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In the mammalian forebrain, most neurons originate
from proliferating cells in the ventricular zone lining
the lateral ventricles, including a discrete area of the
subventricular zone in which neurogenesis continues
into adulthood. The majority of the cells generated in
the anterior portion of the subventricular zone (SVZa)
are neuronal precursors with progeny that migrate to
the olfactory bulb (OB) along a pathway known as the
rostral migratory stream (RMS). The list of factors that
influence the proliferation and survival of neurons in
the adult brain remains incomplete, but previous stud-
ies have implicated neurotrophins in mammals and
estrogen in birds. This study examined the effect of
estrus induction on the proliferation of SVZa neurons
in female prairie voles. Prairie voles, unlike many other
rodents, are induced into estrus by chemosensory
cues from a male. This olfactory-mediated process
results in an increase in serum estrogen levels and the
consequent induction of behavioral estrus (sexual re-
ceptivity). Female prairie voles induced into estrus by
male exposure had a 92% increase in BrdU-labeled
cells in the SVZa compared to females exposed to a
female. Double-label immunocytochemical studies
demonstrated that 80% of the BrdU-labeled cells in
the RMS displayed a neuronal phenotype. Ovariecto-
mized females exposed to a male did not show an
increase in serum estrogen or BrdU labeling in the
RMS. Conversely, ovariectomized females injected
with estrogen were sexually receptive and had more
BrdU-labeled cells in the RMS than oil-injected fe-
males. These data suggest that, in female prairie
voles, estrus induction is associated with increased
numbers of dividing cells in the RMS, possibly via an
estrogen-mediated process. © 2001 Academic Press
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The subventricular zone, lining the lateral ventricle,
is one of a number of brain regions where neuronal
birth and migration continue into adulthood (Altman,
1969; Kaplan and Hinds, 1977). Previous studies have
demonstrated that cells born in the anterior portion of
the subventricular zone (SVZa) include neuroblasts
that migrate to the olfactory bulb (Luskin, 1993). These
neuroblasts are organized as chords of cells (Lois et al.,
1996) that migrate tangentially along a highly defined
route called the rostral migratory stream (RMS)
(Luskin, 1993; Lois and Alvarez-Buylla, 1993a). SVZa-
derived neuroblasts express a neuronal phenotype
while maintaining the capacity to divide throughout
the course of their migration to the olfactory bulb
(Menezes et al., 1995; Lois and Alvarez-Buylla, 1993b).
Once in the olfactory bulb, these cells migrate radially
and differentiate into GABAergic and dopaminergic
interneurons of the glomerular and granule cell layers
(Betarbet et al., 1996).

Although the evidence for continued neurogenesis
in the SVZa and RMS is now strong, the range of
factors that influence this process and its functional
importance remain largely unknown. Several lines of
evidence suggest that estrogen may influence cell
number by altering the proliferation rate and/or the
survival of newly generated neurons in other brain
regions. For example, previous work has demon-
strated that estrogen plays an important role during
the organization of sexually dimorphic brain areas
(Arnold and Gorski, 1984; Toran-Allerand, 1976, 1980,
1983). In adult rats, estrogen increases dendritic spine
formation, synaptogenesis, and neurogenesis in the
hippocampal formation (Gould et al., 1990; Woolley
and McEwen, 1992; Tanapat et al., 1999). The rate of
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cell proliferation in the dentate gyrus peaks during
proestrus, when estrogen levels are highest, and ovari-
ectomy diminishes the rate of neurogenesis in this
region (Tanapat et al., 1999). In song birds, estrogen
and testosterone promote the survival of neurons that
originate in the ventricular zone (Burek et al., 1994,
1995; Hildago et al., 1995). Finally, estrogen regulates
the expression of brain-derived neurotrophic factor
(BDNF), nerve growth factor (NGF), and possibly
other neurotrophins which may promote the prolifer-
ation and/or survival of SVZa-derived cells in adult
rats (Kirschenbaum and Goldman, 1995; Singh et al.,
1995; Zigova et al., 1997; Sohrabiji et al., 1994; Kuhn et
al., 1997). These data suggest that estrogen may act via
growth factors to regulate neurogenesis (Sohrabji et al.,
1994, 1995) and that endocrine status may impact the
proliferation of SVZa-derived progenitor cells in the
adult brain.

In this study, we sought to determine whether the
proliferation of SVZa-derived neurons is influenced
by estrogen and specifically by the induction of estrus
in the female prairie vole. Unlike rats, female prairie
voles lack an estrous cycle and are induced into estrus
by chemosensory cues from unfamiliar adult male
voles (Richmond and Conaway, 1969). Virgin female
prairie voles remain sexually immature unless ex-
posed to a male for approximately 24 to 48 h, resulting
in the induction of behavioral estrus, characterized by
sexual receptivity to a male. Estrus induction is asso-
ciated with profound hormonal changes, including a
rise in serum estrogen levels as well as increased
estrogen receptor binding in the brain (Cohen-Parson
and Carter, 1987; Dluzen et al., 1981; Carter et al.,
1987a; Hnatczuk and Morrell, 1995). Thus, the prairie
vole provides an excellent opportunity to study
whether the proliferation of SVZa-derived neuroblasts
increases with the onset of sexual maturity and/or
with changes in serum estrogen levels. We hypothe-
sized that estrus induction would increase the prolif-
eration of SVZa-derived cells and that estrogen, in
part, may mediate this process.

MATERIALS AND METHODS

Animal Care and Treatment

Adult prairie voles (Microtus ochrogaster) were the
F2 generation of a breeding colony started with field-
captured animals ranging in age from 60 to 75 days.
Subjects were weaned at 21 days of age and housed
with same-sexed siblings in plastic cages (20 X 25 X 45
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cm) that contained cedar chips. Test animals were
sexually naive females. Stimulus animals were either
sexually experienced adult male prairie voles or sex-
ually naive adult female prairie voles from our colony
maintained under identical housing conditions. All
cages were maintained on a 14:10 h. light:dark photo-
period at approximately 21°C. Food and water were
provided ad libitum.

