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Abstract

Granular cell proliferation in the adult hippocampus decreases during aging and after chronic stress, while it can be increased by physice
activity or treatment with the antidepressant fluoxetine. We investigated whether the physical and cognitive stimulation accompanied by stres
in the commonly used Morris water maze affects the rate of proliferation and whether the induced changes can be influenced by antidepressa
treatment with fluoxetine. Proliferating cells in the dentate gyrus were labeled by three injections of BrdU during the 24 h preceding sacrifice.
Early differentiation to neuronal progeny was studied by immunohistochemical staining for doublecortin (DCX), a microtubule binding protein
expressed in newborn neurons. Acquisition learning in the water maze for 15 days caused a significant decrease in granular cell proliferatio
in the granular cell layer of the hippocampus. The decrease in the number of BrdU- and DCX-positive cells was reversed to control levels
by the use of fluoxetine during the water maze training. Fluoxetine treatment alone increased the number of BrdU-positive cells, but did not
increase the number of DCX-positive cells. We conclude that the exposure of adult male rats to water maze acquisition trials is a stressfu
experience that significantly suppresses the production of new granular cells and that this stressful effect can be blocked by the concomital
administration of the antidepressant fluoxetine.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Antidepressant; BrdU; Doublecortin; Learning; Proliferation; Stress; Water maze; Neurogenesis

1. Introduction [5,12,13]and physical activity such as voluntary wheel run-
ning [23] promote proliferation. An enriched environment
New neurons are continuously born in the granular [15,23]contributes to the survival of newly generated granule
cell layer of the hippocampus throughout life in a hum- cells, while some tasks of hippocampus-dependent learning

ber of mammalian species, including humafis-6,8— contribute to survival8], as well as to the proliferatiofil]
13,15,17-19,22,23]Newborn cells can be detected by of BrdU-positive cells.
labeling with H] thymidine[3] or BrdU [1,2,4—6,8—13,15, Stressful experiences increase corticosterone levels,

17-19,22,23] The neuronal phenotype can then be deter- which suppress proliferatiof®,9]. Basal levels of corticos-
mined by using various neuronal markers such as dou-terone may influence proliferation throughout the entire lifes-
blecortin (DCX)[2,7,10] pan. In the first two postnatal weeks, rats have low levels
Several conditions influence the rate of proliferation and of corticosterone that are accompanied by a stress hypore-
the ability of the newborn cells to survive and function- sponsive period and a high rate of granular cell proliferation
ally integrate. During aging and exposure to stress, granule[9]. Basal levels of corticosterone increase with age, while
cell proliferation is suppressdél]; antidepressant treatment the rate of proliferation declindg8]. The chronic application
of several classes of antidepressants, including the selective
* Corresponding author. Tel.: +420 241 062230; fax: +420 241 062782. S€rotonin re-uptake inhibitor fluoxetine, increases the rate of
E-mail addresssykova@biomed.cas.cz (E. Sykdv granular cell proliferation in ratfl3]. Suggested molecular
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mechanisms for the antidepressants’ effects on neurogenesiguadrant for 10 days and then moved to another quadrant on days 11
include the increased expression of the trophic factor BDNF and 13. This modification of the acquisition learning, together with
[5,12,13] Physica| activity, such as V0|untary wheel running a change in light conditions on day 11, was introduced in order to
for 12 days in a standard cage, increases the rate of prolif-keep the animals learning and motivated to solve the task under new
eration[23]. This kind of physical activity also up-regulates _Conﬁitions' The tliiafnwef 3[wayi i”itia;ed fro”(‘jdire;em positions
- : in the water tank. After finding the submerged platform, the rats
the transcription of BDNF genes after only two nigfts] were allowed to rest on the platform for 10 s and then the next trial

and has been shown to be additive to antidepressant treat_, . ..\ The cut-off time was 60's.

ment[16]. Hippoca.mpus—.dependent_ learning as short as 4 On day 15 all animals in all groups received an i.p. injec-
days of place acquisition in the Morris water maze (MWM), - {ion of 18 mg/ml BrdU (5-bromo-2-deoxyuridine) (Sigma Aldrich,
or the acquisition of 800 trials of a trace eye blink condi- prague, Czech Republic) solution in distilled water (75mglkg
tioned response, has increased the number of surviving BrdU-of body weight). The BrdU injection was repeated after 8 and
positive cellg[8]. Animals exposed either for 8 weeks to an 16 h (a total of three injections in 24 h). The animals were sac-
enriched environmerji5] or for 30 days to voluntary wheel  rificed 24 h after the first BrdU injection by barbiturate overdose
running[22], perform better in the hippocampus-dependent (200 mg/kg) and transcardialy perfused by phosphate buffered saline
spatial learning in the MWM, presumably due to the contri- pH 7.4 (PBS) followed by freshly made 4% paraformaldehyde in
bution of newborn cells to hippocampal function. PBS.
We studied whether spatial learning in the MWM, which is
ataskthatincludes a certain level of both physical activity and
stress, would affect the proliferation of granular cells in the 1.5 prains were removed from the skull and stored in 4%

