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Neurobiology of Disease

Chronic Fluoxetine Stimulates Maturation and Synaptic
Plasticity of Adult-Born Hippocampal Granule Cells
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Chronic treatments with selective serotonin reuptake inhibitors (SSRIs) have been shown to increase hippocampal neurogenesis. How-
ever, it is not known whether SSRIs impact the maturation and functional integration of newborn neurons. Here we examined the effects
of subchronic and chronic fluoxetine on the structural and physiological properties of young granule cells. Our results show that
doublecortin-positive immature neurons displayed increased dendritic arborization after chronic fluoxetine treatment. In addition,
chronic but not subchronic fluoxetine elicited a decrease in the number of newborn neurons expressing immature markers and a
corresponding increase in those expressing mature markers. These results suggest that chronic fluoxetine accelerates the maturation of
immature neurons. We also investigated the effects of fluoxetine on a form of neurogenesis-dependent long-term potentiation (LTP) in
the dentate gyrus. This form of LTP was enhanced by chronic fluoxetine, and ablation of neurogenesis with x-irradiation completely
blocked the effects of chronic fluoxetine on LTP. Finally, we demonstrated that the behavioral effect of fluoxetine in the novelty-
suppressed feeding test requires chronic administration and is blocked by x-irradiation. These results show that the effects of fluoxetine
on LTP and behavior both require neurogenesis and follow a similar delayed time course. The effects of chronic fluoxetine on the
maturation and functional properties of young neurons may therefore be necessary for its anxiolytic/antidepressant activity and con-
tribute to its delayed onset of therapeutic efficacy.
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Introduction
Selective serotonin reuptake inhibitors (SSRIs) have become the
most commonly prescribed treatments for major depression
(Millan, 2006). Nonetheless, the mechanisms underlying the ac-
tion of antidepressants are still unclear: SSRIs require at least 2—4
weeks of administration before achieving therapeutic benefits
(Wong and Licinio, 2001), despite the fact that serotonin levels
rise rapidly after acute administration of SSRIs in both primates
and rodents (Rutter et al., 1994; Kreiss and Lucki, 1995; Anderson
et al., 2005). The paradox between a rapid increase in serotonin
and the delayed onset of antidepressant action has led us to pos-
tulate that structural or functional changes that take place over
time may be required for the therapeutic effects of SSRIs.
Administration of various antidepressants increases adult
neurogenesis in the dentate gyrus (DG) of the hippocampus
(Malberg et al., 2000; Santarelli et al., 2003). A chronic treatment
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is required to produce the increase in neurogenesis (Madsen et
al., 2000; Malberg et al., 2000; Santarelli et al., 2003). Addition-
ally, we and others have shown that some of the behavioral effects
of SSRIs are dependent on hippocampal neurogenesis (Santarelli
etal., 2003; Airan et al., 2007), indicating that neurogenesis plays
a pivotal role in the mechanism of antidepressant action. Besides
increasing the proliferation of neural progenitors, SSRIs also en-
hances survival of postmitotic granule cells (Malberg et al., 2000;
Nakagawa et al., 2002). Studies have suggested that distinct
mechanisms regulate proliferation and survival. For example, en-
vironmental enrichment enhances the survival of immature cells
without affecting proliferation (Kempermann et al., 1997). In
contrast, voluntary exercise increases proliferation and survival
but does not alter the rate of maturation of newborn neurons
(van Praag et al., 2005; Plumpe et al., 2006). Pilocarpine-induced
seizures increase both proliferation and survival (Radley and Ja-
cobs, 2003) and also improve dendritic outgrowth in newborn
neurons (Overstreet-Wadiche et al., 2006). A recent study dem-
onstrated that fluoxetine targets a class of amplifying neural pro-
genitors by increasing the rate of symmetric divisions (Encinas et
al,, 2006). It is not clear, however, whether SSRIs also target im-
mature neurons by influencing maturation and functional
integration.

To assess the impact of fluoxetine on dendritic maturation, we
examined the dendritic morphology of cells that express dou-
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blecortin (DCX). In the adult DG, DCX is exclusively expressed
in immature neurons from 1 d to ~4 weeks of age (Brown et al.,
2003; Couillard-Despres et al., 2005) and thus has been widely
used as an immature neuronal marker that reliably reflects the
level of neurogenesis and its modulation (Couillard-Despres et
al., 2005).

Recent studies have revealed that newborn neurons display
enhanced long-term potentiation (LTP) (Wang et al., 2000;
Schmidt-Hieber et al., 2004; Ge et al., 2007). In addition, ACSF—
LTP, a form of DG LTP induced by a weak stimulation paradigm,
has been shown to be completely blocked by manipulations that
ablate hippocampal neurogenesis (Snyder et al., 2001; Saxe et al.,
2006). Here we examined whether the SSRI-induced effects on
newborn neurons will lead to enhanced synaptic plasticity in the
hippocampus and, finally, produce improved behavioral
outcome.

Materials and Methods

Animals and drugs. SVEv129 age-matched adult male mice (12-25 weeks)
were purchased from Taconic Farms (Germantown, NY). Mice were
housed four to five per cage in a 12 h (6:00 A.M. to 6:00 P.M.) light/dark
colony room at 22°C with available food and water ad libitum. All exper-
iments were performed in compliance with the institutional regulations
and guidelines for animal experimentation. Fluoxetine (18
mg - kg ~1.d7 % Anawa Biomedical Services and Products, Zurich, Swit-
zerland) was given by gavage for behavior testing or in the drinking water
for all other experiments. HPLC analysis of plasma levels of fluoxetine
and its metabolite norfluoxetine were determined after chronic treat-
ment (data not shown) (Suckow et al., 1992).

