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Changes in astrocytic function may underlie the neurochemical
and morphological alterations in limbic and cortical areas after
estrogen loss in adult females. We assessed whether increased
expression of basic fibroblast growth factor (bFGF), an astro-
cytic response involved in injury-induced neuronal plasticity,
occurs after ovariectomy. We examined bFGF immunoreactivity
(IR) in ovariectomized rats with oil or estradiol benzoate (5 mg
every 4 d; Experiment 1) and in ovariectomized and intact
animals (Experiment 2). In the ventral tegmental area (VTA),
bFGF-IR and glial fibrillary acidic protein (GFAP)-IR were
greater in ovariectomized animals than in animals with estrogen
replacement. bFGF-IR in the VTA was greater in ovariectomized
than in intact females. In the dorsal raphe, no differences be-
tween groups were found in GFAP-IR or bFGF-IR. In mesolim-
bic dopaminergic target areas within entorhinal cortex (Ent),
prefrontal cortex, and nucleus accumbens, bFGF-IR was higher

in Ent of ovariectomized animals 4 weeks after surgery in both
experiments, but no differences were seen in nucleus accum-
bens or in an occipital cortical, control, area in either study. In
Experiment 2, small increases in bFGF-IR were seen in the
prefrontal cortex after ovariectomy. In the VTA and Ent, changes
in bFGF-IR developed gradually, peaking at 4 weeks and wan-
ing at 40 weeks. Furthermore, increased dendritic arbor of Ent
layer II/III pyramidal cells was found in ovariectomized females
with the use of a modified Golgi–Cox staining procedure. These
findings suggest that, within specific regions, ovariectomy in-
duces astrocytic responses similar to those observed after
injury that may affect neuronal chemistry and morphology.
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Estrogens have widespread influence on affective and cognitive
functioning in adult females. Estrogens and their loss have been
implicated in mood changes (Fink et al., 1996) and memory
(Sherwin, 1997) as well as in mental disorders (Gregoire et al.,
1996; Henderson, 1997; Lindamer et al., 1999). Ovariectomy has
been associated with morphological and neurochemical changes
in cortex and hippocampus. In rats, ovariectomy leads to rapid
decreases in dendritic spine density of hippocampal CA1 pyrami-
dal cells that are prevented by estradiol (E2) (Gould et al., 1990).
These effects appear to be mediated indirectly via changes in
glutamatergic tone (Woolley and McEwen, 1994) through E2
actions on brain-derived neurotrophic factor and GABAergic
activity (Murphy et al., 1998a,b). In contrast, increased dendritic
branching and spine density of parietal cortex pyramidal cells are
observed in long-term ovariectomized rats (Stewart and Kolb,
1994), effects similar to those seen after early injury to adjacent
cortical regions and to noradrenergic inputs (Kolb et al., 1997).
These findings suggest that changes in cell morphology induced
by ovariectomy could result from the loss of estrogenic actions on

cells that innervate the affected cells, causing compensatory re-
actions in the target cells to changes in previous patterns of input.
In fact, estrogen loss results in reduced cholinergic activity in
cortex and hippocampus (Luine, 1985; Singh et al., 1994), and
such effects probably are mediated by alterations in the effects of
neurotrophins on cholinergic cells of the basal forebrain (Toran-
Allerand et al., 1992; Sohrabji et al., 1995; McMillan et al., 1996;
Gibbs, 1998).

Ovariectomy induces changes in other systems that have wide-
spread influence on the cortex, such as the midbrain dopaminer-
gic and serotonergic systems. In adult monkeys, long-term ovari-
ectomy decreases dorsal raphe tryptophan hydroxylase but
increases 5-HT1A receptor and transporter mRNA expression
(Pecins-Thompson et al., 1996, 1998; Pecins-Thompson and Be-
thea, 1999) and substantially reduces tyrosine hydroxylase-
immunoreactive fiber density in the cortex (Kritzer and Kohama,
1998). In rats, ovariectomy decreases 5-HT2A receptor mRNA
expression and binding (Fink and Sumner, 1996; Fink et al., 1996)
and dopamine receptor binding (Bossé and Di Paolo, 1996).
Furthermore, the behavioral and neurochemical effects of drugs
that act directly on dopaminergic neurons are decreased after
ovariectomy (Camp et al., 1986; Robinson, 1988; Becker, 1990;
Castner et al., 1993; Forgie and Stewart, 1993, 1994; Stewart and
Rodaros, 1999).

