 and x 40 magnification, respectively, using a
Zeiss Axiovert 200 microscope. Using the sectioning
described above, six sets of sections from each brain are
generated. Therefore, the number of positive cells for one
set of sections (numbers of sections per group listed above)
was multiplied by six to give an estimated number of total
positive cells throughout the entire dentate gyrus.

Statistical Analyses

Data were analyzed using StatView 5.0 software. For all
experiments, Analysis of Variance (ANOVA) was applied to
the data. Significant interactions were resolved using post
hoc ANOVAs with adjusted p-values and/or Newman-Keuls
post hoc tests. In the FST, animals exhibiting immobility
scores of greater than two SD from the mean were removed
from the analysis. The level of significance was set to
P <0.05. Analyses specific to each experiment are described
in the Results.



RESULTS

FST Specifically Detects Antidepressant Effects and
Depends on Chronic Administration

For each experiment, separate two-way ANOVAs were
applied with time bin (1 min intervals) as a within-subjects
factor and drug as a between-subjects factor for each
dependent measure (swimming, immobility, and climbing)
and duration of treatment (2 or 28 days). As shown in
Figure 1, chronic (28 days) but not subchronic (2 days),
fluoxetine treatment significantly increased swimming
(F(1,21) =4.684, p<0.05) and decreased immobility
(F(1,21) =6.785, p<0.05) in the FST in BALB/c] mice.
Chronic, but not subchronic, administration of the tricyclic
antidepressant desipramine was also effective at reducing
immobility (F(1,28) =5.840, p <0.05) and increasing climb-
ing (F(1,28) =8.147, p<0.01). The dissociation between
SSRIs and tricyclics to differentially affect the distinct active
behaviors of swimming and climbing, respectively, has been
reported previously (Detke et al, 1995). Additionally, we did
not detect an effect of the antipsychotic haloperidol (1 mg/
kg/day) in the FST either when administered subchronically
or chronically. Acute diazepam, a benzodiazepine, was not
found to be effective at altering any behavior in the FST
(data not shown).

We also verified that the mice in fact received expected
levels of fluoxetine by examining the plasma levels of
fluoxetine and the primary metabolite norfluoxetine using
liquid chromatography with fluorescence detection (Suckow
et al, 1992). Fluoxetine and norfluoxetine levels were found
to be in the range expected of patients prescribed 20-80 mg
per day of fluoxetine (Koran et al, 1996; Supplementary
Figure 1). Fluoxetine levels averaged 877.8 ng/ml (range:
573-1570) and the mean norfluoxetine level was 857.4 ng/ml
(range: 538-1543).

Time Course of Behavioral Effects

Separate two-way ANOVAs were applied with time bin
(1 min intervals) as a within-subjects factor and drug as a
between-subjects factor for each dependent measure
(swimming, immobility, and climbing) and duration of
treatment (2, 12, or 28 days). The behavioral effects of
fluoxetine in the FST show a temporal dependence
(Figure 2). Separate groups of mice were tested at each
time point. Two days of fluoxetine treatment was insuffi-
cient to affect any of the dependent measures assessed
(swimming: F(1,22) =0.6986, p>0.05; immobility:
F(1,22) =2.094, p>0.05). In contrast, significant effects of
fluoxetine were present at 12 days of treatment (swimming:
F(1,27) =9.298, p<0.05; immobility: F(1,27) =12.115,
p<0.05). The effects of fluoxetine persisted at 28 days of
treatment (swimming: F(1,22) =4.198, p <0.05; immobility:
F(1,22) =8.014, p<0.05).

Contribution of Adult Hippocampal Neurogenesis to
Fluoxetine-Induced Behaviors

Mice underwent sham (n=30) or irradiation (n=30)
treatment (5 Gy) on days 1, 4, and 7 of fluoxetine treatment
(total: 15 Gy over 1 week). Mice were tested in the FST on
days 30 and 31 of drug treatment. Data were analyzed using
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Figure | Temporal and pharmacological specificity of behavior in
the forced swimming test. Mice were treated with vehicle (open bars),
2 days of drug treatment (gray bars), or 28 days of drug treatment
(black bars). Separate experiments were conducted for each drug:
fluoxetine (18 mg/kg/day), desipramine (20 mg/kg/day), and haloperidol
(I'mg/kg/day). The data are shown as the mean counts (a) immobile,
(b) swimming, or (c) climbing for each drug experiment for the last four
minutes of the six-minute test session (¥ <0.05 vs vehicle group by
ANOVA). N=108 (n= 12 per drug and duration).