Immunohistochemistry and confocal imaging. Mice were anesthetized
with ketamine/xylazine (100 and 7 mg/kg, respectively) and transcardi-
ally perfused (cold saline, followed by 4% cold paraformaldehyde in
PBS). All brains were postfixed overnight in 4% paraformaldehyde at
4°C, then cryoprotected in 30% sucrose, and stored at 4°C. Serial sections
were cut through the entire hippocampus (Franklin and Paxinos, 1997)
using a cryostat and stored in PBS. Immunohistochemistry was per-
formed in the following steps: 2 h incubation in 1:1 formamide/2X SSC
at 65°C, 5 min rinse in 2X SSC, 30 min incubation in 2N HCl at 37°C, and
10 min rinse in 0.1 M boric acid, pH 8.5, 2 h incubation in 0.1 m PBS with
0.3% Triton X-100, and 5% normal donkey serum. Sections were then
incubated overnight at 4°C in primary antibodies for doublecortin (goat;
1:500; Santa Cruz Biotechnology, Santa Cruz, CA), bromodeoxyuridine
(BrdU; rat; 1:100; Serotec, Oxford, UK), and neuronal-specific nuclear
protein (NeuN) (mouse; 1:500; Chemicon, Temecula, CA). Biotinylated
or fluorescent secondary antibodies were used. All secondary antibodies
were purchased from Jackson ImmunoResearch (West Grove, PA). DCX
staining for Sholl analysis was done as follows: sections were rinsed in
PBS, treated with 1% H,O, in 1:1 PBS and methanol for 15 min to
quench endogenous peroxidase activity (and to enhance dendritic stain-
ing), incubated in 10% normal donkey serum and 0.3% Triton X-100 for
30 min, and then incubated overnight at 4°C in primary antibody for
doublecortin. After secondary antibody incubation, sections were devel-
oped using Vector ABC kit and DAB kit. Bright-field images were taken
with a Zeiss (Oberkochen, Germany) Axioplan-2 upright microscope.
Stereological procedure was used to quantify labeled cells (Malberg et al.,
2000). All cell counting for triple-stained sections were done using a Zeiss
LSM 510 META confocal microscope.

Sholl analysis. DCX-positive (DCX ™) granule cells with tertiary, rela-
tively untruncated dendritic branches or BrdU/DCX double-positive
cells (one DCX ™ cell was traced for each 35 wm hippocampal slice; n =
10-12 cells per brain for DAB-stained sections; n = 4—8 cells per brain
for fluorescent staining, 5 mice per group) were traced using camera
lucida at 40X magnification (Neurolucida; MicroBrightField, Williston,
VT). Adult SvEvTac129 mice (16—20 weeks old) were used to obtain
sparsely labeled DCX ™ cells. DCX immunohistochemistry was done to
maximize the labeling of dendrites (see above methods). Sholl analysis
for dendritic complexity was performed using the accompanying soft-
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ware (NeuroExplorer; MicroBrightField), calculating dendritic com-
plexity including dendritic length and number of intersections (branch
points). All samples were number coded, and analysis was done blind to
treatment. The dendritic complexity of DCX ™ cells are likely to be un-
derestimated because of the thickness of the slice (35 wm) used for DCX
immunohistochemistry.

Irradiation procedure. Mice were irradiated as described previously:
three times in the course of 1 week (5 Gy per day), for a cumulative dose
of 15 Gy (Santarelli et al., 2003). Mice were allowed 8—12 weeks to re-
cover from irradiation, a time after which we no longer detected differ-
ences in inflammation markers between sham and x-ray animals (Meshi
et al., 2006).

Electrophysiology. Brains were collected from animals after deep anes-
thesia with halothane and decapitation, and transverse hippocampal
slices (400 wm) were prepared using a vibratome. The slices were incu-
bated in an interface chamber at 32°C and perfused with oxygenated
artificial CSF (in mm: 119 NaCl, 2.5 KCl, 1.3 MgSO,, 2.5 CaCl,, 26.2
NaHCOj, 1 NaH,PO,, and 11 glucose). Slices were allowed to equilibrate
for 2 h before positioning the electrodes and beginning stimulation.

To record from the DG, the medial perforant path (MPP) was stimu-
lated using a World Precision Instruments (Sarasota, FL) stimulation
isolation unit and a bipolar tungsten electrode. Evoked potentials were
recorded in the molecular layer above the upper blade of the DG using a
glass capillary microelectrode filled with artificial CSF (tip resistance of
1-3 M{). Isolation of the MPP was confirmed by assessing paired-pulse
depression (PPD) of the MPP/DG synaptic connection at 50 ms, which
generated the highest level of depression (McNaughton, 1980). Input—
output curves were obtained after 10 min of stable recordings. The stim-
ulation intensity that produced one-third of the maximal response was
used for the test pulses and tetanus. After 15 min of stable baseline re-
sponse to test stimulation (once every 20 s), the ability to elicit LTP was
assessed. LTP was induced with a weak stimulation paradigm consisting
of four trains of 1 s each, 100 Hz within the train, repeated every 15 s
(Saxe et al., 2006). Responses were recorded every 20 s for 60 min after
LTP induction.

Novelty-suppressed feeding test. The novelty-suppressed feeding (NSF)
test is a behavior paradigm that is sensitive to chronic antidepressant
treatments and acute treatments with anxiolytics (such as benzodiaz-
epines) but not subchronic antidepressant treatments (Bodnoff et al.,
1989). The test was performed as described previously (Santarelli et al.,
2003): the testing apparatus consisted of a plastic box (50 X 50 X 20 cm).
The floor was covered with ~2 cm of wooden bedding. Twenty-four
hours before behavioral testing, animals were deprived of all food in the
home cage. At the time of testing, two food pellets were placed on a piece
of round filter paper (12 cm diameter) positioned in the center of the
box. The test began immediately after the animal was placed in a corner
of the box. The latency to approach the pellet and begin feeding was
recorded (maximum time, 5 min). Immediately afterward, the animal
was transferred back to its home cage and the amount of food consumed
in 5 min was measured. Each mouse was weighed before food deprivation
and before testing to assess the percentage of body weight lost.