Procedure

Experiment I: Intact females exposed to males. At
60-70 days of age, female subjects were housed with
siblings, meaning one or two sisters from their litter
(n = 6), an adult female from an unrelated litter (n =
5), or a sexually experienced, unrelated male (n = 11)
for 48 h. The unrelated female group was included to
control for exposure to a novel conspecific. The 48-h
cohabitation was used in light of pilot data and pre-
vious reports suggesting that a 48-h cohabitation was
sufficient to induce estrus (Carter et al., 1987a). In each
pair, the subject was separated from the stimulus an-
imal by a fine wire mesh which allowed the animals to
see, smell, and have limited physical contact with each
other, but prevented them from mating. All females
were injected with the cell proliferation marker 5-bro-
mo-2'-deoxyuridine (BrdU) every 6 h for the final 24 h
of the 48 h of cohabitation. This schedule was found to
give the highest number of BrdU-labeled cells in pilot
studies comparing single point injections with re-
peated injections as well as injections in the first 24 h
vs. the second 24 h of male exposure. Injections of
BrdU (Sigma) were given intraperitoneally (50 ng/g
body weight) in 0.9% saline and 0.007 N NaOH (the
total amount of BrdU administered was 6.25 mg over
24 h). At the end of the 48-h cohabitation period,
females in all groups were tested for sexual receptivity
to determine if they were in estrus. Testing consisted
of placing a male in the female’s cage. The pair re-
mained together until the female showed lordosis, or
for 10 min, whichever came first. If the female was not
receptive to the male, the male was removed and a
second male was introduced for an additional 10 min.
Sexual receptivity, assessed by the presence of lordo-
sis, was evident in 63.5% (7 of 11) of subjects housed
with a male for 48 h. Of the female subjects housed
with a male, only the 7 showing lordosis were consid-
ered in estrus and only these females, with females
from the other two groups, were sacrificed, perfused,
and processed for immunocytochemistry. No experi-
mental female housed with an adult female stimulus
animal or with a sibling was sexually receptive. An
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additional group of two male-exposed estrous and
two sibling-exposed nonestrous females were used for
analysis of phenotype (see below).

Experiment Il: Ovariectomized females exposed to
males. Male exposure leading to estrus induction is
associated with a threefold increase in serum estrogen
levels in prairie voles (Cohen-Parson and Carter,
1987). To determine if the BrdU incorporation ob-
served following male exposure occurs in the absence
of estrogen, the above experiment was repeated with
ovariectomized female prairie voles. Two weeks after
ovariectomy, females were housed with female sib-
lings (n = 5), unrelated females (n = 5), or a sexually
experienced male (n = 6). Subjects and stimulus an-
imals were separated by a fine wire mesh. Animals
were housed together for a total of 48 h and a single
BrdU injection (50 wg/g body weight) was given ev-
ery 6 h during the final 24 h of the 48-h cohabitation
(the total amount of BrdU administered was 6.25 mg
over 24 h). Six h after the final BrdU injection, exper-
imental females were sacrificed, perfused, and pro-
cessed for immunocytochemistry.

Experiment I1l: Ovariectomized females treated
with estradiol benzoate. In order to determine if
estrogen stimulates increased cell proliferation of
SVZa-derived cells, we examined the effects of estro-
gen administration in a separate group of female
voles. Sexually naive female subjects were ovariecto-
mized, allowed 14 days to recover, and then treated
with either EB (B-estradiol 3-benzoate; 1 ug, n = 9) or
the vehicle alone (sesame oil, n = 5). Three injections,
of either estrogen or oil, were given at 24-h intervals.
All animals received a single injection of BrdU (50
ng/g body weight) every 6 h for 24 h following the
final injection of estrogen or oil (the total amount of
BrdU administered was 6.25 mg over 24 h). After the
24 h of BrdU injections, all estrogen-treated animals
were tested for sexual receptivity, as described above.
Of the females given EB injections, only females that
were sexually receptive (5 of 9) were sacrificed, per-
fused, and further processed for immunohistochemis-

try.

Serum Estrogen Assays

Immediately after behavioral testing for lordosis,
blood samples were obtained by using a syringe to
draw blood from the jugular vein. Blood was collected
on ice in centrifuge tubes and centrifuged at 4000 rpm
for 10 min. The resulting serum was stored at —80°C.
Serum concentrations of estradiol were measured by
double antibody radioimmunoassay using commer-
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cially available reagents (Diagnostic Products Corp.,
Los Angeles, CA). Following extraction of serum with
diethyl ether to remove serum matrix effects, the or-
ganic phase was dried under a stream of N, and
reconstituted with Kit’s diluent. Using an equivalent
of 100 wl of serum in duplicate, the assay had a sen-
sitivity of 5.0 pg/ml, corresponding to 92% binding
compared to reference (B/B,) and having displace-
ment that was 6.2 SD from that observed for reference
tubes. The upper limit of the assay was 1000 pg/ml at
14% B/B,. Assaying increasing volumes of the serum
extract from 2.5 to 100 ul produced a displacement
line parallel to the standard curve. Intra-assay and
interassay coefficients of variation (CVs) averaged
<5.0 and 6.3%, respectively.

Histological and Immunohistochemical
Procedures

At the end of the cohabitation, female subjects were
anesthetized with sodium pentobarbital (0.03 mI/10 g
body weight) and perfused through the ascending
aorta with 20 ml of 0.9% saline followed by 100-150
ml of 4% paraformaldehyde in 0.1 M phosphate-buff-
ered saline (PBS). Brains were removed, stored in 4%
paraformaldehyde for 24 h, transferred to 20% sucrose
for an additional 24 h, and sectioned in the sagittal
plane at 35 um with a microtome.