a three-way ANOVA with time bin as a within-subjects
factor, and drug (vehicle or fluoxetine) and irradiation
condition (sham or X-ray) as between-subjects factors, with
swimming, immobility, and climbing behavior analyzed by
separate ANOVAs. As shown in Figure 3, chronic fluoxetine
significantly reduced immobility (F(1,50) = 51.896, p <0.05)
in the FST. Immobility in the FST was unaltered by X-ray
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Figure 2 Time course of the behavioral effects of fluoxetine in the FST.
Separate groups of mice were used to assess the onset of the behavioral
effects of fluoxetine in the FST. Mice were tested on days 2, 12 or 28 of
fluoxetine treatment (18 mg/kg/day); duration of treatment is indicated on
the x- axis. The vehicle groups from each experiment did not differ, so
were thus pooled to generate a combined vehicle group from which data
for mean counts immobile (a) and swimming (b) are shown (¥p<0.05 vs
vehicle by ANOVA for each individual time point). 2 days: vehicle n= 12,
fluoxetine n=12; 12 days: vehicle n=15, fluoxetine n=14; 28 days:
vehicle n= 12, fluoxetine n=12.

irradiation (F(1,50) =2.179, p>0.05). Additionally, irradia-
tion did not alter the effect of fluoxetine on immobility in
the FST (F(1,50)=0.904, p>0.05). Similarly, swimming
behavior was significantly increased by fluoxetine
(F(1,50) = 50.706, p<0.05), but neither a main effect of X-
ray irradiation (F(1,50) =1.414, p>0.05) nor an interaction
(F(1,50) =1.020, p>0.05) were present.

Immunohistochemistry

We verified the successful ablation of progenitor cells by
bromodeoxyuridine and doublecortin immunohistochem-
istry, and found that in both the vehicle- and fluoxetine-
treated mice, irradiation dramatically reduced the number
of BrdU-positive (F(1,18)=30.987, p<0.05) as well as
doublecortin-positive (F(1,17) =66.622, p<0.05) cells as
depicted in Figure 4. No doublecortin-positive cells were
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Figure 3 Effect of X-ray irradiation on behavioral effects of fluoxetine in
the FST. (a) Mean counts immobile and swimming in the last 4 min of the
FST (open bars=sham; black bars=X-ray; values are means+SEM,
*p<0.05 main effect of drug condition by ANOVA). Panels b and ¢ show
the pattern over time for immobility and swimming, respectively, over the
6min test session expressed as mean number of incidences of each
behavior per minute as assessed every 5s. Symbols: vehicle/sham = A,
vehicle/X-ray = A, fluoxetine/sham = B, fluoxetine/X-ray =[1. N=60;
I'5 mice per drug and X-ray condition.

detected in any of the X-ray mice treated with fluoxetine. In
sham animals, we did not detect an effect of fluoxetine
on cell proliferation in the dentate gyrus as assessed by
both BrdU (F(1,18)=0.861, p>0.05) and doublecortin
(F(1,17) = 1.414, p>0.05).