Statistical analysis. Data were analyzed using StatView 5.0 software
(SAS Institute, Cary, NC). For all experiments except the novelty-
suppressed feeding test, two-way ANOVA was applied to the data. Sig-
nificant interactions were resolved using post hoc ANOV As with adjusted
p values. Analyses specific to each experiment are described in Results. In
the novelty-suppressed feeding test, we used the Kaplan—Meier survival
analysis because of the lack of normal distribution of the data. Animals
that did not eat during the 5 min testing period were censored. Mantel—
Cox log-rank test was used to evaluate differences between experimental
groups.

Results

Chronic fluoxetine increases cell proliferation and stimulates
dendritic maturation of newborn cells

Mice were treated with vehicle, 5 d (subchronic) or 28 d (chronic)
of fluoxetine. BrdU (150 mg/kg) was given 2 h before the animals
were killed on the last day of treatment to label proliferating
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Figure 1. Chronic but not subchronic fluoxetine treatment increases cell proliferation but not the
number of DCX ™ immature granule cells in the dentate gyrus. 4, Schematic diagram of BrdU admin-
istration protocol to examine cell proliferation (n = 5— 6 per group). Mice were treated with vehicle
(Veh), 5 d of fluoxetine (5d FIx), or 28 d of fluexeinte (28d FIx). BrdU (150 mg/kg) was given 2 h before
theywerekilled (Sac). B, The number of BrdU ™ cells increased significantly after chronic (28d Fix) but
not subchronic (5d FIx) fluoxetine treatment compared with vehicle-treated animals (ANOVA, Forn
= 4.11,p = 0.043 for treatment). Fisher's post hoc analysis revealed significant differences between
the chronic-treated group and both vehicle- and subchronic-treated groups (p << 0.05). The results
are mean = SEM of BrdU ™ cells in the dentate gyrus. €, The total number of DCX ™ cells did not
change after subchronic and chronic fluoxetine treatment (ANOVA, , ,,) = 0.69, p = 0.52 for
treatment). The results are mean == SEM of DCX ™ cells. D-G, Images of BrdU (D, £) and DCX (F, G)
immunohistochemistry after chronic fluoxetine treatment. Images were taken at 20X magnifica-
tion. D, F, Vehicle-treated groups. E, G, Chronic fluoxetine-treated groups.
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neural progenitors (Fig. 1A). Proliferation and the number of
immature neurons were assessed using BrdU and DCX immuno-
histochemistry, respectively (Fig. 1 D-G). Chronic, but not sub-
chronic, fluoxetine treatment increased the number of BrdU *
cells in the granule cell layer (GCL) (F(, 5, = 4.11, p = 0.043)
(Fig. 1B). Fisher’s post hoc analysis revealed significant differ-
ences between vehicle and chronic treatment groups ( p = 0.015).
Results are mean = SEM of BrdU " cells. In contrast, we did not
detect a change in the total number of DCX ™ cells after chronic
or subchronic fluoxetine treatments (F(,,,) = 0.69, p = 0.52)
(Fig. 1C). Results are mean + SEM of DCX ™ cells.

We next subcategorized the DCX " cells according to their
dendritic morphology: (1) DCX ™ cells with no tertiary dendritic
processes (Fig. 2A), and (2) DCX ™ cells with complex, tertiary
dendrites (Fig. 2 B). We did not detect a change in the number of
DCX ™ cells with no tertiary dendrites after either chronic or
subchronic fluoxetine treatment (F, ,,, = 0.98, p = 0.40) (Fig.
2D). However, chronic but not subchronic fluoxetine signifi-
cantly increased the number of DCX ¥ cells with tertiary den-
drites (F(, 1,y = 7.31, p = 0.008) (Fig. 2C). Fisher’s post hoc anal-
ysis revealed significant differences between the vehicle and
chronic treated groups ( p = 0.006), as well as between the sub-
chronic and chronic treated groups ( p = 0.007). The results are
mean + SEM of DCX ™ cells with tertiary branches.

The dendrites of adult-born granule cells become progres-
sively more complex during the 4 weeks after birth, a stage when
the cells express DCX (Couillard-Despres et al., 2005). To further
examine the effects of fluoxetine on the dendritic morphology of
newborn cells, we performed Sholl analyses on DCX ¥ cells with
tertiary dendrites (Fig. 3A). Chronic but not subchronic
fluoxetine-treated DCX ™ cells displayed increased dendritic
length (F(, ;,, = 10.11, p = 0.003) (Fig. 3B) and the number of
intersections (F,,,) = 9.13, p = 0.004) (Fig. 3C). We also de-
tected a significant treatment X radius interaction for both den-
dritic length (F, 34y = 2.17, p < 0.001) and number of intersec-
tions (F(, 35) = 1.48, p = 0.043). Fisher’s post hoc analysis revealed
significant differences between all groups except for vehicle and
subchronic group in both dendritic length and number of inter-
sections ( p < 0.05) (Fig. 3B,C).

To compare dendritic morphology of DCX cells of a similar
developmental stage, we injected animals with BrdU (75 mg/kg,
four times over 8 h) on day 0, started fluoxetine treatment on day
1, and killed animals on day 21 (Fig. 4A). Double fluorescent
immunohistochemistry for BrdU and DCX were performed on
hippocampal sections. We first identified BrdU cells that were
also DCX™ and then performed Sholl analysis on the double-
positive cells (Fig. 3D-G). Three weeks of fluoxetine treatment,
which is enough to achieve behavioral benefits in animal models
of antidepressant action such as the novelty-suppressed feeding
test (J.-W. Wang, unpublished data), enhanced both dendritic
length and the number of intersections in 3-week-old granule
cells (F(, 4y = 17.68, p = 0.003 for dendritic length; F, 5, = 21.68,
p = 0.002 for the number of intersections) (Fig.3 H,I). We also
detected a significant treatment X radius interaction for both
dendritic length (F, 5y = 2.68, p = 0.0006) and the number of
intersections (F; 14y = 2.34, p = 0.003). Fisher’s post hoc analysis
revealed significant differences between all groups except for ve-
hicle and subchronic groups in both dendritic length and number
of intersections ( p < 0.05) (Fig. 3H,I).