Detection of BrdU

Floating sections at 140-um intervals were pro-
cessed for BrdU immunostaining. Sections were
treated with 2 N HCI for 30 min in a 60°C water bath
to denature the DNA and then with borate buffer (pH
8.3) for 25 min. After rinsing in 0.1 M PBS, sections
were incubated in 0.3% hydrogen peroxide in metha-
nol for 15 min and then treated with 10% goat serum
and 0.5% Triton X-100 in 0.1 M PBS (blocking serum)
for 1 h. Sections were incubated in rat anti-BrdU
monoclonal antibody (Accurate, Westbury, NY) 1:500
in blocking serum overnight at 4°C and then rinsed
and incubated in biotinylated goat anti-rat 1IgG 1:200
in blocking serum for 1 h at room temperature. Fi-
nally, sections were incubated in ABC Vector Elite in
0.1 M PBS for 1 h and immunoreactivity was revealed
using the chromagen diaminobenzidine (DAB). To re-
duce variability in the background and standardize
the staining, sections from all subjects in each experi-
ment were processed concurrently for BrdU immuno-
histochemistry. Controls for BrdU immunocytochem-
istry consisted of processing brain sections from voles
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that did not receive BrdU injections and processing
brain sections from animals that received BrdU injec-
tions but were not treated with the anti-BrdU anti-
body.

Determination of Cell Phenotype in BrdU-Labeled
Cells

Brains were embedded with O.C.T. (Miles Inc.,
Elkhart, IN) and frozen using liquid nitrogen. Twenty-
micron-thick sagittal sections were thaw mounted
onto Superfrost slides (Fisher Scientific, PA). Slides
were incubated at 4°C with the monoclonal antibody
to BrdU (Accurate) at a dilution of 1:200 in combina-
tion with a cell type-specific antibody. To identify
neurons, we used a rabbit polyclonal antibody recog-
nizing B-tubulin type Il (TuJl, Covance, Richmond,
CA) at a dilution of 1:200 (Lee et al., 1990a,b). To
identify astrocytes, we used an antibody to glial fibril-
lary acidic protein (GFAP, Dako) at a dilution of 1:500.
After an overnight incubation in the primary antibod-
ies, the sections were rinsed in buffer and incubated
for 1 h in a secondary antibody cocktail formed by
lissamine-rhodamine-conjugated goat anti-rat anti-
body for BrdU and FITC-immunoreactive goat anti-
rabbit antibody to visualize the TuJl or GFAP; all
secondary antibodies were from Jackson ImmunoRe-
search (PA). Following the second antibody reaction,
sections were coverslipped with Vectashield (Vector,
CA). Control sections were generated in all cases by
omitting the primary antibodies. For a cell to be
counted as double labeled for BrdU and either TuJl or
GFAP, we required that the neuronal or glial label was
detectable throughout the cytoplasm. Using these cri-
teria, the nuclei of neurons or astrocytes were easily
distinguished even without BrdU incorporation. As
astrocytes were usually non-overlapping in the RMS,
the risk that two cell bodies might mask each others’
nuclei was very small. However, to eliminate this
possibility, we used confocal microscopy.

Data Analysis

All cell counts were performed blind to treatment.
In each of the three experiments, we counted the num-
ber of BrdU-positive cells in three subdivisions of the
RMS: the SVZa (corresponding to the expanded region
adjacent to the lateral ventricle), the intermediate por-
tion (IP) of the RMS (rostral to the SVZa and caudal to
the entrance to the olfactory bulb, encompassing the
descending and longitudinal limbs of pathway), and
the subependymal zone in the core of the olfactory
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bulb (sezOB) (Menezes et al., 1995) (Fig. 1). Labeled
cells were counted with a 40X objective in each of the
three brain regions using the NIH Image 1.54 image
analysis software. Six to eight sections distributed
evenly across the mediolateral axis of the rostral mi-
gratory stream were counted per animal, with the
most medial section corresponding to the Paxinos and
Watson Rat Brain Atlas (1982), Fig. 45, through the
descending limb of the fornix and the most lateral
section corresponding to the Paxinos and Watson Rat
Brain Atlas, Fig. 47, through the lateral septum. Only
sections in which the entire rostral migratory stream
was visible were analyzed. Relative cells/field were
averaged over the number of sections analyzed to
obtain the mean number of BrdU-labeled cells for each
region per subject. Treatment effects for each brain
region were analyzed using a one-way ANOVA. Sig-
nificant differences were further evaluated using a
Student-Newman-Keul’s test. In the estrogen treat-
ment experiment, which had only two groups, treat-
ment effects were examined using a two-tailed, un-
paired t test. To calculate the percentage of newly
generated cells that express a neuronal or glial pheno-
type, two male-exposed and two sibling-exposed fe-
males from Experiment | were used. For these two
groups, we counted at least 300 cells in three to six
sagittal sections (20—40 um apart) along the rostral—
caudal extent of the RMS using both light and confocal
microscopy.

RESULTS

Experiment 1

Of the three groups (exposed to male, novel female,
or sibling), only females exposed to males entered
behavioral estrus (see Materials and Methods). In all
of the groups, BrdU-labeled cells were present
throughout the RMS, allowing us to examine the mi-
gration and distribution of mitotic SVZ-derived cells
in the prairie vole. BrdU immunostaining was exclu-
sively nuclear within the three sudivisions of the RMS
(SVZa, IP, and sezOB), with few labeled cells observed
outside the pathway (Fig. 1).