Hyponeophagia

The immunohistochemistry data confirm the ablation of
progenitor cells by X-ray irradiation; however, the beha-
vioral results were in opposition to the previous study
(Santarelli et al, 2003). Thus, we wanted to clarify whether
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Figure 4 |Immunohistochemistry of Cell Proliferation in the Dentate Gyrus of the Hippocampus. Mean number BrdU (a) and DCx (b) positive cells per
brain (n= 6 per vehicle group, n =5 per fluoxetine group); open bars = sham, gray bars = X-ray. Values are mean 4+ SEM. *p <0.05 vs Sham for each drug
group. **No DCx-positive cells were detected in any hippocampal sections for this group. (c—j) All images were taken at x 20 magnification. Left panels (c,
e, g and i) are BrdU staining and right panels (d, f, h, and j) are DCx staining. Images are from the following treatment conditions: vehicle/sham (c, d), vehicle/
X-ray (e, f), fluoxetine/sham (g, h), and fluoxetine/X-ray (i, j).
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the behavior in the FST is specifically neurogenesis-
independent, or whether the use of the BALB/c]J strain as
opposed to the 129Sv strain yielded the different results. An
independent group of BALB/c] mice did not show the
expected fluoxetine-induced decrease in latency in the NSF
(Supplementary Figure 2), thus impairing the use of this test
to assess the contribution of neurogenesis as was used in the
previous study. We therefore tested the BALB/cJ mice from
the X-ray experiment in the novelty-induced hypophagia
(NIH) paradigm after FST testing. The NIH is a test we have
recently developed (Dulawa et al, 2004), which, like the
NSF, relies on the concept of hyponeophagia, or reduced
consumption in a novel environment. As shown in Figure 5,
BALB/c] mice respond to the novel environment with
reduced consumption (F(1,27) =16.524, p<0.05) of swee-
tened condensed milk and a longer latency to drink the milk
(F(1,27) =20.06, p<0.05) compared to the home cage
environment. ANOVA revealed a significant interaction
between drug treatment and environment for latency
(F(2,27) =4.112, p<0.05). Subsequent Fisher’s post hoc
tests showed that 18 mg/kg/day of fluoxetine reverses the
novelty-induced hypophagia on the latency measure
(p=0.027). As with the FST, the behavioral effects of
chronic fluoxetine in the NIH were also unaltered by
previous X-ray irradiation (environment by drug by X-ray
ANOVA (F(2,27) =0.354, p > 0.05)). Therefore, the effects of
chronic fluoxetine in both the FST and the NIH in BALB/cJ
mice were found to be neurogenesis-independent.

Role of Serotonin 1A Receptor in Acute Antidepressant
Effects in the FST

Serotonin 1A receptor knockout mice (Ramboz et al, 1998)
were backcrossed four generations from a 129Sv back-
ground onto a BALB/cJ background. The experimental mice
were N4 congenic mice, containing greater than 90% of the
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Figure 5 Effect of chronic fluoxetine in BALB/cJ mice in the novelty-
induced hypophagia test. Mean latency to drink diluted sweetened
condensed milk in the home and novel cages are shown (+SEM) for
mice treated with either sham (open bars) or X-ray (black bars). Mice were
either treated with O, 10, or 18 mg/kg/day fluoxetine in the drinking water.
*p < 0.05 for vehicle vs 18 mg/kg/day fluoxetine in the novel environment.
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genes of the BALB/c] strain (Silver, 2005). A three-way
ANOVA was used to assess the FST data from the 1AKO
study with time bin as the within-subjects factor, and drug
(vehicle, fluoxetine, or desipramine) and genotype (WT or
1AKO) as between-subjects factors. Separate ANOVAs were
used for the assessment of the effect of acute drug treatment
on the three dependent measures of immobility, swimming,
and climbing.

As shown in Figure 6, ANOVA evaluating the effects of
acute fluoxetine treatment on immobility revealed a main
effect of acute fluoxetine (F(1,20)=5.53, p<0.05), and a
fluoxetine by genotype interaction (F(1,20) =8.18, p<0.01).
Newman-Keuls post hoc tests indicated that vehicle-treated
WT mice exhibited significantly more immobility than
vehicle-treated 1AKO mice. Furthermore, acute fluoxetine
treatment significantly reduced immobility in WT, but
not 1AKO mice. ANOVA assessing the effects of acute
fluoxetine treatment on swimming revealed a significant
drug by genotype interaction (F(1,20)=4.43, p<0.05).
Newman-Keuls post hoc tests showed that drug treatment
significantly increased swimming in WT, but not 1AKO
mice. Finally, ANOVA evaluating the effects of acute
fluoxetine on climbing found a main effect of genotype on
climbing (F(1,20) =5.32, p<0.05); thus, 1AKO mice ex-
hibited more climbing behavior than WT mice across
treatment conditions.

ANOVA evaluating the effects of acute desipramine on
immobility revealed main effects of acute drug treatment
(F(1,21)=7.87, p<0.01) and genotype (F(1,21)=4.58,
p<0.05), and a drug by genotype interaction
(F(1,21) =8.97, p<0.01). Newman-Keuls post hoc tests
showed that acute desipramine treatment significantly
reduced immobility in WT, but not 1AKO mice. No
significant effects of acute desipramine treatment or
genotype on swimming behavior were found. Finally,
ANOVA assessing the effects of acute desipramine treat-
ment on climbing found a main effect of drug
(F(1,21) =5.40, p<0.05), with desipramine increasing
climbing behavior across genotypes.