hippocampus of adult rats. We examined whether the changeyaraformaldehyde for at least 3 days, then transferred to solutions
in proliferative response to the MWM task is influenced by with ascending concentrations of sucrose to a maximum of 30%.
fluoxetine treatment. The rate of granular cell proliferation After saturation, 4@um thick coronal sections were cut on a freez-
was evaluated by determining the number of BrdU-positive ing sliding microtome (Microm, Walldorf, Germany). Sections for
cells, and the number of newly born neurons was studied by BrdU immunohistochemistry were processed the following day;
staining cells with antibodies directed against doublecortin additional sections were stored in a cryoprotectant containing 30%
(DCX). ethylene glycol, 30% glycerine and 40% PBS. The antibodies used
were a mouse monoclonal directed against 5-bromo-2-deoxyuridine
and diluted 1:100 (Roche Applied Science, Basel, Switzerland),
goat anti-doublecortin C-18 diluted 1:500 (Santa Cruz Labs, Santa
Cruz, USA), and Cy3-conjugated rabbit anti-rat GFAP diluted
1:200 (Sigma Aldrich, Prague, Czech Republic). For peroxidase
immunohistochemistry to detect BrdU, peroxidase-conjugated
) ) rabbit anti-mouse IgG (whole molecule) diluted 1:100 (Sigma
The study was performed using 3-month-old male Wistar rats agrich, Prague, Czech Republic) and peroxidase-conjugated goat
(N=20; 320-340). The rats were housed under standard condi-gnti.mouse 1gG (whole molecule) diluted 1:50 (Sigma Aldrich,

tions, 2-3 per cage,wit.h.a12h lightand Qark cycle, and with access Prague, Czech Republic) were used as secondary antibodies
to water and food ad libitum. The experiments were approved by \ith diaminobenzidine (DAB substrate kit, Vector Laboratories,
the ethical com_mlttee of the Institute of E)_(perlmental Medicine, Burlingame, USA) as the substrate. For DCX immunostaining, the
Academy of Sciences of the Czech Republic. C-18 primary antibody was detected using a Vectastain Elite ABC
kit (goat IgG) (Vector Laboratories, Burlingame, USA). For indirect
2.2. Morris water maze (WM) acquisition training and drug immunofluorescence, a series of secondary antibodies was used.
administration Alexa Fluor 594-conjugated goat anti-mouse IgG diluted 1:500
(Molecular Probes, Eugene, USA) or Alexa Fluor 488-conjugated
After initial handling, the rats were randomly assigned to one goat anti-mouse IgG diluted 1:200 (Molecular Probes, Eugene,
of four groups and then underwent 15 days of one of four different USA) were used for the detection of BrdU, while Alexa Fluor
treatments. Thefirst (C—control) group received adailyi.p. injection 488-conjugated donkey anti-goat IgG diluted 1:200 (Molecular
of 1.5 ml saline for 15 days. The second group (WM — water maze) Probes, Eugene, USA) was used for the detection of DCX. For BrdU
received a daily i.p. injection of saline and underwent four trials immunostaining, the following procedure was used: The sections
per day of acquisition training in the WM for 15 days. The third were incubated in 3N HCI for 20 min, washed in distilled®
group (F — fluoxetine) received a daily i.p. injection of fluoxetine then neutralized in 0.1 M borate buffer for 10 min. Endogenous per-
(Chemos CZ, Prague, Czech Republic) for 15 days, 5 mg/kg diluted oxidase was then quenched in 0.3%0 in methanol for 30 min.
in saline. The fourth group (FWM — fluoxetine treated and water Subsequently, the sections were incubated in 5% fetal bovine
maze exposed) received an i.p. injection of fluoxetine 1 h prior to serum in PBS for 20 min, then overnight with anti-BrdU atC4
learning and underwent the same acquisition training in the water After rinsing in PBS, the slices were incubated for 30 min at room
maze as did the second group. temperature in peroxidase-conjugated goat anti-mouse 1gG diluted
The acquisition training in the MWM took place during four in PBS with 5% fetal bovine serum, followed by rinses and a 30 min
consecutive trials per day. The Morris water maze apparatus was aincubation in peroxidase-conjugated rabbit anti-mouse 1gG. The
circular tank 196 cm in diameter filled with cold water 22 °C). peroxidase reaction was detected by a solution of DAB in PBS and
A submerged invisible platform 10 cm in diameter was kept in one 0.06% HO..