Estrous females had more BrdU-labeled cells in the
SVZa, IP, and sezOB than subjects housed with a
female or housed with siblings (F = 10.174; P <
0.01) (Figs. 2 and 3). Compared to sibling-housed
controls, the number of BrdU-labeled cells in estrous
females was increased 92% in the SVZa, 78% in the IP,
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FIG. 1. Newly generated BrdU-labeled cells in the rostral migratory stream of the female prairie vole. (A) Sagittal section of a female prairie
vole forebrain demonstrating BrdU-labeled cells along the rostral-caudal extent of the rostral migratory stream (RMS). BrdU was administered
during the second 24 h of 48-h cohabitation with a male (see Materials and Methods). Black dots represent BrdU-labeled cells migrating to
olfactory bulb. Scale bar, 1 mm. Blocks demarcate the anterior subventricular zone (SVZa) surrounding the anterior tip of the lateral ventricle
(LV) and the distal portion of the RMS, which we denote as the subependymal zone (sez) of the olfactory bulb (OB).

and 103% in the sezOB. Females housed with a novel the measured brain regions. Thus, the increase in
female did not differ from those housed with their BrdU-labeled cells thoughout the RMS was specific to
siblings in the number of BrdU-labeled cells in any of female subjects induced into estrus by exposure to a
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FIG. 2. A comparison of the number of BrdU-labeled cells in female prairie voles housed with a male, female, or female sibling. BrdU was
administered during the second 24 h of the 48-h cohabitation. Male-exposed females which became sexually receptive had significantly more
BrdU-labeled cells in each of the three regions analyzed than either female-exposed group. Subjects housed with their same-sex siblings did
not differ from subjects housed with an unfamiliar female in the number of BrdU-labeled cells. Asterisks represent significant differences (P <
0.05). Abbreviations used: SVZa, anterior subventricular zone; IP, intermediate pathway of the RMS; sezOB, subependymal zone of the

olfactory bulb.
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FIG. 3. Increased number of BrdU-labeled cells in the RMS of estrous females. Representative photomicrographs of the SVZa (A, B),
intermediate pathway of the RMS (C, D), and subependymal zone of the olfactory bulb (E, F) demonstrate that an estrous female housed with
a male (A, C, E) has significantly more BrdU-labeled cells in each region than a female housed with female siblings (B,D,F). These are the same
regions shown in Fig. 1. Figures A-D were taken using a 20X objective and figures E and F were taken with a 10X objective. As shown in Fig.
2, estrous females have nearly twice the number of BrdU-labeled cells as control animals in each of the RMS regions sampled. Abbreviations
used: LV, ventricle; IP, intermediate pathway of the RMS; OB, olfactory bulb.

male and was not simply the result of exposure to an
unfamiliar conspecific.

To determine whether the increase in BrdU label
was in neurons or glia, sections were double labeled
with either an antibody to the early neuronal marker
type Il B-tubulin or an antibody to the glial marker
GFAP. Of 368 BrdU-labeled cells counted in the es-
trous females, 298 (81%) were TulJl-positive. Of 328
BrdU-labeled cells in the control females, 247 (76%)
were TuJl-positive (no statistical difference in the per-
centage of TulJl-positive cells between estrous and
control females) (Fig. 4). Less than 20 cells were clearly
BrdU- and GFAP-positive in either estrous females or
controls. Thus, the vast majority of BrdU-labeled cells

were neurons, including the increased number ob-
served in estrous females.

Experiment 2

Male exposure leading to estrus induction is asso-
ciated with a threefold increase in serum estrogen
levels in prairie voles (Cohen-Parson and Carter,
1987). To determine if the rise in serum estrogen as-
sociated with estrus was necessary for the observed
increase in BrdU incorporation, we repeated the above
experiment (sibling, unrelated female, and unrelated
male exposure) with ovariectomized females. None of
the ovariectomized females housed with males were
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FIG. 4. Phenotype of BrdU-labeled cells in the RMS of estrous
females. Sections were double labeled with an antibody to BrdU and
either an antibody to the neuronal marker B-tubulin type 111 (TuJl)
or an antibody to the astrocytic marker glial fibrillary acidic protein
(GFAP). In A, FITC—immunoreactive cells (green) represent TuJ1-
positive neurons within the SVZa. In B, BrdU staining (orange) can
be seen in the nuclei (asterisks) of several TulJl-positive cells from
the field shown in A. Note that the pattern of TuJ1 staining in A and
B is relatively homogeneous and the cells appear to be arranged in
chains. In C, FITC—immunoreactive cells (green) represent GFAP-
positive astrocytes (asterisks). In D, from the same field, BrdU
staining (orange) can be seen but not within the GFAP-positive cells.
Note that the GFAP staining in C and D has the characteristic star
burst pattern of astrocytes. The scale bar represents 20 um, with all
sections at the same magnification.

sexually receptive nor did they have elevated levels of
serum estrogen levels (a mean of less than 10 pg/ml)
after 48 h of cohabitation. In addition, no significant
differences in the number of BrdU-labeled cells were
observed between treatment groups in any of the three
regions of the RMS (Fig. 5). The mean numbers of
BrdU-labeled cells in the three regions of the RMS
were similar to those seen in animals in the sibling
housed control group in the previous experiment with
intact females. These data are consistent with a role for
estrogen in the observed increase in BrdU-labeled
RMS cells in male-exposed intact females.
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Experiment 3