Role of Serotonin 1A Receptor in Chronic
Antidepressant Effects in the FST

ANOVA assessing the effects of chronic fluoxetine on
immobility revealed a main effect for drug (F(1,20) =10.74,
p<0.01) to reduce immobility across both genotypes
(Figure 7). A planned post hoc ANOVA evaluating the effect
of genotype on immobility within vehicle-treated animals
revealed a strong trend (F(1,12) =4.34, p=0.06) for 1AKO
mice to exhibit reduced immobility compared to WT mice.
No main effects or interactions of genotype and fluoxetine
treatment on swimming were found. ANOVA evaluating the
effects of chronic fluoxetine treatment on climbing revealed
main effects of genotype (F(1,20) =5.42, p<0.05) and drug
(F(1,20) =12.23, p<0.01), with chronic fluoxetine increas-
ing climbing behavior in both genotypes, and 1AKO mice
exhibiting more climbing behavior than WT mice overall.
As shown in Figure 7, ANOVA assessing the effects of
chronic desipramine on immobility found a main effect of
drug (F(1,20) =26.311, p<0.001), with desipramine redu-
cing immobility across genotypes. Swimming behavior was
unaffected by chronic desipramine treatment or genotype.
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Figure 6 Effects of acute fluoxetine and desipramine in 5-HTIA
receptor knock-out mice in the FST. Data are expressed as mean counts
(a) immobile, (b) swimming, and (c) climbing (4 SEM; open bars = vehicle,
gray bars =fluoxetine, 10mg/kg/day, black bars = desipramine, 20 mg/kg/
day). Drugs were administered as a single acute injection (i.p. in 0.9% NaCl)
30min before testing. *Significant effects (p<0.05) are indicated for
Newman—Keuls post hoc analyses to reveal the specific significant
comparisons from drug by genotype interactions. |AKO n=18; WT
n=15.

A main effect of chronic desipramine treatment on climbing
(F(1,20) =10.657, p<0.001) was also found, with desipra-
mine increasing climbing behavior across genotypes.

DISCUSSION

Our present findings suggest that the FST provides a valid
assessment of chronic antidepressant action in BALB/c]
mice. Furthermore, our findings that the serotonin 1A
receptor may be required for the behavioral response to
acute, but not chronic, fluoxetine treatment in the FST
suggest that different mechanisms underlie these effects.
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Figure 7 Effects of chronic fluoxetine and desipramine in 5-HTIA
receptor knock-out mice in the FST. Data are expressed as mean counts
(a) immobile, (b) swimming, and (c) climbing (4 SEM; open bars = vehicle,
gray bars =fluoxetine, 10mg/kg/day, black bars = desipramine, 20 mg/kg/
day). Mice were tested after 21 days of chronic fluoxetine administration
via drinking water.
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The serotonin 1A receptor does not appear to be required
for the behavioral response to acute or chronic adminis-
tration of the tricyclic desipramine. Finally, in contrast to
previously published findings in the NSF test in the 129/Sv
strain, our data show that the behavioral responses to
chronic fluoxetine in the FST and in the NIH test are
independent of adult hippocampal neurogenesis (see Table 1
for summary of findings). Our results suggest the presence
of strain-dependent mechanisms underlying the antidepres-
sant response.

The onset of the therapeutic effects of antidepressant
drugs in patients exhibits a characteristic delay of several
weeks (Andreoli et al, 2002; De Nayer et al, 2002; Blier,
2003). The traditional FST is a reliable assay with strong
predictive validity for antidepressant compounds that
assesses the behavioral response to acute drug treatment.
However, due to the use of acute drug treatments, the
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Table | Summary of the Effects of Chronic Fluoxetine
Administration by Strain and Behavioral Test

Effects of chronic fluoxetine

Strain 129SvEvTac BALB/c) BALB/c])
Test NSF* FST NIH
Stimulate neurogenesis Yes No No
X-ray sensitive Yes No No
Effective in |AKO No Yes ND

ND, not determined.
“Santarelli et al (2003).

traditional FST cannot be used to study the mechanisms
underlying the delayed onset of the therapeutic effects of
antidepressants. Rather, a behavioral paradigm used for the
purpose of identifying mechanisms of the antidepressant
response should exhibit validity for the time course of drug
action in patients. Here, we have shown that in BALB/c]
mice chronic, but not subchronic, administration of the
SSRI fluoxetine and the tricyclic antidepressant desipramine
increased active behavior and decreased immobility in the
FST, while neither the antipsychotic haloperidol nor the
benzodiazepine diazepam had significant behavioral effects.
Thus, this chronic application of the FST offers a tool for
studying the mechanisms underlying the antidepressant
response.

