






bilities, we counted the number of BrdU-labeled QNPs and ANPs.
We used triple labeling (CFPnuc, BrdU, and GFAP) to discrimi-
nate between QNPs and ANPs and to quantify their mitotic activity
(Fig. 5). The number of BrdU-labeled QNPs was not affected by
fluoxetine treatment (83 � 22 vs. 90 � 16; P � 0.8; Fig. 5A), whereas
the number of BrdU-labeled ANPs was increased 46.4% (280 � 36
vs. 410 � 33; P � 0.023; Fig. 5B); the fraction of dividing cells among
QNPs (Fig. 5C) and ANPs (Fig. 5D) did not change. These results
indicate that the rate of QNP cell division is unchanged and that
fluoxetine increases symmetric divisions of ANP cells. When con-
sidered together with the data on other cell classes, these results
suggest that ANPs are the only class of precursor cells in the DG
that directly respond to fluoxetine.

We also analyzed the changes in the SVZ, another major
neurogenic region (Fig. 7A, which is published as supporting
information on the PNAS web site). We did not observe changes in

the number of BrdU-labeled cells (10,058 � 766 vs. 9,550 � 769;
Fig. 7 B, D, and E), in agreement with the previous observations in
rats (4). Furthermore, we did not find any significant changes either
in the number of nestin-CFPnuc cells, (454 � 52 vs. 473 � 55 � 103;
Fig. 7 C–E), or in their density (648 � 55 vs. 687 � 64 � 103 mm3),
or in the volume (0.648 � 0.058 vs. 0.603 � 0.051 mm3) of the SVZ.
Together, our data indicate that the fluoxetine-induced increase in
the number of early progenitor cells is specific for the DG and does
not affect the SVZ.

To investigate whether the fluoxetine-induced increase in pro-
genitor cells is manifested later as an increase in the number of new
neurons in the DG and whether the increase is maintained after the

Fig. 3. Fluoxetine increases cell proliferation in the adult DG. Chronic (15
days) fluoxetine treatment of adult (7 months) mice, analyzed 1 day after BrdU
administration. Fluoxetine increases the number of BrdU-positive cells (A). (B
and C) Representative photomicrographs of DG sections from animals treated
with vehicle (B) and fluoxetine (C); dashed lines in B, C, E, and F outlines the
external limits of the DG. Exposure to fluoxetine also increases the number of
nestin-CFPnuc cells in the SGZ (D, histogram; E, section of the DG of a control
animal; F, section of the DG of a fluoxetine-treated animal). Within total
nestin-CFPnuc cells, the number of ANPs (H), but not QNPs (G), increases in
response to fluoxetine. (Scale bars: 50 �m.) In all histograms, white bars
correspond to the vehicle injections (V), and gray bars to the fluoxetine
injections (F). Error bars show SEM. The results for individual animals (n � 8 per
group in this figure) are shown as black dots. *, P � 0.05.

Fig. 4. Fluoxetine increases NB1 cells in the adult DG. (A and B) Immuno-
staining for PSA-NCAM (green), and nestin-CFPnuc (red). Two cell types are
distributed throughout the SGZ, often in close apposition to each other;
however, they do not overlap, as illustrated in B (PSA-NCAM cell is red, and
nestin-CFPnuc nuclei are green; note that colors are switched at low magni-
fication for better visualization). (C–G) Postmitotic precursors in the fluox-
etine-treated DG of adult mice, analyzed 1 day after BrdU labeling. Fluoxetine
increases the number of NB1 (C) but not of more advanced NB2 (D) or IN (E)
cells. V, vehicle; F, fluoxetine. n � 8 per group. **, P � 0.01. F and G are
representative photomicrographs of DG from control (injected with vehicle)
(F) and fluoxetine-treated (G) animals. (Scale bars: A, 20 �m; B, 5 �m; F and G,
10 �m.)
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cessation of treatment with fluoxetine, we performed the fluoxetine
treatment and BrdU labeling as described above but killed the
animals 30 days (instead of 1 day) later. In this setting, the number
of BrdU-labeled cells was 46.2% higher in the fluoxetine-treated
group (234 � 28 vs. 342 � 24; P � 0.037; Fig. 6A). The number of
BrdU-labeled NeuN-positive neurons also was higher, by 46.3%, in
the fluoxetine group (216 � 26 vs. 316 � 29; P � 0.033; Fig. 6 B–E).
The fraction of BrdU�NeuN� cells among total BrdU-positive cells
did not change (92.7 � 1.2 vs. 92.8 � 1.6%; Fig. 6C); note that the
high percentage of BrdU-labeled cells that also stain for NeuN
indicates that with or without fluoxetine, the majority of surviving
newborn cells in the DG become granule neurons. No change was
detected in the volume of the GCL, including the SGZ,
between the control and experimental animals (0.496 � 0.041
vs. 0.512 � 0.050 mm3).