To determine if estrogen alone was sufficient to
increase cell proliferation in the RMS, ovariectomized
females were treated with EB or oil for 3 days. Sexu-
ally receptive ovariectomized females injected with EB
had an average serum estradiol level of 21.98 pg/ml
(range = 17.58-30.38). In a previous report, intact
females had mean serum estradiol levels of 34.9
pg/ml after 18 h of exposure to a male (Cohen-Parson
and Carter, 1987). Intact females had serum estradiol
levels of 13.35 pg/ml, whereas ovariectomized fe-
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FIG. 5. A comparison of the number of BrdU-labeled cells in the
RMS of ovariectomized female prairie voles. In (A), ovariectomized
females housed with a male for 48 h did not show sexual receptivity
nor did they have an increase in the number of BrdU-labeled cells
compared to controls, suggesting that estrogen is necessary for the
increase in BrdU labeling observed in intact female subjects housed
with males (Fig. 2). In (B), ovariectomized females treated for 72 h
with estradiol benzoate (EB) were sexually receptive and had an
increase in the number of BrdU-labeled cells in the SVZa, but not in
the IP or OB, compared to oil-treated control females. These data
suggest that estrogen may, in part, be responsible for the increase in
BrdU labeling observed in intact female subjects housed with males.
An asterisk represents a significant difference (P < 0.05) between
estrogen and vehicle treatments.
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males injected with oil had serum estradiol levels <5.0
pg/ml. Compared to oil-treated females, ovariecto-
mized estrous females that were given estrogen injec-
tions had a 31.5% increase in the number of BrdU-
labeled cells in the SvVza (t = 2.59, P < 0.05).
Interestingly, no significant differences were observed
between estrogen- and oil-treated animals in the IP
and the sezOB regions of the RMS, mainly due to the
large variation seen between subjects.

DISCUSSION

Although previous research has described a popu-
lation of mitotically active neurons in the rostral mi-
gratory stream of the adult rodent brain (Altman,
1969; Lois and Alvarez-Buylla, 1993b), little is known
of the factors that influence the ongoing neurogenesis
in this region. The present study demonstrates that in
the female prairie vole, male-induced estrus is associ-
ated with nearly a doubling in the number of BrdU-
labeled cells in the SVZa, the region of neuronal pro-
genitor cells whose progeny migrate to the OB. This
increase in BrdU-labeled cells is predominantly in
cells expressing a neuronal rather than glial pheno-
type. We hypothesized that the elevated serum estro-
gen associated with estrus induction was responsible
for the increased number of BrdU-labeled cells in the
rostral migratory stream. Since ovariectomized fe-
males exposed to males did not show an increase in
the number of BrdU-labeled cells compared to con-
trols, our results suggest that estrogen is necessary for
this phenomenon. The present study also demon-
strates that exogenous estrogen treatment can increase
the number of BrdU-labeled cells in the SVZa, al-
though in contrast to male induced estrus, estrogen
treatment did not increase the number of BrdU-la-
beled cells in more distal aspects of the RMS.

This smaller effect in the estrogen treatment study
compared to that in the study of male-induced estrus
is of interest. Given the modest increase (31.5%) in the
SVZa and the absence of an increase in the IP or the
sezOB, the most likely explanation is that the concen-
tration of estrogen was less in the ovariectomized,
estrogen-injected females. Indeed, the mean serum es-
trogen concentration at the time of perfusion (21.98
pg/ml) was considerably lower than that in previous
reports of estrous prairie voles, suggesting that the
dose of estrogen was too low. Nevertheless, we cannot
rule out a role for other ovarian factors in the intact
estrous females or even the possibility that male cues
acting independently of the ovary might contribute to

Smith et al.

the effect observed in male-exposed, intact females. It
is also possible that estrogen influences SVZa cells
more than cells in the IP or sezOB zones of the RMS.

What Is the Functional Importance of an Increase
in BrdU-Labeled Cells?

The functional importance of the estrus-induced
proliferation of neurons is not clear. In virgin female
prairie voles, male exposure induces not only estrus,
but puberty. That is, females exposed to males in this
experiment were induced into their first estrus and
thus were, in a physiological sense, undergoing a ma-
jor developmental transition. Under naturalistic con-
ditions in this monogamous species, estrus would be
followed by mating, leading to an enduring pair bond.
Are the newly generated cells in the RMS important
for pair bond formation? Our data do not address this
guestion, but several observations are inconsistent
with a causal relationship between neurogenesis in the
RMS and pair bond formation. The pattern of newly
generated cells in the RMS of the vole resemble what
we and others have observed in mice and rats (Lois
and Alvarez-Buylla, 1993b; Luskin 1993), species
which do not form pair bonds. In the rat, these cells
are destined to become interneurons of the glomerular
and granule cell layers of the main olfactory bulb
(Betarbet et al., 1996). Based on lesion studies of the
vomeronasal organ in the prairie vole, one would
expect the accessory olfactory bulb rather than the
main olfactory bulb to be critical for the induction of
estrus (Lepri and Wysocki, 1987). Although others
have described neurogenesis in the adult accessory
olfactory bulb of the rat (Bonfanti et al., 1997) and
hamster (Huang et al., 1999), we observed few BrdU-
labeled cells in the accessory olfactory bulb relative to
the dense staining in the main olfactory bulb of the
prairie vole (unpublished data). Possibly other pro-
cesses, such as dendritic outgrowth or synaptogenesis,
are occurring in the absence of neural proliferation in
the accessory olfactory bulb as the female becomes
sexually receptive. It is also possible that the main
olfactory bulb is critical for partner preference forma-
tion. Indeed, olfactory bulbectomy inhibits the devel-
opment of partner preferences in female voles (Wil-
liams et al., 1992), but there is little evidence that this
lesion selectively blocks this behavior and there is no
evidence for involvement of interneurons in the main
olfactory bulb. Thus, the functional importance of the
increase in BrdU-labeled cells at estrus or following
estrogen treatment of female prairie voles remains
unknown. Certainly, in future studies addressing the
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function of this increase in cell proliferation, it will be
important to count labeled cells in the main and ac-
cessory bulbs as well as their migrating precursors in
the RMS.

What Is the Mechanism: Increased Neurogenesis
or Decreased Cell Death?