Time Course of Fluoxetine Effects in the FST

The time course experiments assessed the onset of the
behavioral effects of fluoxetine in the FST. We find that the
effects on immobility and swimming are absent at two days
of drug administration, appear at 12 days and persist
through 28 days of treatment. Additionally, we have
previously demonstrated that 7 days of fluoxetine admin-
istration is also insufficient to induce these behavioral
changes in the FST in BALB/c] mice (Dulawa et al, 2004).
The behavioral response to fluoxetine that appears between
7 and 12 days of treatment likely results from slowly
developing neural adaptations in response to sustained drug
treatment.

While 2 days of fluoxetine administration in the drinking
water was ineffective, a single intraperitoneal injection of
fluoxetine effectively altered FST behavior (see Figure 6).
The mechanisms underlying these acute behavioral changes
are unlikely to be the same as those mediating the
behavioral effects that emerge chronically. The route of
administration (intravenous vs oral) significantly impacts
the pharmacokinetics of fluoxetine (Caccia et al, 1990). The
acute behavioral effects may result from a sharp peak in
blood levels of fluoxetine and its active metabolite
norfluoxetine. The sustained fluoxetine administration in
the drinking water produces a slow rise to steady state blood
levels; this perhaps better mimics the administration to
patients.

Clinically, the presence of a delayed onset of the
antidepressant response has been debated. A recent meta-
analysis of 28 randomized controlled trials shows evidence
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of antidepressant effects as early as 1 week after commen-
cing treatment (Taylor et al, 2006). Additionally, new rodent
data show that the time lag between antidepressant drug
administration and behavioral testing is perhaps more
important than sustained chronic dosing in the develop-
ment of the antidepressant response (Kusmider et al, 2006).
Nevertheless, clearly more robust effects emerge with time
of treatment, and the behaviors observed here do present a
delayed onset.

Serotonin 1A Receptors and the Antidepressant
Response

On the BALB/c] background, we replicated previously
published findings indicating an antidepressant-like phe-
notype of the 1AKO in the tail suspension test (Mayorga
et al, 2001) and in the FST (Ramboz et al, 1998).
Specifically, the N4 BALB/c] 1AKO congenic mice treated
with vehicle exhibit less immobility than their wild-type
counterparts. The 1AKO mice also do not respond to acute,
but do appear to respond to chronic fluoxetine in the FST.
Additionally, 1AKO mice respond to both acute and chronic
treatment with the tricyclic antidepressant desipramine in
the FST. Although we cannot exclude the possibility that the
lack of effect of acute fluoxetine treatment on immobility in
1AKO mice is due to a floor effect, 1AKO mice did not show
any increase in swimming behavior as observed in the wild-
type mice. Both wild type and 1AKO mice clearly responded
to chronic fluoxetine treatment in the FST.

Different neural mechanisms likely underlie the acute and
chronic effects of antidepressants in the FST in the WT and
1AKO mice. We observed that both the WT and 1AKO mice
respond to chronic treatment with fluoxetine or desipra-
mine. Although much evidence now supports a role for the
serotonin 1A receptor in mediating the acute effects of
fluoxetine in behavioral paradigms (ie, FST and TST), here
we show for the first time that the serotonin 1A receptor is
not required for the chronic effects of antidepressants in the
FST. It may be reasonable to speculate that the behavioral
effects of acute fluoxetine in the FST capture early
mechanisms of the antidepressant response that set into
motion a cascade of events that culminate in the delayed
therapeutic response in patients (Kusmider et al, 2006).
However, in the FST, it appears that the acute effects are
independent of the chronic behavioral effects. The 5-HT1A
receptor-dependent acute behavioral effects are not likely to
represent an initiating event that later develops into a
chronic effect, since the 5-HT1A receptor does not appear to
be needed for the effects of chronic fluoxetine in the FST.