2.3. Tissue processing and immunohistochemistry

2. Materials and methods

2.1. Animals
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2.4. Images and cell counting of BrdU- or DCX-positive cells per hippocampus in a single
slice.

Coronal brain sections were cut through the entire hippocam-  Fig. 2summarizes the effects of the treatments, i.e. Morris
pal formation containing the granular cell layer. An Axioskop 2 water maze acquisition training (WM), fluoxetine treatment
plus microscope (Carl Zeiss, Germany), equipped with>a Bgan (F), and fluoxetine treatment during water maze acquisi-
Neofluar objective, was used to count BrdU-positive cells visualized tion (FWM), on the number of BrdU- or DCX-positive cells
by DAB as well as DCX-positive cells labeled with the fluorophore per hippocampus in one slice (meai$.E.M.). The number

Alexa 488. Every sixth section was used for counting BrdU-positive of BrdU-positive cells per hippocampus in control animals
cells. Cells were counted separately in the ventral and dorsal blades P P bp P

of the granular cell layer and in the area of the hilus. Cells that were (N=5) Was 17'4,'|: 1'38 (=60) in the GCL and 6.9 0.68
located more than two cells away from the sub-granular zone were (0= 60) in the hilus Eig. 2A and B). The number of DCX-
considered to be in the hilus. The quantification of DCX-positive POsitive cells was 69.4& 4.22 (=30) (Fig. 2C).

cells was done in three sections from each animal. Only cells that ~ Acquisition training in the water maze significantly
showed the typical appearance of an unstained nucleus surroundededuced granular cell proliferatioNE5). The mean num-

by staining in the cell matrix and membrane were counted. Fluores- ber of BrdU-labeled cells in the GCL was decreased by 27%
centimages shown on our micrographs were acquired on a confocal(12_73:t 1.22,n=60,p>0.01), while in the area of the hilus

microscope (TCS-NT, Leica). the decrease was only 15% (5:92.59,n= 60, n.s.) Fig. 2A
istical anal and B). The number of DCX-positive cells was 23% lower
2.5. Statistical analyses than in controls (53.8% 3.30,n= 230, p>0.05) Fig. 2C).

All analyses were performed using Sigmaplot 2000 (SPSS Inc., | Fluoxetine treatment significantly increased proliferation
Chicago, IL). The number of BrdU-positive cells in the granular cell " the granular cell layer. When compared to controls, the
layer was counted for each hippocampus in every sixth slice, while Mean number of BrdU-positive cells in the hippocampus of
the number of DCX-positive cells was counted for each hippocam- fluoxetine-treated ratdN(=>5) was increased by 26% in the
pus in three sections from every animal; comparisons between GCL (21.9+1.86,n=60,p>0.05) and by 15% in the hilus
groups were made using Studertttest. (8.03+£0.64,n=60, n.s.) Fig. 2A and B). The number of
DCX-positive cells was, however, 14% lower than in controls
(59.43+4.27,n=30, n.s.) Fig. 2C).

3. Results Fluoxetine treatment during acquisition learning in the
water maze maintained the proliferation in the GCL at control

The rate of proliferation following the four different treat- levels, but in the hilus the number of BrdU-positive cells was
ments was quantified as the number of BrdU-positive cells, lower than in controlsN=5). The mean number of cells per
i.e. the number of cells that integrated BrdU into their DNA hippocampus was similar to control animals in the granular
during the last 24 h of life, in three hippocampal regions: cell layer (19.45-1.73,n=60, n.s.), but was significantly
the inner and outer blade and the hilus of the dentate gyrus.decreased by 33% (44#0.51,n=60, p>0.01) in the area
BrdU-positive cells were present in all the examined groups of the hilus Fig. 2A and B). The number of DCX-positive
of animals. BrdU-positive cells were detected mostly in the cells was similar to control levels (69.234.28,n=30, n.s.)
sub-granular zone (SGZ) of the granular cell layer (GCL), (Fig. 2C).
often appearing with irregularly shaped nucleiin typical clus- Fig. 3demonstrates the learning curves of the two groups
ters Fig. 1A, F-L). In the area of the hilus, they were mostly of animals N=5) that underwent the Morris water maze
present as pairs or small clusters, often visible only as singlelearning task (WM and FWM). In both groups, four animals
ovoid nuclei Fig. 1A). There were no significant differences showed an improvement in acquisition learning during the
in the distribution of BrdU-positive cells between the two first 10 days and all animals showed improvement by day 15.
blades of the GCL in any of the groups. Some of the cells in The differences between the average latencies of the five ani-
the clusters were in close apposition to astrocytic processesmals receiving an i.p. injection of either fluoxetine (5 mg/kg)
which often formed loops or baskets around the newborn cells (FWM) or saline (WM) 1 h prior to the WM task were not sig-
(Fig. 1F, G-I, J-L). nificant. Modification of the task on days 11 and 13 presented