An alternative explanation to the increased dendritic com-
plexity of DCX ™ cells is that there is redistribution of DCX into
dendritic processes after chronic fluoxetine. Although this is pos-
sible, other studies have demonstrated that the expression of
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Figure 2. Chronic but not subchronic fluoxetine stimulates dendritic maturation of DCX
cells. A, B, Categorization of DCX * immature cells. We categorized DCX ™ cells according to
their dendritic morphology into DCX ™ cells without tertiary dendrites (4) and DCX ™ cells with
tertiary dendrites (B) (n = 5— 6 mice per group). C, Chronic[28 d of fluoxetine (28d FIx)] but not
subchronic fluoxetine [5 d of fluoxetine (5d FIx)] increased the number of DCX * cells with
tertiary dendrites compared with vehicle (Veh)-treated animals (ANOVA, F, 1, = 7.31,p =
0.008 for treatment). Fisher's post hoc analysis revealed significant differences between
vehicle- and chronic-treated groups ( p = 0.006), as well as subchronic- and chronic-treated
groups ( p = 0.007). The results are mean = SEM of DCX ™ cells with tertiary dendrites. D,
Neither chronic nor subchronic fluoxetine changed the number of DCX ™ cells without tertiary
dendrites (ANOVA, £, ;) = 0.98, p = 0.40 for treatment).

DCX in immature granule cells is relatively stable (Couillard-
Despres et al., 2005), and manipulations that either increase (vol-
untary exercise) or decrease (training in Morris water maze) neu-
rogenesis do not always affect the dendritic structure of DCX cells
(Couillard-Despres et al., 2005; Plumpe et al., 2006). Therefore,
we favor our former explanation, which is that chronic fluoxetine
stimulates dendritic maturation of newborn granule cells.

Chronic fluoxetine increases survival and facilitates
maturation of newborn cells

We have demonstrated that, after chronic fluoxetine treatment,
there is an increase in cell proliferation as shown by the number
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of BrdU ™ cells, but we did not detect a difference in the number
of immature granule cells using DCX immunohistochemistry.
Two potential mechanisms may explain these seemingly para-
doxical results: fluoxetine accelerates the maturation of imma-
ture cells, thereby shortening the DCX-expressing time window.
In other words, newborn cells “mature/grow out of” the DCX-
expressing stage faster, resulting in an unchanged number of
DCX ™ cells, or alternatively, cell death is increased in immature
neurons after fluoxetine treatment, but the ones that do survive
acquire more complex dendritic morphologies, thus resulting in
an unchanged number of mature and immature neurons. To test
these hypotheses, we designed a set of experiments to look at the
effects of chronic fluoxetine on survival and maturation of new-
born granule cells (Fig. 4).

As depicted in Fig. 4 A, BrdU (75 mg/kg) was given four times
over 8 h on day 0 to achieve maximum labeling of proliferating
progenitors over a restricted time window. Fluoxetine (18
mg-kg~'-d ") or vehicle administration began 24 h later and
lasted for 3 or 4 weeks before the animals were killed. Hippocam-
pal sections were triple stained for BrdU, DCX, and NeuN (Fig.
4B, C). Image acquisition and cell counting were performed us-
ing a Zeiss LSM META 510 confocal microscopy. Consistent with
previous literature, both 3 and 4 weeks of fluoxetine treatment
significantly increased the total number of BrdU™ cells in the
GCL (ANOVA, F,, ;) = 12.63, p = 0.003 for treatment) (Fig.
4D). The total number of BrdU * cells significantly decreased by
~30% from 3 to 4 weeks after birth (ANOVA, F(, |4, = 24.50,p <
0.0001 for time), indicating that a significant number of newborn
granule cells die within 4 weeks of birth. In addition, we found
that the number of cells expressing both BrdU and the neuronal
marker NeuN also increased after 3 and 4 weeks of fluoxetine
(ANOVA, F; ;) = 8.89, p = 0.01 for treatment; F, ;) = 30.12,
p < 0.0001 for time) (Fig. 4E), indicating that the increase in
BrdU ™ cells is mostly contributed by an increase in neurons.