Recent evidence shows that estrogens are neuroprotective
(Dluzen et al., 1996; Dluzen, 1997; Green et al., 1997), suggesting
that their loss might induce responses seen after minor injury.
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Estrogen loss and replacement affect astrocytic activity (Luquin
et al., 1993), and the effects of estrogens on neuronal function
might be mediated in part via their actions on astrocytes (Garcı́a-
Segura et al., 1994, 1996). Interestingly, astrocytic expression of
basic fibroblast growth factor (bFGF) is increased in midbrain
dopamine cell body regions after injury to dopaminergic cells
(Chadi et al., 1994) and after repeated injections of psychostimu-
lant drugs (Flores et al., 1998). Thus, because of the sensitivity of
the monoamine systems to estrogen loss and replacement, we
hypothesized that, after ovariectomy, astrocytes in cell body
and/or target regions of these systems might show changes in
bFGF expression similar to those seen in response to stress,
drugs, or minor injury. In addition, we speculate that these
changes may be related to the morphological changes in cortical
regions that are seen after estrogen loss.

MATERIALS AND METHODS
Subjects
Female Wistar rats (Charles River, St. Constant, Québec) 80–90 d of age
at the time of surgery served as subjects in Experiments 1, 2, and 3. All
animals were maintained in a temperature- and humidity-controlled
environment under a 12 hr light /dark cycle with free access to food and
water.

Hormones and antibodies
Estradiol benzoate (EB; Sigma, St. Louis, MO), was dissolved in peanut
oil and injected subcutaneously at a dose of 5 mg/0.1 ml per animal or, as
in Experiment 4, 10 mg/0.1 ml per animal. bFGF immunoreactivity was
detected by using a mouse monoclonal antibody (Upstate Technology,
Lake Placid, NY) that recognizes the biologically active isoform of bFGF
(Matsuzaki et al., 1989). The antibody was used at a concentration of
1:500. A mouse monoclonal antibody (Sigma), at a concentration of
1:500, was used to identify glial fibrillary acidic protein (GFAP) immu-
noreactivity; a rabbit polyclonal antibody (Eugene Tech, Ramsay, NJ), at
a concentration of 1:2000, was used for tyrosine hydroxylase (TH)
immunolabeling.

Immunohistochemistry
Animals were anesthetized deeply with sodium pentobarbital (120 mg/
kg) and perfused transcardially with 200 ml of cold PBS, followed by 100
ml of a cold solution of 4% paraformaldehyde (w/v) and 15% picric acid
(v/v) in phosphate buffer (PB; pH 6.9). Brains were removed and stored
overnight in the fixative solution at 4°C. Coronal 50 mm sections were cut
by vibratome and stored overnight in PB at 4°C. In Experiment 1,
adjacent brains sections were processed for GFAP or bFGF immunohis-
tochemistry (in Experiment 2, only for bFGF) by using the ABC method
(Hsu et al., 1981). Free-floating sections were incubated for 24 hr at 4°C
with the anti-bFGF or anti-GFAP antibody diluted 1:500 with 0.3%
Triton X-100 (Sigma) in PB and 1% normal horse serum (Vector,
Burlingame, CA). Then the sections were rinsed (three times for 5 min)
in cold PB and incubated for 1 hr at room temperature in a solution of
rat adsorbed biotinylated anti-mouse antibody (Vector) diluted 1:200
with PB and 1% normal horse serum. After washings (three times for 5
min) in cold PB, the sections were incubated in an avidin–horseradish
peroxidase complex (Vectastain Elite ABC Kit, Vector) for 30 min at
room temperature and rinsed again (three times for 5 min) in cold PB.
Next the sections were incubated for 10 min at room temperature, and,
under constant agitation, in a solution of 0.05% 3,39-diaminobenzidine
(Sigma) in PB. Then, without washing, the sections were transferred to a
3,39-diaminobenzidine/PB solution, pH 7.8, with 0.01% H2O2 to catalyze
the reaction and with 8% NiCl2 to darken the reaction product. This
incubation was terminated 8 min (bFGF-treated sections) or 3 min
(GFAP-treated sections) later by washing the sections (three times for 10
min) with cold PB.

Double labeling for bFGF–GFAP and for bFGF-TH was obtained by
processing the sections, first, for bFGF immunoreactivity and then for
either GFAP or TH immunoreactivity, using the ABC method. For TH
immunoreactivity the sections were preincubated in 0.3% Triton X-100
PB and 1% normal goat serum for 1 hr at room temperature. For both
GFAP and TH immunoreactivity no NiCl2 was added to the 3,39-

diaminobenzidine–PB–H2O2 solution to obtain a lighter reaction
product.