Estrogen may increase the number of BrdU-labeled
cells either by promoting the proliferation of SVZa-
derived cells or by promoting the survival of newborn
neurons generated in the SVZa and along the RMS. In
the adult dentate gyrus, estrogen increases the rate of
neurogenesis, with the number of BrdU-labeled cells
50% greater during proestrus than during estrus or
diestrus when estrogen levels are lower (Tanapat et al.,
1999). Curiously, this increase appears transient, as
these newly generated cells were no longer evident 21
days later (Tanapat et al., 1999). Relative to intact
females, ovariectomized females in this study had a
60% decrease in the number of BrdU-labeled cells and
a twofold increase in the number of pyknotic cells in
the dentate gyrus, suggesting that estrogen has impor-
tant effects on survival as well as neurogenesis (Tan-
apat et al., 1999).

In fact, estrogen effects within the RMS may be due,
in part, to increased survival of cells that would nor-
mally die after their initial division. Along the route of
migration a considerable number of SVZa-derived
cells undergo cell death in the rat (Brunjes and Arm-
strong, 1996; Morshead and van der Kooy, 1992; Mors-
head et al., 1998). Studies with conditionally immor-
talized cerebral cortical neuroblasts demonstrate that
estrogen has complex effects on cell survival, decreas-
ing apoptosis while transiently increasing rapid ne-
crotic cell death in a subpopulation of cells (Wade et
al., 1999). Estrogen has been shown to influence the
survival rather than the proliferation of cells in a num-
ber of previous studies in birds. For instance, in the
zebra finch song nucleus, the HVC, estrogen promotes
the survival of mitotically active neurons that would
normally die, resulting in an increase in the number of
dividing cells (Brown et al., 1993; Burek et al., 1995,
1994; Hildago et al., 1995).

Since SVZa-derived cells have the capacity to divide
while migrating, our results are consistent with estro-
gen prolonging the survival of migrating cells, allow-
ing these cells to undergo an additional round of cell
division. The cell cycle time within the RMS is roughly
14 h (Smith and Luskin, 1998), so one would expect, at
most, one to two rounds of cell division in the 24 h of
BrdU uptake. However, if estrogen were affecting sur-
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vival rather than neurogenesis, one might expect the
biggest increase in BrdU incorporation in the IP or
sezOB, along the path of migration, rather than the
SVZa, as observed. Furthermore, in preliminary stud-
ies, we have found only a 20% decrease in TUNEL
staining (a measure of apoptosis) in the RMS of fe-
males exposed to males relative to those exposed to
females (M. Smith, unpublished data). This modest
decrease is unlikely to explain the doubling of BrdU-
labeled cells observed in the females exposed to males.
Moreover, TUNEL may label cells that are undergoing
DNA repair and not undergoing apoptosis, suggest-
ing that even this modest decrease in TUNEL staining
may be overstating the change in cell death. Addi-
tional studies will be necessary to determine if the
increase in BrdU incorporation reflects an increase in
cell proliferation, a decrease in cell death, or a combi-
nation of both processes.

Are Estrogen’s Effects Direct or Indirect?

Neurons in the prairie vole RMS lack estrogen re-
ceptors as measured by immunocytochemistry for
ER-a (Hnatczuk et al., 1994). Thus, it is likely that
estrogen’s effects on the survival of newborn cells
require one or more intermediaries, such as neurotro-
phins (Toran-Allerand, 1996). Estrogen receptor
MRNA is colocalized with mRNA for neurotrophins
and their receptors in the rat forebrain (Miranda et al.,
1994). In addition, estrogen has been shown to in-
crease nerve growth factor (NGF) receptor mRNA and
protein levels in female rat sensory neurons and in
culture (Miranda et al., 1994, 1996, 1993). An estrogen
response element (ERE) is found on the genes of NGF
and BDNF as well as on the genes of the neurotrophin
receptors trkA and p75 (Sohrabji et al., 1995, 1994).
BDNF may be the most intriguing of the neurotro-
phins containing an ERE. In vivo, BDNF mRNA is
rapidly up-regulated in the cerebral cortex and the OB
of ovariectomized animals exposed to estrogen (So-
hrabji et al., 1996), suggesting that estrogen can medi-
ate the amount of BDNF present. BDNF has been
shown to have dramatic effects on the proliferation
and/or survival of SVZa-derived neurons. Intracere-
broventricular infusion of BDNF increases the number
of BrdU-labeled cells in the rat SVZa, IP of the RMS,
and sezOB (Zigova et al., 1996) and administration of
BDNF has been shown to increase the survival of
cultured rat forebrain subependymal zone neurons
(Kirschenbaum and Goldman, 1995). In prairie voles,
estrogen increases BDNF gene and protein expression
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and thereby may indirectly increase BrdU incorpora-
tion in the RMS (Liu et al., 1999).

Summary

These results, taken together, suggest that endocrine
status may influence the proliferation and/or survival
of neurons born in the SVZa that eventually become
interneurons in the olfactory bulb. The effects are ob-
served under physiologic conditions, when the fe-
male, stimulated by olfactory cues, exhibits sexual
receptivity. Estrogen appears to be partly responsible
for the increase in the number of BrdU-labeled cells in
the RMS, probably by indirect effects on intermedi-
ates, such as BDNF.

ACKNOWLEDGMENTS

The authors acknowledge the support of NIMH-RO1 56539 (T.1.),
NSF Agreement No. IBN-9876754 (T.l.), and NINDS-RO1 28380
(M.B.L.).

REFERENCES

Altman, J. (1969). Autoradiographic and histological studies of post-
natal neurogenesis. IV. Cell proliferation and migration in the
anterior forebrain, with special reference to persisting neurogen-
esis in the olfactory bulb. J. Comp. Neurol. 137, 433-458.

Arnold, A. P., and Gorski, R. A. (1984). Gonadal steroid induction of
structural sex differences in the central nervous system. Annu.
Rev. Neurosci. 7, 413—-442.

Betarbet, R., Zigova, T., Bakay, R. A. E., and Luskin, M. B. (1996).
Dopaminergic and GABAergic interneurons of the olfactory bulb
are derived from the neonatal subventricular zone. Int. J. Dev.
Neurosci. 14, 429-435.