We then looked at the relative “maturity” of BrdU *NeuN *
cells according to whether or not they express DCX (Fig. 4B, C).
As expected, the number of immature BrdU " granule cells
(BrdU "NeuN "DCX ") decreased from 3 to 4 weeks after BrdU
administration, indicating that the immature cells either die or
progressively mature out of the DCX stage (Fig. 4 F). Fluoxetine
did not have an effect on the number of BrdU *NeuN "DCX *
cells (ANOVA, F, 14 = 1.47 X 10~%, p = 0.99 for treatment;
F1,14) = 62.52, p < 0.0001 for time). However, the pool of “ma-
ture” BrdU *NeuN *DCX ™ cells significantly increased after
both 3 and 4 weeks of fluoxetine (ANOVA, F, ,,) = 30.65, p <
0.0001 for treatment; F(, ;) = 2.38, p = 0.14 for time) (Fig. 4F).
These results suggest that the increase in surviving
BrdU *NeuN " cells after chronic fluoxetine treatment mostly
consists of DCX ~, mature granule cells. This result is further
validated by looking at the proportion of BrdU "NeuN ™ cells
that are either DCX * or DCX ~ (Fig. 4G). After 3 weeks of fluox-
etine treatment, the proportion of BrdU "NeuN * cells that ex-
press DCX significantly decreased from 67.04 = 4.14% in the
vehicle group to 51.64 * 3.71% in the fluoxetine group, whereas
the proportion of BrdU "NeuN " cells that ceased to express
DCX significantly increased from 24.72 * 3.80 in the vehicle
group to 39.24 = 1.78 in the fluoxetine group (Fig. 4G); similar
effects are seen in the 4 week survival group (ANOVA, F, ,,, =
18.98, p = 0.0007 for treatment; F(, ,,) = 132.64, p < 0.0001 for
time) (Fig. 4G). We did not detect an effect of fluoxetine on the
proportion of BrdU ™ cells that did not express the neuronal
marker NeuN (ANOVA, F, ,,) = 0.235, p = 0.64 for treatment;
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Figure3.  Chronicbut not subchronic fluoxetine enhances dendritic complexity of DCX  cells. A, Representative image and traces from Sholl analyses of DCX * cells with tertiary branches after
vehicle (Veh), subchronic fluoxetine (5d Flx), and chronic fluoxetine (28d Flx) (n = 5 mice per group, 10—12 cells per mouse). B, Chronic but not subchronic fluoxetine increased dendritic length
(ANQVA, F, 1 = 10.11, p = 0.003 for treatment). We also detected a treatment X radius interaction (F3g 5,4 = 2.17, p < 0.001). F|sherspost hoc analysis revealed significant difference
between vehicle- and chronic-treated groups ( *p << 0.05). €, Chronic but not subchronic fluoxetine increased the number of intersections of DCX ™ cells (ANOVA, i, 1, = 9.13, p = 0.004 for
treatment). We also detected a treatment X radius interaction (Fsg 5,5) = 1.48, p << 0.001). Fisher’s post hoc analysis revealed significant difference between vehicle- and chronic-treated groups
(*p < 0.05). D-G, Representing images and traces from Sholl analysis of 3-week-old DCX " BrdU ™ cells after 3 weeks of fluoxetine treatment. Hippocampal sections were double stained for DCX
(D) and BrdU (E), and double-positive cells (F) were chosen to perform Sholl analysis on (n = 5 mice per group, 4 -8 cells per mouse). H, Three weeks of fluoxetine (21d Flx) increased dendritic
length compared with the vehicle group (Veh) (ANOVA, F; o = 17.68, p = 0.003). We also detected a treatment X radius interaction (F; ;g = 2.68, p = 0.0006). Fisher’s post hoc analysis
revealed significant difference between vehicle- and chronic-treated groups ( *p < 0.05). 1, Chronic fluoxetine also increased the number of intersections (ANOVA, f; ¢ = 21.68, p = 0.002). We
also detected a treatment X radius interaction (F;; 1) = 2.34, p = 0.003). Fisher's post hoc analysis revealed significant difference between vehicle- and chronic-treated groups ( *p << 0.05).

F(1,14) = 0.183, p = 0.68 for time), indicating that chronic fluox-  etine on day 1, and killed the animals on day 5 (supplemental Fig.

etine does not change the fate determination of early progenitors.

To determine the effect of subchronic fluoxetine treatment on
maturation of immature neurons, we injected another group of
mice with BrdU (150 mg/kg, one time) on day 0, started fluox-

S1, available at www.jneurosci.org as supplemental material).
Subchronic fluoxetine treatment did not change the survival of
immature neurons as measured by BrdU (F, ) = 0.22,p = 0.65).

In addition, 5 d of fluoxetine did not change the proportion of
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Figure 4.  Chronic fluoxetine facilitates the maturation of newborn granule cells. 4, Sche-
matic diagram of BrdU administration protocol to examine survival of newborn cells (n = 5-6
per group). Mice were given four BrdU injections (75 mg/kg) over 8 h on day 0. Vehicle (Veh) or
fluoxetine (Flx) treatment began on day 1, 24 h after the last BrdU injection. Mice were killed 3
or 4 weeks later (Sac). B, (, Confocal images of BrdU (green), DCX (red), and NeuN (blue)
immunohistochemistry. D, Chronic fluoxetine increased the number of total BrdU ™ cells 3 and
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BrdU cells thatare NeuN " (F; 5, = 0.047, p = 0.83) or the transition
of BrdU " immature cells from DCX "NeuN ~ stage (F; 5, = 0.039,
p = 0.85) to DCX "NeuN * stage (F; ) = 0.28, p = 0.61). There-
fore, our results demonstrate that chronic but not subchronic fluox-
etine facilitates maturation of newborn granule cells.

Chronic and subchronic fluoxetine have differential effects

on hippocampal synaptic plasticity

To determine whether or not the new neurons generated by
chronic fluoxetine treatment functionally integrate into the local
circuit and contribute to network plasticity, we performed field
electrophysiological recordings on hippocampal slices from
vehicle- or fluoxetine-treated animals. We used the previously
developed focal x-irradiation protocol to completely and specif-
ically ablate hippocampal neurogenesis (Santarelli et al., 2003).
Animals were then treated with vehicle, 5 or 28 d of fluoxetine.
We confirmed the successful ablation using BrdU and DCX im-
munohistochemistry and found that both the number of BrdU *
cells (ANOVA, F,, ;5, = 353.85,p < 0.0001) as wellas DCX " cells
(ANOVA, F(, 15, = 274.80, p < 0.0001) decreased dramatically
after irradiation (supplemental Fig. S2, available at www.
jneurosci.org as supplemental material). Consistent with our
previous results, we detected an increase in the number of BrdU ©
cells (ANOVA, F, |5, = 8.17, p = 0.012) but not the number of
DCX ™ cells (ANOVA, F, 5, = 0.556, p = 0.468) in sham ani-
mals after 28 d of fluoxetine (supplemental Fig. S2, available at
www.jneurosci.org as supplemental material).

Field EPSPs (fEPSPs) were evoked by stimulating the MPP
and recording in the molecular layer of the upper blade of the
DG. Paired-pulse depression (50 ms interstimulus interval) was
assessed to confirm that recordings were done in the medial per-
forant path (McNaughton, 1980). Chronic fluoxetine suppressed
paired-pulse depression at stimulation intensities that generated
one-third of the maximal response (ANOVA, F(, ,, = 9.05, p =
0.005 for treatment; F(; 55, = 0.95, p = 0.34 for irradiation) (Fig.
5B) and a constant stimulation intensity of 60 uA (ANOVA,
F 57 =7.06,p = 0.013 for treatment; F, ,5, = 0.28, p = 0.61 for
irradiation) (supplemental Fig. S3, available at www.jneurosci.
org as supplemental material). We did not detect an effect of
subchronic fluoxetine on paired-pulse depression at either stim-
ulation intensities (ANOVA, F(, ,5y = 0.17, p = 0.68 for treat-
ment; F, ,5) = 0.31, p = 0.58 for irradiation at one-third of the
maximum; F, ,5) = 0.014, p = 0.91 for treatment; F, ,;, = 1.49,
p = 0.23 forirradiation at 60 wA) (Fig. 5A) (supplemental Fig. S3,
available at www.jneurosci.org as supplemental material).
Paired-pulse depression was not affected by x-irradiation ( p >
0.05). The reduced PPD after chronic fluoxetine is likely attrib-
utable to changes in either the intrinsic properties of the release
process (Mennerick and Zorumski, 1995) or a feedback of gluta-
mate onto presynaptic terminals (Brown and Reymann, 1995).
We then recorded input—output relationships. The input—out-