Sections were mounted on gelatin-coated slides, dried for at least 1 d,
hydrated in distilled water (1 min), and gradually dehydrated in 70, 90,
and 100% ethanol. Slides then were cleared in Hemo-De and cover-
slipped with Permount. To reveal anatomical landmarks, we lightly
counterstained midbrain sections for Nissl substance by using 0.1% cresyl
violet. This latter step was not done in double-labeled tissue.

Image analysis
Immunostained sections were observed under a Leica microscope (Leitz
DMRB, Wetzlar, Germany). Quantitative analysis was performed via an
image analysis system (National Institutes of Health Image 1.6) on
digitized images of sampling areas of the dorsal raphe nucleus (DR),
ventral tegmental area (VTA), nucleus accumbens (NAcc) shell and
core, entorhinal cortex (Ent) layer II, medial prefrontal cortex (PFC)
layer II of the supragenual cingulate cortex area 2, and occipital cortex
area 2 mediolateral (Oc2) layers V and VI. Boundaries of cortical and
subcortical structures were defined by using as a guide Zilles (1985) and
Paxinos and Watson (1997), respectively. Sampling areas of the DR were
taken from sections corresponding to plates 47, 49, and 51; of the VTA,
Ent, and Oc2 from sections corresponding to plates 38 and 39; of the
NAcc from sections corresponding to plates 11, 12, and 13; and of the
PFC from sections corresponding to plates 14 and 15 (Paxinos and
Watson, 1997). Images for each structure (labeled with either bFGF or
GFAP) were taken from three sections from each brain; they were
digitized and assigned code names.

GFAP-immunoreactive surface density analysis. We performed a quan-
titative evaluation of the surface density of GFAP-immunoreactive cell
bodies and cell processes according to the point-counting method of
Weibel (1979), using a stereological grid. This method provides an
estimate of the morphological changes in astrocytes (Luquin et al., 1993).
For each image the number of points at which GFAP-immunoreactive
cell bodies and cell processes crossed the test grid lines was assessed by
an individual that was blind to the code designation. GFAP-
immunoreactive surface density then was calculated by using the follow-
ing formula: Surface Density 5 2 I/L, where I is the number of points at
which the immunoreactive profiles cross the test grid lines and L is the
total length of the test grid line (length of each test grid line 3 number
of lines) in the tissue. The mean GFAP-immunoreactive surface density
from the three sections for each structure in each animal was calculated.
These values then were used to calculate group means 6 SEM per each
brain region that was analyzed. The number of GFAP-positive cells in
each of the digitized images also was counted to check for changes in the
number of astrocytes expressing GFAP. From the work of others, how-
ever, it was not expected that hormone manipulations would result in
changes in astrocytic number (Luquin et al., 1993).

bFGF immunoreactivity analysis. The number of bFGF-positive cells in
each of the digitized images was counted by an individual that was blind
to the code assignment. The mean cell counts from the three sections of
each structure for each animal were calculated. Then these values were
used to calculate group means 6 SEM per each area that was analyzed.

Golgi
For the study of dendritic branching the animals were given an overdose
of pentobarbital and perfused transcardially with 0.9% saline at 4 weeks
after ovariectomy. The brains were removed and immersed whole in 20
ml of a Golgi–Cox solution and left in the dark for 14 d. Then the brains
were placed in a 30% sucrose solution for 2 d, cut on a vibratome at 200
mm (Gibb and Kolb, 1998), and developed by using a procedure de-
scribed previously (Kolb and McLimans, 1986). Layer II /III pyramidal
cells in the Ent were traced by using a camera lucida drawing tube
magnified at 2503. To be included in the data analysis, the dendritic
trees of pyramidal cells had to fulfill the following criteria: (1) a cell had
to be well impregnated and not obscured by blood vessels, astrocytes, or
heavy clusters of dendrites from other cells; and (2) the apical and basilar
arborization had to appear to be mainly intact and visible in the place of
section. The branch segments and branch order were determined from
the camera lucida drawings by using the procedure of Coleman and
Riesen (1968). Branch order was determined for the apical dendrites
such that branches originating from the primary apical dendrite were first
order, after one bifurcation second order, and so on. For basilar den-
drites, those originating at the cell body were first order, and so on. Ten
cells were drawn per animal per area. Dendritic length was analyzed by
using the concentric ring method of Sholl (1956). The number of inter-
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sections of dendrites with a series of concentric spheres at 20 mm
intervals from the center of the cell body was counted for each cell.