We also examined changes in the defined classes of precursor
cells in mice killed 30 days after the end of the treatment with
fluoxetine. Neither the total number of nestin-CFPnuc cells, nor the
number of cells in QNP, ANP, NB1, NB2, or IN classes was changed
(Fig. 6 F–J), suggesting that once the exposure to fluoxetine ends,

Fig. 6. Fluoxetine increases neurogenesis in the adult DG (30-day survival
experiments). (A–C) Chronic fluoxetine treatment of adult mice, analyzed 30
days after BrdU administration. Fluoxetine increases the number of BrdU-
positive cells in the DG (A), and the number of BrdU and NeuN double-positive
cells (B); the fraction of such cells among total BrdU-positive cells remains the
same (C). (D and E) Representative photomicrographs of DG from control
(vehicle) (D) and fluoxetine-treated (E) animals show that new cells became
neurons, shown by immunostaining for BrdU (green) and NeuN (red). The
orthogonal projections are shown to confirm double labeling throughout the
extent of positive cells. (Scale bars: 10 �m.) (F–J) Fluoxetine treatment does not
increase the number of neuronal progenitors when analyzed 30 days after the
treatment. The histograms show the data for the QNP (F), ANP (G), NB1 (H),
NB2 (I), and IN (J) cells. Changes did not reach the level of significance in none
of the categories. V, vehicle; F, fluoxetine. n � 6 per group. *, P � 0.05.

Fig. 5. Fluoxetine increases proliferation of ANP cells in the DG. (A–D)
Treatment with fluoxetine does not change the number of dividing (BrdU-
labeled) QNPs (A) but increases division of ANPs (B). The fraction of BrdU-
labeled QNP or ANP cells among total QNP or ANP cells, respectively, remains
the same (C and D). V, vehicle; F, fluoxetine. n � 6 per group. *, P � 0.05. (E–H)
A cluster of BrdU-positive ANP cells between two QNPs in the DG of a
fluoxetine-treated animal. QNP cells are identified by the presence of GFAP-
positive processes. CFPnuc is shown in green (F), BrdU in red (G), and GFAP in
blue (H). (Scale bar: 5 �m.)
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the rate of stem�progenitor cell division returns to its baseline rate.
Together, these results suggest that the fluoxetine-induced increase
in the number of ANP precursors in the DG later translates into an
increase in the number of new neurons. They further suggest that
the fate of the newborn cells remains unaltered, i.e., the vast
majority of the surplus cells become granule neurons.

Discussion
We here present an approach for the quantitative dissection of
the neurogenesis cascade and use this approach to show that
f luoxetine targets a defined group of neuronal precursors in
the DG. Our results link early progenitor cells to the action of
SSRI antidepressants in the adult brain and suggest a strategy
to investigate the changes induced by other antidepressant
treatments.

Our approach circumvents several obstacles in assessing changes
in cell number during neurogenesis, e.g., high cell density, which
hinders precise counts, or uncertainty in attributing precursor cells
to a particular class. It reduces the complex distribution pattern of
precursor cells to a readily quantifiable punctate pattern of labeled
nuclei. It allows unambiguous enumeration of cells in a particular
precursor class and can be used to analyze changes induced by a
wide range of stimuli in the developing or adult brain (8, 10, 11).

By using this approach, we identified six distinct classes of cells
that comprise discrete steps in the differentiation cascade between
neural stem cells and fully differentiated granule neurons; these
classes can be distinguished easily by a combination of expressed
markers and by morphology. They encompass and partially overlap
with the categories of neuronal precursors defined by other ap-
proaches (13, 18–20, 25–28). For instance, QNP cells correspond
most closely to cells described as subtype 2 astrocytes of the
subgranular zone (17), GFAP-positive radially oriented cells of the
DG (21), type 1 cells (18), GFP-bright cells (13), and rA cells (19);
ANP cells include type 2a cells (18), NB1 cells include type 3 cells
(18), and NB1, NB2, and IN classes overlap with D1, D2, and D3
cells (19). Our current scheme presents a detailed and complete
description of the neuronal differentiation cascade in the DG.
Further studies are needed to refine this classification and identify
subclasses of precursor cells in the DG; for instance, our transcrip-
tional profiling studies (unpublished data) suggest that ANPs can be
further subdivided into smaller subpopulations, perhaps reflecting
progressive division cycles.

Our results indicate that fluoxetine increases the rate of
symmetric divisions of ANPs and that this increase is manifested

later as an increase in the number of new neurons in the DG.
Furthermore, they suggest that ANPs are the sole target of fluox-
etine among the neurogenic cells in the adult nervous system, and
that other drug-induced changes in neurogenesis and the eventual
increase in new neurons arise as a consequence of this initial event.
These results point to a defined step in the neuronal differentiation
cascade affected by fluoxetine and provides a starting point to
search for the circuits targeted by fluoxetine and for the molecular
mechanisms of fluoxetine-induced signaling in the nervous system,
for instance, understanding whether fluoxetine directly affects
neural progenitors or acts indirectly through neighboring cells.

Materials and Methods
Transgenic Mice. Age-matched nestin-CFPnuc mice were used in
this study. For details regarding the generation of this line, see
Supporting Materials and Methods, which are published as support-
ing information on the PNAS web site.

Flouxetine Treatment. Seven-month old nestin-CFPnuc mice were
injected with vehicle (distilled water) or with 10 mg�kg fluoxetine
hydrochloride (Tocris Neuramin, Ellisville, MO) once per day for
15 days. On the last day, a single injection of BrdU (150 mg�kg) also
was administered. Animals were killed either 24 h or 30 days after
the end of the treatment and the BrdU injection.

Immunohistochemistry. Immunolabeling was performed by follow-
ing standard protocols for tissue fixation and processing (see
Supporting Materials and Methods).

Quantification. Quantitative analysis of cell populations was per-
formed by means of design-based confocal-microscopy stereology.
Details can be found in Supporting Materials and Methods.
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