<«

4 weeks later compared with vehicle-treated groups (ANOVA, F; 15 = 12.63, *p = 0.003 for
treatment; F; 15 = 24.50,p <<0.0001for time). £, Chronic fluoxetine increased the number of
BrdU *NeuN * cells 3and 4 weeks ater (ANOVA, ., ;) = 8.89, *p = 0.01for treatment; £ ; 1,
= 30.12, p < 0.0001 for time). F, Chronic fluoxetine increased the number of
BrdU *DCX ~NeuN * cells (ANOVA, F; 14 = 30.65, *p < 0.0001 for treatment; F; 1, = 2.38,
p = 0.14fortime) but not the number of BrdU *DCX " NeuN * cells (ANOVA, £ 1,y = 1.47 X
107, p = 0.99 for treatment; f, ,, = 62.52, p < 0.0001 for time). G, Chronic fluoxetine
decreased the proportion of BrdU * NeuN * cells that are DCX ™ (percentage of BrdU cells) but
increased the proportion that are DCX ™ (ANOVA, f,; ., = 18.98, *p = 0.0007 for treatment;
Fa,14) = 132.64,p < 0.0001 for time).
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Figure5.  Effects of subchronicand chronic fluoxetine on hippocampal synaptic plasticity. 4, B, Chronic fluoxetine (28 Fix; B)
but not subchronic fluoxetine (5d Fix; A) reduces paired-pulse depression in both sham (Sham) and x-irradiated (x-ray) animals
atstimulationintensity that elicited one-third of the maximal response compared with the vehicle group (Veh) (ANOVA, £, ,5) =
9.05, *p = 0.005 for chronic treatment; F; 55 = 0.95, p = 0.34 for imadiation; F; ,3) = 0.17, p = 0.68 for subchronic
treatment; F; ,3) = 0.31,p = 0.58 for irradiation). Inset, Representative traces of first response (1) and second response (2)
(PPR, paired-pulse ratio, second response/first response). €, D, Both subchronic (€) and chronic (D) fluoxetine increased input—

put functions were fitted using a four-
parameter logistic sigmoid function (De-
Lean et al., 1978). Both subchronic and
chronic fluoxetine treatments significantly
increased input-output functions in the
MPP/DG (repeated-measures ANOVA,
F(1 36 = 11.46, p = 0.0017 for treatment in
the subchronic group; F, ,,, = 16.72, p =
0.0003 for treatment in the chronic group)
(Fig. 5C,D). The effects of fluoxetine on in-
put—output relationships were not sensi-
tive to x-irradiation (ANOVA, F(, 3¢ =
0.62, p = 0.44 for irradiation in the sub-
chronic group; F, ,,, = 0.23, p = 0.63 for
irradiation in the chronic group). Al-
though chronic treatment was required to
produce the effects on PPD, fluoxetine in-
duced rapid changes on input—output
functions after only 5 d of treatment. In
addition, the fluoxetine-induced effects on
PPD and input—output relationships were
not sensitive to x-irradiation, suggesting
that these effects were not dependent on
the presence of newborn neurons.

We and others have shown previously
that a form of long-term potentiation elic-
ited in the MPP/DG pathway using a weak
stimulation paradigm in the absence of
GABA blockers (ACSF-LTP) is sensitive to
manipulations that block hippocampal
neurogenesis (Snyder et al., 2001; Saxe et
al.,, 2006). We hypothesized that, if the
fluoxetine-induced new neurons function-
ally integrate into the local hippocampal
circuit, we would see an enhancement of
synaptic plasticity as assessed by ACSF—
LTP. After subchronic fluoxetine treat-
ment, we observed a suppression of ACSF—
LTP in both sham and x-irradiated animals
(Fig. 5E,F). Two-way ANOVA performed

<«

output relationships in both sham and x-irradiated animals
(ANQVA, F; 3 = 11.46, p = 0.0017 in subchronic group for
treatment; F; 35 = 0.62, p = 0.44 for irradiation; F; ;) =
16.72, p = 0.0003 in chronic group for treatment; f; ,,) =
0.23, p = 0.63 for irradiation). Curves are fitted with a four-
parameter logistic formula (McNaughton, 1980). E, Subchronic
fluoxetine suppressed ACSF—LTP, and x-irradiation completely
eliminates ACSF-LTP. F, ANOVA performed on the last 10 min
of LTP recording revealed a significant main effect of irradia-
tion (F(; 55 = 7.28, p = 0.012) as well as a main effect of
subchronicfluoxetine (F; ,5) = 4.84,p = 0.037) (F). S, Sham;
X, x-irradiation, V, vehicle; F, fluoxetine; Fisher's post hoc anal-
ysis were performed between individual groups ( *p << 0.05).
G, Chronic fluoxetine enhanced ACSF-LTP, and x-irradiation
completely blocked LTP. Insets show averages of five consecu-
tive fEPSPs at baseline (1) and in the last 10 min of LTP record-
ings (2). H, ANOVA performed on the last 10 min of LTP record-
ing revealed a significant main effect of irradiation (F; 5, =
63.01, p << 0.0001), a main effect of chronic fluoxetine (F; ;)
= 4,61, p = 0.041), as well as an irradiation X treatment
interaction (F; 57 = 6.21,p = 0.019). Fisher’s post hoc anal-
ysis were performed between individual groups ( *p << 0.05).
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creased neurogenesis and enhanced matu-
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ments in the local circuitry, therefore
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on the average of the last 10 min of LTP recordings revealed a
significant main effect of irradiation (F(, ,5, = 7.28, p = 0.012), a
main effect of subchronic fluoxetine (F, ,5, = 4.84, p = 0.037),
but no irradiation X treatment interaction (F, ,5, = 0.99, p =
0.33). Fisher’s post hoc analysis revealed significant differences
between sham vehicle group and the other three groups (sham
fluoxetine, x-ray vehicle, and x-ray fluoxetine, respectively) ( p <
0.05). Therefore, we conclude that the suppression of LTP by
subchronic fluoxetine does not depend on neurogenesis.