For each cell, spine density was measured from one apical dendritic
branch in the terminal tuft, from an oblique branch running off the main
apical dendritic shaft approximately half-way up the shaft, and from a
secondary branch proximal to the cell body for one basilar branch, after
the procedure of Woolley et al. (1990).

Brains from experimental and control subjects were always processed
in parallel from perfusion to image analysis. In addition, special caution
was taken to treat brains from each experimental condition in exactly the
same manner: same fixative, time of post-fixation, washes, exposure to
antibodies and chromogen, temperature, and dehydration.

Design and procedures
Experiment 1A: Expression of GFAP immunoreactivity. This experi-

ment was conducted to determine the effect of ovariectomy and estrogen
replacement on astrocytic morphology as reflected by changes in GFAP-
immunoreactive surface density in serotonergic and dopaminergic soma-
todendritic regions. To this end, adult female rats were ovariectomized
under methoxyflurane (Metofane) anesthesia by bilateral dorsal inci-
sions. Animals then were assigned randomly to receive 5 mg of EB (EB
group) or 0.1 ml of peanut oil (OIL group) every 4 d for 4 weeks. This
replacement regimen is similar to that used by Forgie and Stewart (1993)
and has been found to potentiate the locomotor-stimulating effects of
amphetamine in ovariectomized animals. The animals were housed
individually in standard stainless steel hanging cages throughout the
entire study. At 24 hr after the last EB or oil injection the animals were
killed, and their brains were processed for GFAP immunoreactivity.
Levels of GFAP-immunoreactive surface density and the number of
immunoreactive cells were assessed in the DR and VTA.

Experiment 1B: Expression of bFGF immunoreactivity. bFGF immuno-
reactivity in the DR and VTA was studied in alternate sections from the
brains of animals described in Experiment 1A. In addition, we measured
bFGF immunoreactivity in projection regions of mesolimbic DA neu-
rons: the NAcc shell, NAcc core, and layer II of the Ent and of the PFC
(Fallon and Moore, 1978; Fallon and Loughlin, 1987; Akil and Lewis,
1993, 1994). For comparison, we measured bFGF immunoreactivity in
layers V and VI of Oc2.

Experiment 2: Time course of changes in the expression of bFGF immu-
noreactivity. This experiment was done to compare bFGF immunoreac-
tivity in intact females and ovariectomized females at a number of time
points after surgery. Although the analysis of GFAP-immunoreactive
surface density in Experiment 1 provided clear evidence of changes in
astrocytic activity in the VTA, the findings paralleled the changes seen
in bFGF expression. It was decided, therefore, for practical reasons to
measure only bFGF immunoreactivity in this study because of the large
number of brain sections needed to complete such a time course exper-
iment. For this experiment, adult female rats were either ovariectomized
(Ovx group) or sham-operated (Intact group) under Metofane anesthesia
by bilateral dorsal incisions. Animals were killed 1, 2, 4, 8, and 40 weeks
after surgery. With the exception of the animals killed at 40 weeks in
which cycles were difficult to detect, all animals were killed on the
afternoon of the estrus phase of the estrous cycle of the animals in the
Intact group (defined by the presence of cornified cells in the vaginal
smear), and their brains were processed for bFGF immunoreactivity. To
induce synchrony of the estrous cycle within each Intact group and to
prevent any possible effects of long-term isolation within the 40 week
groups, we housed together the animals that had undergone the same
hormonal manipulation (ovariectomy or sham surgery) and that were
going to be killed at the same time point after surgery (1, 2, 4, 8, and 40
weeks) during the time between surgery and killing. Daily vaginal smears
were taken from all animals. Within each Intact group (1, 2, 4, 8, and 40
weeks) the animals from which the afternoon of estrus could not be
identified clearly at the time of perfusion were not used in the study.

First, we analyzed bFGF immunoreactivity within the same brain
regions assessed in Experiment 1B (DR, NAcc shell, NAcc core, layer II
of the Ent and of the PFC, and layers V and VI of the Oc2) in brains of
animals killed 4 weeks after ovariectomy. On the basis of the findings
from 4 weeks after ovariectomy, we subsequently investigated levels of
bFGF immunoreactivity within the VTA and Ent 1, 2, 8, and 40 weeks
after surgery. Levels of bFGF immunoreactivity within the PFC also
were examined at these time intervals, with the exception of 8 weeks for
which sections were not available.

Experiment 3: Double-labeling study. To examine the nature of the cells
expressing bFGF in the regions that were analyzed, we killed two

ovariectomized rats given either EB or oil replacement under the same
conditions as animals in Experiment 1 at 24 hr after the last EB or oil
injection; we processed their brains for bFGF–GFAP and bFGF-TH
double-labeling immunohistochemistry.