Bonfanti, L., Peretto, P., Meringhi, A., and Fasolo, A. (1997). Newly
generated cells from the rostral migratory stream in the accessory
olfactory bulb of the adult rat. Neuroscience 91, 489-502.

Brown, S. D., Johnson, F., and Botker, S. W. (1993). Neurogenesis in
adult canary telencephalon is independent of gonadal hormone
levels. J. Neurosci. 13, 2024-2032.

Brunjes, P. C., and Armstrong, A. M. (1996). Apoptosis in the rostral
migratory stream of the developing rat. Dev. Brain Res. 92, 219—
222.

Burek, M. J., Nordeen, K. W., and Nordeen, E. J. (1994). Ontogeny of
sex differences among newly generated neurons of the juvenile
avian brain. Dev. Brain Res. 78, 57-64.

Burek, M. J., Nordeen, K. W., and Nordeen, E. J. (1995). Estrogen
promotes neuron addition to an avian song-control nucleus by
regulating post-mitotic events. Dev. Brain Res. 85, 220-224.

Carter, C. S., Getz, L. L., Gavish, L., McDermott, J. L., and Arnold,
P. (1987a). Male-related pheromones and the activation of female
reproduction in the prairie vole (Microtus ochragaster). Biol. Re-
prod. 23, 1038-1045.

Carter, C. S., Witt, D. W., Auksi, T., and Casten, L. (1987b). Estrogen

Smith et al.

and the induction of lordosis in female and male prairie voles
(Microtus ochrogaster). Horm. Behav. 21, 65-73.

Cohen-Parson, M., and Carter, C. S. (1987). Males increase serum
estrogen and estrogen receptor binding in the brain of female
voles. Physiol. Behav. 39, 309-314.

Dluzen, D. E., Ramirez, V. D., Carter, C. S., and Getz, L. I. (1981).
Male vole urine changes leutinizing hormone-releasing hormone
and norepinephrine in female olfactory bulb. Science 212, 573-575.

Gould, E., Wooley, C. S., Frankfurt, M., and McEwen, B. S. (1990).
Gonadal steroids regulate dendritic spine density in hippocampal
pyramidal cells in adulthood. J. Neurosci. 10, 1286-1291.

Hildago, A., Barami, K., Iversen, K., and Goldman, S. A. (1995).
Estrogen and non-estrogenic ovarian influences combine to pro-
mote the recruitment and decrease the turnover of new neurons
in the adult female canary brain. J. Neurobiol. 27, 470-487.

Hnatczuk, O. C., Lisciotto, C. A., Doncarlos, L. L., Carter, C. S., and
Morrel, J. 1. (1994). Estrogen receptor immunoreactivity in specific
brain areas of the prairie vole (Microtus ochrogaster) is altered by
sexual receptivity and genetic sex. J. Neuroendocrinol. 6, 89-100.

Hnatczuk, O. C., and Morrell, J. L. (1995). Interaction of male sen-
sory cues and estradiol in the induction of estrous in the prairie
vole. Physiol. Behav. 58, 785-790.

Huang, L., Lawrence, I. V., J. M., and Bittman, E. L. (1999). Cells
generate din adulthood are activated during sexual behavior in
male golden hamsters. Soc. Neurosci. Abstr. 33.7.

Kaplan, M. S., and Hinds, J. W. (1977). Neurogenesis in the adult rat:
Electron microscopic analysis of light radioautographics. Science
197, 1092-1094.

Kirschenbaum, B., and Goldman, S. A. (1995). Brain-derived neuro-
trophic factor promotes the survival of neurons arising from the
adult rat forebrain subependymal zone. Proc. Natl. Acad. Sci. USA
92, 210-214.

Kuhn, H. G., Winkler, J., Kemperman, G., Thal, L. J., and Gage, F. H.
(1997). Epidermal growth factor and fibroblast growth factor-2
have different effects on neural progenitors in adult rat brain.
J. Neurosci. 17, 5820-5829.

Lee, M. K., Tuttle, J. B., Rebhun, L. I, Celeveland, D. W., and
Frankfurter, A. (1990a). The expression and post-translational
modification of a neuron-specific beta-tubulin isotype during
chick embryogenesis. Cell Motil. Cytoskeleton 17, 118-132.

Lee, M. K., Rebhun, L. I., and Frankfurter, A. (1990b). Post-transla-
tional modification of class 11 beta-tubulin. Proc. Natl. Acad. Sci.
USA 87, 7195-7199.

Lepri, J. L., and Wysocki, C. J. (1987). Removal of the vomeronasal
organ disrupts the activation of reproduction in female voles.
Physiol. Behav. 40, 349-355.

Liu, Y., Young, L. J., Insel, T. R., and Wang, Z. X. (1999). Expression
and estrogen effects of BDNF mRNA and protein in the forebrain
of female prairie voles. Soc. Neurosci. Abstr. 92.15.

Lois, C., and Alvarez-Buylla, A. (1993a). Long-distance neuronal
migration in the adult mammalian brain. Science 264, 1145-1148.

Lois, C., and Alvarez-Buylla, A. (1993b). Proliferating subventricu-
lar zone cells in the adult mammalian forebrain can differentiate
into neurons and glia. Proc. Natl. Acad. Sci. USA 90, 2074-2077.

Lois, C., Garcia-Verdugo, J. M., and Alvarez-Buylla, A. (1996). Chain
migration of neuronal precursors. Science 271, 978-981.

Luskin, M. B. (1993). Restricted proliferation and migration of post-
natally generated neurons derived from the forebrain subven-
tricular zone. Neuron 11, 173-189.

Luskin, M. B., Zigova, T., Soteres, B. J., and Stewart, R. R. (1996).
Neuronal progenitor cells derived from the anterior subventricu-
lar zone of the neonatal rat forebrain continue to proliferate in



Estrus and Neurogenesis

vitro and express a neuronal phenotype. Mol. Cell. Neurosci. 8,
351-366.