After chronic treatment with fluoxetine, however, we see the
opposite effect. Chronic fluoxetine enhanced ACSF-LTP in sham
animals. LTP was completely blocked in x-irradiated animals in
both vehicle and chronic fluoxetine-treated groups (Fig. 5G,H).
Two-way ANOVA revealed a main effect of irradiation (F(, ,,, =
63.01, p < 0.0001), a main effect of chronic fluoxetine (F, 5,y =
4.61,p = 0.041), as well as an irradiation X treatment interaction
(F127) = 6.21, p = 0.019). These results suggest that fluoxetine
enhances ACSF-LTP in a time course that resembles the delayed
onset of its antidepressant action. Because the fluoxetine-induced
enhancing effect is not present in x-irradiated animals, it suggests
that hippocampal neurogenesis is required to produce the in-
crease in LTP. The inhibitory effects of subchronic fluoxetine on
ACSF-LTP is likely the result of increased synaptic transmission
that saturates the potential to further induce LTP (Stewart and
Reid, 2000). However, after chronic fluoxetine treatment, in-

Behavioral effects of fluoxetine depend on adult neurogenesis. Novelty-suppressed feeding test on day 5 (4, B) and
day 28 (C, D) of vehicle (Veh) or fluoxetine treatment. A, Five days of fluoxetine (5d FIx) did not reduce latency to feed in sham
(Sham) or x-irradiated (x-ray) animals (Cum. Survival, cumulative survival, percentage of animals that have not eaten) (Kaplan—
Meier survival analysis, Mantel—Cox log-rank test, p > 0.05). B, Box plot of latency to feed after 5 d of vehicle or fluoxetine. C,
Twenty-eight days of fluoxetine (28d FIx) reduced latency to feed in sham but not x-ray animals (Kaplan—Meier survival analysis,
Mantel—-Cox log-rank test, p = 0.038 for treatment; *p << 0.05 between sham fluoxetine and the other three groups; p > 0.05
forall other groups). D, Box plot of latency to feed after 28 d of fluoxetine treatment. The box plot displays 10, 25, 50, 75, and 90%

Day 28 tency to begin eating as an index of

antidepressant/anxiety-like behavior.

After 5 d of fluoxetine, we did not detect
an effect of treatment in either sham or
x-irradiated animals (Fig. 6 A, B) (Kaplan—
Meier survival analysis was used because of
a lack of normal distribution of the data,
Mantel-Cox log-rank test, p = 0.038 for
treatment; p < 0.05 between sham fluox-
etine and the other three groups; p > 0.05
between all other groups). Food consump-
tion in the home cage was not different between groups (data not
shown). These results indicate that chronic administration is re-
quired for the behavioral effects of fluoxetine and that neurogen-
esis is necessary to produce these effects. Our results confirmed
therefore the conclusions from recent studies showing that the
behavioral effects of fluoxetine in several models of antidepres-
sant action are dependent on adult neurogenesis (Santarelli et al.,
2003; Airan et al., 2007).

Discussion

In the present study, we showed that chronic fluoxetine in-
creased both proliferation of progenitors and survival of im-
mature neurons in the adult DG of the hippocampus, which is
consistent with several previous studies (Malberg et al., 2000;
Santarelli et al., 2003; Encinas et al., 2006). We have demon-
strated for the first time that chronic but not subchronic flu-
oxetine stimulates maturation of immature granule cells: first,
a larger fraction of DCX ™ cells possessed tertiary dendrites
after chronic fluoxetine treatment; and second, these imma-
ture, DCX " cells displayed more complex dendritic arboriza-
tion after chronic fluoxetine. Overall, newborn neurons un-
dergo an accelerated maturation after chronic fluoxetine
treatment, as shown by the increased proportion of newborn
cells that ceased to express the immature neuronal marker
DCX (Fig. 7). The delayed effects of fluoxetine to stimulate
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Figure7.  Chronicfluoxetine stimulates dendritic maturation and synaptic plasticity of new-
born granule cells, a possible mechanism for antidepressant action. A and B, from left to right,
shows anatomical and functional stages during neuronal differentiation and maturation, in-
cluding quiescent, radial glia-like progenitors (green), rapidly amplifying neural progenitors
(light green), immature granule cells (red), and mature granule cells. Bottom panels show
immunohistochemical markers for each stage. We can conclude from this study and others that
fluoxetine stimulate adult neurogenesis in a multifold manner. Chronic fluoxetine treatment:
first, increases proliferation of neural progenitors; second, stimulates dendritic branching as
well as facilitates maturation; third, enhances survival of immature granule cells; fourth, en-
ables young neurons to functionally integrate into the local hippocampal circuit, resulting in an
enhancement of long-term synaptic plasticity. Finally, these synergistic actions lead to an im-
proved behavior outcome. (Malberg et al., 2000a; Encinas et al., 2006).