Continued treatment with SSRIs has been suggested to
alter the function of other neurotransmitter systems aside
from serotonin. Some studies suggest that SSRIs augment
noradrenergic, as well as serotonergic, function when given
chronically (Page and Abercrombie, 1997; Thomas et al,
1998). Furthermore, fluoxetine exhibits moderate affinity
for the norepinephrine transporter (NET) and very low
affinity for the dopamine transporter (DAT) in humans
(Owens et al, 2001). These reports are consistent with our
finding that chronic fluoxetine treatment increased climb-
ing behavior in the FST, which is typically observed
following acute treatment with antidepressants that block
NET. The behaviors observed after chronic treatment may



therefore reflect a combination of the action of fluoxetine
on both the serotonergic and noradrenergic systems. Future
experiments using serotonin or catecholamine depletion
(PCPA or AMPT, respectively) will determine whether
increased serotonin or catecholamine levels underlie the
effects of chronic fluoxetine in the FST.

Adult Hippocampal Neurogenesis

We also sought to determine the contribution of adult
hippocampal neurogenesis to the observed behavioral
effects induced by chronic fluoxetine in the FST. Our
previous study in a different strain of mice (129SvEvTac)
indicated that the effects of chronic fluoxetine in the
novelty-suppressed feeding (NSF) paradigm not only
require the 5-HT1A receptor, but are also neurogenesis-
dependent (Santarelli et al, 2003). However, our present
findings show that X-ray irradiation did not alter the
fluoxetine-induced behavioral changes in the FST or NIH in
BALB/c] mice. As a result, we have concluded that the
behavioral effects of chronic fluoxetine in BALB/c] mice
are not dependent upon hippocampal neurogenesis in the
dentate gyrus. Furthermore, we also found that chronic
fluoxetine did not increase cell proliferation in the dentate
gyrus of the same mice that showed a robust antidepressant
response in the FST and NIH. This finding further
uncouples the effects of SSRIs on cell proliferation from
their antidepressant efficacy.

Although chronic fluoxetine alters behavior in both
paradigms, the hyponeophagia-based paradigms, NSF and
NIH, and FST tests measure different aspects of the
antidepressant response. Behavior in the hyponeophagia
tests and the FST are differentially sensitive to anxiolytic
and antidepressant compounds, respectively. The NSF and
NIH tests are sensitive to pure anxiolytic drugs such as
benzodiazepines, as well as to chronic treatment with SSRIs,
which have both anxiolytic and antidepressant effects
(Bodnoff et al, 1988). In contrast, benzodiazepines such as
diazepam are inactive in the FST (data not shown), but
antidepressants reliably alter this behavior (Figure 1). Due
to findings to date, one may be tempted to suggest that the
mechanisms by which SSRIs mediate anxiolysis require cell
proliferation in the dentate gyrus, while those mechanisms
underlying the antidepressant effects of SSRIs do not.
However, we found the antidepressant response in the NIH
test to be neurogenesis-independent in BALB/c] mice.
Furthermore, a recent report showed that reduced anxi-
ety-like behavior in the NSF test induced by enriched
environment and exercise, strong stimulators of neurogen-
esis, was also unaffected by X-ray irradiation (Meshi et al,
2006), suggesting that hippocampal neurogenesis was not
involved in this effect. Thus, our present findings and those
of Meshi et al (2006) show that the antidepressant effects of
SSRIs and environmental enrichment do not depend upon
the stimulation of adult hippocampal neurogenesis in a
number of paradigms, including the NSF, NIH, and FST.

Another important factor potentially accounting for the
conflicting results of studies to date is the strain of mouse
utilized. The importance of strain selection is discussed in a
recent review (Jacobson and Cryan, 2007) that details strain
differences in baseline and depression-related behavior. The
neurogenesis-dependent effects of fluoxetine in the NSF test
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were found in the 129SvEvTac strain of mice (Santarelli
et al, 2003), whereas the neurogenesis-independent effects
shown here in the FST and NIH were found in the BALB/c]
strain. It is possible that the two strains utilize different
cellular and molecular machinery to mediate the behavioral
effects of chronic antidepressant treatment. Unfortunately,
the 129SvEv mice exhibit hind-limb rigidity as a side effect
of fluoxetine treatment, rendering the behavioral response
to chronic fluoxetine in the FST confounded in this strain
(Lucki et al, 2001).