Menezes, J. R. L., Smith, C., Nelson, K., and Luskin, M. B. (1995). The
division of neuronal progenitor cells during migration in the
neonatal mammalian forebrain. Mol. Cell. Neurosci. 6, 495-508.

Miranda, R. C., Sohrabji, F., and Toran-Allerand, C. D. (1993). Neu-
ronal colocalization of mMRNAs for neurotrophins and their recep-
tors in the developing central nervous system suggests a potential
for autocrine interactions. Proc. Natl. Acad. Sci. USA 90, 6439—
6443.

Miranda, R. C., Sohrabji, F., and Toren-Allerand, C. D. (1994). In-
teractions of estrogen with the neurotrophins and their receptors
during neural development. Horm. Behav. 28, 367-375.

Miranda, R. C., Sohrabji, F., Singh, M., and Toran-Allerand, C. D.
(1996). Nerve growth factor regulation of estrogen receptors in
explant cultures of the developing forebrain. J. Neurobiol. 31,
77-87.

Morshead, C. M., and van der Kooy, D. (1992). Postmitotic death is
the fate of constitutively proliferating cells in the subependymal
layer of the adult mouse brain. J. Neurosci. 12(1), 249-256.

Morshead, C. M., Craig, C. G., and van der Kooy, D. (1998). In vivo
clonal analyses reveal the properties of endogenous neural stem
cell proliferation in the mammalian forebrain. Development 125,
2251-2261.

Nordeen, E. J., and Nordeen, K. W. (1989). Estrogen stimulates the
incorporation of new neurons into avian song nuclei during ad-
olescence. Dev. Brain Res. 49, 27-32.

Paxinos, G., and Watson, C. (1982). The Rat Brain in Sterotaxic Coor-
dinates. Academic Press, New York.

Rasika, S., Nottebohm, F., and Alvarez-Buylla, A. (1994). Testoster-
one increases the recruitment and/or survival of new high vocal
center neurons in adult female canaries. Proc. Natl. Acad. Sci. USA
91, 7854-7858.

Rasmussen, J., Torres-Aleman, I., McLusky, N., Naftolin, F., and
Robbins, R. (1990). The effects of estradiol on the growth patterns
of estrogen-positive hypothalamic cell lines. Endocrinology 126,
235-240.

Richmond, M. E., and Conaway, C. H. (1969). Induced ovulation
and oestrus in Microtus ochragaster. J. Reprod. Fertil. Suppl. 6,
357-376.

Singh, M., Meyer, M. E., and Simpkins, J. W. (1995). The effects of
ovariectomy and estradiol replacement on BDNF messenger ri-
bonucleic acid expression in cortical and hippocampal brain re-
gions of female Sprague-Dawley rats. Endocrinology 136, 2320—
2324.

Smith, C. M., and Luskin, M. B. (1998). Cell cycle length of the

21

olfactory bulb neuronal progenitors in the rostral migratory
stream. Dev. Dyn. 213, 220-227, 1998.

Sohrabji, F., Miranda, R. C., and Toran-Allerand, C. D. (1994). Es-
trogen differentially regulates estrogen and nerve growth factor
receptor mRNAs in adult sensory neurons. J. Neurosci. 14, 459—
471,

Sohrabji, F., Miranda, R. C. G., and Toran-Allerand, C. D. (1995).
Identification of a putative estrogen response element in the gene
encoding brain-derived neurotrophic factor. Proc. Natl. Acad. Sci.
USA 92, 11110-11114.

Tanapat, P., Hastings, N. B., Reeves, A. J., and Gould, E. (1999).
Estrogen stimulates a transient increase in the number of new
neurons in the dentate gyrus of the adult female rat. J. Neurosci.
19, 5792-5801.

Toran-Allerand, C. D. (1976). Sex steroids and the development of
the newborn mouse hypothalamus and preoptic area in vitro I
Implications for sexual differentiation. Brain Res. 106, 407-412.

Toran-Allerand, C. D. (1980). Sex steroids and the development of
the newborn mouse hypothalamus and preoptic area in vitro Il
Morphological correlates and hormonal specificity. Brain Res. 189,
413-427.

Toran-Allerand, C. D. (1983). Sex steroids and the development of
the newborn mouse hypothalamus and preoptic area in vitro Il
Effects of estrogen on dendritic differentiation. Brain Res. 7, 97—
101.

Toran-Allerand, C. D. (1996). Mechanisms of estrogen action during
neural development: Mediation by interactions with the neuro-
trophins and their receptors? J. Steroid Biochem. Mol. Biol. 56,
169-178.

Wade, S. B.,, Oommen, P., Conner, W. C., Earnest, D. J., and
Miranda, R. C. (1999). Overlapping and divergent actions of
estrogen and the neurotrophins on cell fate and p53-dependent
signal transduction in conditionally immortalized cerebral corti-
cal neuroblasts. J. Neurosci. 19, 6994-7006.

Williams, J. R., Slotnick, B. M., Kirkpatrick, B. W., and Carter, C. S.
(1992). Olfactory bulb removal affects partner preference devel-
opment and estrus induction in female prairie voles. Physiol.
Behav. 52, 635-639.

Woolley, C. S., and McEwen, B. S. (1992). Estradiol mediates fluc-
tuation in hippocampal synapse density during the estrous cycle
in the adult rat. J. Neurosci. 12, 2549-2554.

Zigova, T., Pencea, V., Wiegand, S. J., and Luskin, M. B. (1998).
Intraventricular administration of BDNF increases the number of
newly generated neurons in the adult olfactory bulb. Mol. Cell
Neurosci. 11, 234-245.



	MATERIALS AND METHODS
	RESULTS
	FIG. 1
	FIG. 2
	FIG. 3
	FIG. 4
	FIG. 5

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