Estimates of the effect of the treatments on actual neu- a new challenge to the animals as a result of the changed loca-
rogenesis were made using antibodies directed against DCXtion of the platform and additional cues such as the lightening
(Fig. 1B—E). The antibodies to DCX typically stained the conditions in the room. The new learning conditions initially
periphery of the soma and the proximal processes; the nucleusaused a prolongation of the latency. Subsequently, learning
of the cell was not stainedF{g. 1D). DCX-positive cells and of the new spatial situation was induced, as indicated by the
their processes were seen in the SGZ of the GCL, but nonedescending learning curves.
were found in the hilusKig. 1B and C). Cells often appeared We conclude that acquisition training in the MWM
apposed to each other or even alone, distributed without anysignificantly reduced the proliferation of granule cells in
particular pattern, although they were always present at thethe GCL. Fluoxetine treatment increased the number of
junction of the two blades of the GCIFig. 1B). The data proliferating cells in the GCL. The application of fluoxetine
are presented as raw data and represent the mean numberuring the acquisition of spatial learning in the MWM main-
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Fig. 1. Photomicrographs of a rat hippocampus stained with anti-BrdU and anti-DCX. The nuclei in the GCL are counterstained with Harris he(atoxylin.
Example of BrdU-positive cells (brown) at the junction of the granular cell layer. The proliferating cells are present in the sub-granular zdghe hildsin

(B) Typical appearance of DCX-positive cells — newborn neurons — (brown) with their processes extending through the GCL. Most of the DCX-f®sitive cel
can be found at the junction of the internal and external blades of the GCL. (C) An illustrative photomicrograph of clusters of DCX-positivewr}ls (bro
lining the sub-granular cell layer. The cells are extending long processes through the GCL. Confocal microscopy images of coronal sectiohs thtough t
hippocampus; (D) typical appearance of DCX-positive cells (green) in the sub-granular zone extending their processes parallel to the G@lnetbwitlest
anti-GFAP (blue). (E) DCX-positive cells (green) extending their processes through the SGZ; the nuclei of granular cells are counterstaiopidiiwith pr

iodid (PI, red). (F) A cluster of BrdU-positive cells (green) in the granular cell layer surrounded by astrocytic processes (blue). (G—L) Imdtepasditre

cells surrounded by astrocytic processes. GFAP staining (H — blue) and BrdU staining (G — green) are shown separately. (J-L) A higher magnifecation ima
of a BrdU-positive cell (J — green) from figure F, showing its close apposition to a GFAP-positive process (K — blue).

tained the rate of proliferation in the GCL at control levels has been clearly demonstrated that hippocampus-dependent
but led to a decreased number of proliferating cells in the learning of temporal or spatial events enhances the survival
hilus. of newborn cells. Proliferation, on the other hand, remained
at control levels after training with the trace paired eyeblink
protocol[8] and after 12 days of MWM acquisition training
4. Discussion [23]. In an experiment done by Lemaire et al., 5 days of spa-
tial task learning in the Morris water maze did increase the
Our study shows that spatial learning acquisition trials in rate of proliferatiorf11]. This finding seems to be contradic-
the Morris water maze and fluoxetine treatment affect the ratetory to our results; however, there are important differences
of cell proliferation in the neurogenic region — the granular between the studies. The length of exposure to the MWM
cell layer — and in the hilus of the dentate gyrus in the hip- task was only 5 days in the Lemaire et al. study, and the
pocampus. Complex stimulation and learning in the water BrdU injections were given just before the training session
maze for 15 days resulted in a down-regulation of granular for 5 days, thus also labeling cells that had been proliferating
cell proliferation. Thisis a very surprising finding since learn- before exposure to the MWM. Five days of exposure led to an
ing has generally been considered as a factor that positivelyincrease in the rate of proliferation, but in our study, 15 days
influences the generation of new neurons in adulthood. It of MWM training caused a decrease in the proliferation rate
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Fig. 2. The numbers of 5-bromo-2-deoxyuridine (BrdU)- or doublecortin (DCX)-positive cells in the dentate gyrus in rats (C — controls, WM — Marris wat
maze trainedr — fluoxetine treated, FWM — WM trained and fluoxetine treated). The values are expressed asSrieadh per single hippocampus in a slice.