We have also tested the mice on the N4 congenic BALB/c]
background in the NSF test, but did not find the expected
fluoxetine-induced decrease in latency to feed in these mice
(Supplementary Figure 2). Due to limitations of the use of
the NSF (challenges in the control of food deprivation,
limited reliability), we have recently developed a new
hyponeophagia paradigm, the novelty-induced hypophagia
(NIH) (Dulawa et al, 2004; Dulawa and Hen, 2005). We have
found that this paradigm provides a more robust and
reliable measure of hyponeophagia in mice (Dulawa and
Hen, 2005). Using this test, we found that the anxiolytic
effect of chronic fluoxetine treatment was neurogenesis-
independent in BALB/c] mice (Figure 5). These data suggest
that (1) BALB/cJ mice do not respond to fluoxetine in the
NSF and/or the NSF is not reliable enough to detect these
drug effects, and (2) the effects of fluoxetine in the NIH, a
similar hyponeophagia paradigm, are also neurogenesis-
independent in the BALB/c] strain. These conclusions
suggest that differences in the strains, rather than the
behavioral tests, explain the discrepancies between our
previous report (Santarelli et al, 2003) and the data
presented here.

Others have examined whether strain differences exist in
baseline or stress-induced changes in cell proliferation and
survival in the dentate gyrus. Recent reports show that
female mice of the BALB/c and a 129 substrain (129/Sv]) are
quite similar on measures of neurogenesis including cell
proliferation, survival, and neuronal differentiation,
although the 129/Sv] mice show slightly less survival 4
weeks after BrdU injection (Kempermann et al, 1997).
Interestingly, we find here that chronic fluoxetine treatment
does not induce an increase in adult hippocampal
neurogenesis in BALB/c] mice, even though an antidepres-
sant response was observed in the FST and NIH tests.
Consistent with our findings, chronic fluoxetine treatment
has been reported to have a minimal effect on neurogenesis
in unstressed BALB/c] mice by others (Alonso et al, 2004).
Our findings demonstrate that anxiolytic and antidepres-
sant effects of chronic SSRI treatment can be exhibited by
mice in the absence of increased hippocampal neurogenesis.

Underlying differences in the corticosterone response
of the two strains may explain the presence of both
neurogenesis-dependent and neurogenesis-independent be-
havioral effects of chronic antidepressants. It has recently
been shown that disruption of the normal diurnal rhythm of
corticosterone in rats inhibits the effects of fluoxetine on
cell proliferation and neurogenesis in the dentate gyrus
(Huang and Herbert, 2006). Additionally, mouse strain
differences in the corticosterone response to systemic
challenge, as well as to neurogenic and psychogenic
stressors have been examined identifying BALB/c mice as
perhaps the most sensitive strain (Shanks et al, 1990;
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Anisman et al, 2001; Hayley et al, 2001). Future studies may
explore whether the corticosterone system is sufficiently
different in BALB/cJ mice so as to prevent the induction of
cell proliferation in the dentate gyrus following fluoxetine
treatment. Nevertheless, behavioral effects of chronic
fluoxetine in the BALB/c] mice in our study were found
despite the lack of increase in cell proliferation, suggesting
that adult hippocampal neurogenesis does not mediate
these behavioral effects (see summary of findings in
Table 1). In this context it is noteworthy that the first
human study of the role of neurogenesis in depression and
antidepressant treatment failed to find an association (Reif
et al, 2006), although future clinical and/or post-mortem
studies are warranted.

In conclusion, we find that the FST in BALB/cJ mice is a
pharmacologically valid measure of chronic antidepressant
action that shows delayed onset of behavioral effects. We
have shown that these behavioral effects are independent of
both adult hippocampal neurogenesis and the function of
the 5-HT1A receptor, which is in contrast with our previous
report in a difference strain of mice (Santarelli et al, 2003).
The BALB/c] mice also displayed a neurogenesis-indepen-
dent response to fluoxetine in the novelty-induced hypo-
phagia test. The strain differences that we have uncovered
here may have clinical relevance since responsiveness to
antidepressants is variable among patients as well. It is
possible, and perhaps likely, that those patients that
respond to SSRIs do so through various underlying neural
mechanisms. As knowledge regarding the myriad of effects
of SSRIs in the brain continues to expand, it is imperative
that future studies utilize rodent behavioral models
sensitive to chronic antidepressant treatment to dissect
which of these neural changes play a causal role in their
behavioral effects.
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