maturation of young granule cells parallel the delayed onset of
its behavioral effects. Interestingly, electroconvulsive therapy
(ECT), one of the fastest and most effective antidepressant
treatments (American Psychiatric Association, 1990), stimu-
lates neurogenesis more rapidly than fluoxetine (Warner-
Schmidt and Duman, 2007). In addition, the induction of
seizures, a prerequisite for achieving therapeutic effects dur-
ing ECT (American Psychiatric Association, 1990; Sackeim et
al., 1996), stimulates dendritic development and maturation
(Overstreet-Wadiche et al., 2006). Specifically, after seizure
induction, newborn granule cells display increased dendritic
outgrowth and start receiving glutamatergic synaptic input
earlier than those from non-induced animals (Overstreet-
Wadiche et al., 2006). These studies together with our results
suggest that the processes that promote the maturation of
newborn cells may be a target for future drug development.
In addition, we also examined how fluoxetine modulates
activity in the MPP/DG local circuitry. We demonstrated that
fluoxetine dynamically regulates synaptic plasticity in the DG.
We and others have shown that ACSF-LTP is dependent on
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the presence of adult neurogenesis (Snyder et al., 2001; Saxe et
al., 2006). Here we have shown that chronic fluoxetine en-
hances ACSF-LTP in sham animals, whereas LTP is com-
pletely blocked in both vehicle- and fluoxetine-treated
x-irradiated animals. We also observed effects of fluoxetine
that were neurogenesis independent: chronic but not sub-
chronic fluoxetine reduced PPD, whereas both subchronic
and chronic fluoxetine led to increased input—output func-
tions. The fluoxetine-induced effects on PPD and input-out-
put functions were not blocked by x-irradiation, indicating
that, although fluoxetine has effects on long-term plasticity
that are neurogenesis dependent, there are also changes in
short-term plasticity and synaptic transmission that may take
place in both mature and immature granule cells. In the case of
ACSF-LTP, the effect of an increase or a decrease in neuro-
genesis are readily detected probably because this phenome-
non primarily recruits young neurons, which are more
excitable and less inhibited by GABA (Wang et al., 2000; Sny-
der etal., 2001; Ge et al., 2006; Saxe et al., 2006). In contrast, in
the case of PPD and input—output functions, both immature
and mature neurons may be recruited, which would make the
contribution of immature neurons negligible because they
only represent a small fraction of the total granule cell
population.

A recent study identified a critical period between 1 and 1.5
months after mitosis, a stage when the newborn neurons have
ceased to express DCX, when newborn neurons exhibit enhanced
LTP (Ge et al., 2007). Our results suggest that chronic fluoxetine
facilitates the maturation of newborn granule cells. Specifically,
only the number of BrdU "NeuN *DCX ™ neurons, but not the
number of BrdU "NeuN "DCX™ neurons, increased after
chronic fluoxetine. Therefore, along with results from the previ-
ous study by Ge et al., we can hypothesize that it is the more
mature, BrdU “"NeuN "DCX ~ neurons that make a major con-
tribution to ACSF-LTP. It is also possible that it is not merely the
cellnumber but also the increased dendritic complexity that plays
a major role in the enhancement of ACSF-LTP. Another possi-
bility is that chronic fluoxetine enables adult-born cells to enter
the critical period earlier and expand the critical period during
which these neurons are capable of exhibiting LTP. However,
chronic fluoxetine may also push the newborn neurons out of the
critical age quicker. Additional studies are needed to look at the
effect of fluoxetine on LTP in individual newborn granule cells to
distinguish between these possibilities.

To assess the behavioral consequences of the physiological
actions of chronic fluoxetine, we investigated the effects of
fluoxetine in the NSF test. Chronic fluoxetine decreased the
latency to feed, a measure of anxiety/depression, and the effect
disappeared after x-irradiation. Therefore, similar to ACSF—
LTP, the effect of fluoxetine on the NSF test is dependent on
both chronic treatment and the presence of young neurons.
We conclude that the enhanced dendritic development and
facilitated maturation of immature neurons, as well as en-
hanced ACSF-LTP, are good correlates of the behavioral ef-
fects of fluoxetine. This may be especially valuable because
there has long been a paucity of chronic models of antidepres-
sant action as well as cellular- and circuit-level readouts for
chronic antidepressant action.

From these and other results, we can state that the effects of
fluoxetine on adult neurogenesis are multifold (Fig. 7): first,
chronic fluoxetine treatment increases proliferation of neural
progenitors (Encinas et al., 2006); second, chronic fluoxetine
stimulates dendritic branching and facilitates maturation of im-
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mature granule cells; third, chronic fluoxetine enhances the sur-
vival of young neurons; fourth, these young neurons functionally
integrate into the local hippocampal circuit and produce an en-
hancement of long-term synaptic plasticity. Finally, these syner-
gistic actions may lead to improved behavioral outcomes. How-
ever, additional studies are needed to dissect which of these
effects are pivotal for the anxiolytic/antidepressant action of
SSRIs.

It is likely that the fluoxetine-induced effects on dendritic
morphology, maturation, and synaptic plasticity are mediated by
neurotrophic factors. Growth factors, including brain-derived
neurotrophic factor (BDNF) and vascular endothelial growth
factor (VEGF), as well as the activation of their corresponding
receptors TrkB and Flk-1, are upregulated after chronic fluox-
etine treatment (Castrén et al.,, 2007; Rantamiki et al., 2007;
Warner-Schmidt and Duman, 2007). Activation of their down-
stream signaling pathways was shown to enhance maturation and
dendritic development of granule cells (Fujioka et al., 2004; Chen
et al., 2006; Warner-Schmidt and Duman, 2007). The growth-
related effects we have described may contribute to the delayed
onset of action of SSRIs. However, they do not exclude additional
mechanisms such as the progressive desensitization of the
5-HT,, and 5-HT,; autoreceptors (Millan, 2006). In fact, it is
possible that both phenomena contribute to the delayed onset of
action of antidepressants: first, a desensitization of the autorecep-
tors; second, an activation of postsynaptic receptors (e.g., the
hippocampal 5-HT,, receptors), followed by the release of
growth factors (e.g., VEGF and BDNF), which in turn cause an
increased proliferation of neural progenitors and facilitated mat-
uration of young hippocampal neurons, and finally result in a
normalization of the behavioral output compromised by depres-
sion. An elucidation of the relative contribution of these different
mechanisms is likely to pave the way for the development of faster
acting antidepressants.
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