(A) The number of BrdU-positive cells in the granular cell layer was decreased by 2¥@ (1) after water maze stimulation (WM) and increased by 26%
(p>0.05) after fluoxetine treatment (F), when compared to control animals (C). The administration of fluoxetine blocked the negative effect ofevater maz
training on proliferation (FWM). (B) Fluoxetine increased non-significantly proliferation in the area of the hilus by 15% (F) when compared oo

(C); MWM stimulation caused a non-significant decrease of 15% (WM) and in combination with fluoxetine treatment caused a significant decrease of 33%
(p>0.01) (FWM). (C) The number of DCX-positive cells — newborn neurons — in the sub-granular zone was decreased after stimulation in the water maze by
23% (> 0.05) (WM) and after fluoxetine treatment non-significantly by 14% (F), when compared to controls (C). Fluoxetine treatment during the acquisition
training in the water maze did not cause an increase in the number of DCX-positive cells (FWM).

in animals of similar age. The MWM challenge represents not swimming[23]. In that study, in part investigating prolifera-
only spatial learning and physical activity, but it also has a tion, the number of labeled cells was not different between the
stressful component. The motivation for finding the location test groups and controls when BrdU was administered every
of the hidden platform is to escape from a life-threatening day during all 12 training days. The down-regulating effect of
situation in a novel, unpleasant environment of cold water. stress was probably masked by a normal rate of neurogenesis
The different results of the two studies suggest that the benefitprior to the decline in the proliferative rate during the water
from proliferation enhancing factors during the test, such as maze training. Supporting arguments for our results can be
physical activity, may be diminished by prolonged exposure also found in the work of Shors et 419], who suggested
to a stressful experience. that the acquisition of spatial memory in the water maze may
Ourresults can be compared to a study in which mice were be a task that requires only a small percentage of new neu-
exposed to either 12 days of water maze acquisition or only to rons; trace eye blink and fear conditioning were impaired by
blocking neurogenesis with cytostatifE3,19] but spatial
learning performance in the water maze was unaffected by

8 7 such blockad§19].
E 60+ - WM The administration of fluoxetine to animals that were not
% o A exposed to the WM increased the rate of proliferation as
s 501 expected in the examined regiorfad. 2A and B). Prolif-
S 40 eration was very high in the hilus of the DG. The work of
2 Cameron et al. in 1993 suggested that the neurogenic region
2 304 inthe hilus, observed inthe early postnatal period, may persist
;i to adulthood3]. One to 24 h after labeling newborn cells with
207 [3H] thymidine, the majority of positive cells was observed
g 104 in the area of the hilus. Three weeks after labeling a majority
E of positive cells was observed in the granular cell layer, sug-
I EEEEE————S gesting that the cells migrate to the granular cell Ig3r

01 23 456 7 8 910111213 1415 This suggestion cannot, however, be fully supported by our

Days of exposure to the WM observations that there were no DCX-positive cells present

Fig. 3. A graph presenting the learning curves of the two groups of animals in the area of the hilus. Animals treated with fluoxetine for
exposed to the Morris water maze learning task for four trials a day; shown are 15 days did nOIIShOW a great?r number of D_CX-posmve new-
the average latenciesS.E.M. The animals received ani.p. injection of either PO neuronsKig. 2C). The higher proliferation rate caused
fluoxetine solution (5 mg/kg; FWM) or of saline (WM) 1 h prior to the task. by the chronic application of fluoxetine was not reflected in
The spatial conditions remained standard for 10 days, then on days 11 andthe number of the DCX-positive cells. These results suggest
13 the position of the platform and the light conditions in the experimental hat fluoxetine treatment increases proliferation but not the
room were changed in order to keep the animals learning (the breaks in . - .

the learning curves indicate the changes in the conditions). There is greatd'ﬁer(_em'atlon and survival of newborn ne_urons', .

variation among animals in both experimental groups, and the differences ~ EVidence for a stress-related decrease in proliferation after
between the groups are not significant. water maze learning is provided by the reversal of the effect
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of stress by the application of fluoxetine. The animals in the study revealed the negative effect of long-term exposure to

WM trained group that received fluoxetine showed similar the conditions of the Morris water maze on the proliferation

numbers of BrdU-positive cells as did the control rats. The of new neurons that are believed to be a potential substrate for

significant decrease in proliferation seen in the hilus remains new learning capacity. This should be considered for future

unexplained. behavioral studies using the Morris water maze test.
Immunohistochemical staining for DCX allowed us to

determine the number of cells differentiating into new neu-
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