Experiment 4: Dendritic branching of layer II/III pyramidal cells of the
Ent. In a previous study we found increases in the dendritic arbor of
pyramidal neurons in parietal cortex several months after ovariectomy of
adult females (Stewart and Kolb, 1994). We had argued at that time that
these changes might arise in response to mild injury or a reduction of
neural input brought about by the sudden and complete loss of estrogens.
To examine whether similar changes might be seen after ovariectomy in
cortical areas found to increase the expression of bFGF in the present
experiment and to determine whether these changes could be prevented
by estrogen replacement, we studied cells in the Ent of rats ovariecto-
mized at 80–90 d of age and treated immediately with EB (n 5 6) or OIL
(n 5 5) (10 mg every other day for 4 weeks or 0.1 ml peanut oil only).
These female Wistar rats were part of another ongoing study and were
born and raised in the laboratory at Concordia University; with the
exception of the dose of EB given, they were treated similarly to those in
the other experiments.

Statistical analysis
For GFAP and bFGF, all analyses were done on the raw data, using
estimates of GFAP-immunoreactive surface density and the number of
GFAP- and bFGF-immunoreactive cells per square millimeter. For Ex-
periment 1, comparisons were made between the EB-treated group and
oil-treated group within a single region. Likewise, in Experiment 2,
because the number of bFGF-immunoreactive cells differed considerably
as a function of time after surgery, differences between Intact and Ovx
groups were tested within a region in animals that were killed at the same
time after surgery. The data were analyzed by using Student’s t tests for
independent samples. All data in the figures are presented as a percent-
age of the mean of the EB group in a particular region in Experiment 1
and as a percentage of the mean of the Intact group killed at the same
time in a particular region in Experiment 2. For the Golgi study the data
for dendritic branches were analyzed by ANOVA for group 3 branch
order for apical and basilar dendrites separately; the data for dendritic
length also were analyzed by ANOVA. Similarly, the data of numbers of
spines were analyzed by ANOVA for group by spine location.

RESULTS
Experiment 1A: GFAP-immunoreactive surface density
in VTA and DR of ovariectomized animals with EB or
oil replacement
Changes in astrocytic morphology were assessed by using GFAP-
immunoreactive surface density in the VTA and DR of adult
female rats 4 weeks after ovariectomy with or without estrogen
replacement (5 mg every 4 d). As shown in Figure 1, within the
VTA the surface density of GFAP-immunoreactive cell bodies
and processes was significantly higher (68 6 11%) in the brains of
ovariectomized animals without estrogen replacement. No differ-
ence in GFAP-immunoreactive surface density was found in the
DR. In agreement with previous findings, no effects of hormonal
manipulations on the number of GFAP-immunoreactive astro-
cytes were observed in either region (Luquin et al., 1993).

Experiment 1B: bFGF immunoreactivity in
ovariectomized animals with EB or oil replacement
Figure 2 shows the mean number of bFGF-immunoreactive cells
within several areas of the brain of the ovariectomized animals
treated with EB or oil every 4 d for 4 weeks. It can be seen that
the number of bFGF-immunoreactive cells within the VTA (86 6
23%) and Ent (203 6 67%) was significantly higher in ovariecto-
mized females without estrogen replacement. No differences
were found within the DR, NAcc shell, NAcc core, PFC, or Oc2.

The photomicrographs in Figure 3 provide examples of bFGF
immunoreactivity in the Ent of two ovariectomized animals
treated with either EB or oil every 4 d for 4 weeks. A greater
number of darkly labeled bFGF-immunoreactive cells can be
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seen in layer II of the Ent of ovariectomized animals without
estrogen replacement.

Experiment 2: bFGF immunoreactivity in intact versus
ovariectomized rats 4 weeks after surgery
In this experiment, bFGF immunoreactivity was first assessed
within the DR, NAcc shell, NAcc core, Ent, PFC, and Oc2 in
ovariectomized and intact animals 4 weeks after surgery. As
depicted in Figure 4, ovariectomy produced significant increases
in the number of bFGF-labeled cells within the VTA (31 6 10%)
and within the Ent (60 6 8%). Although there was a notice-
able increase in bFGF immunoreactivity within the PFC (22 6
7%) in the Ovx group, this difference did not reach statistical
significance.

It should be noted that the percentage of difference in bFGF
immunoreactivity between ovariectomized oil-treated rats and
EB-treated rats in Experiment 1 was greater than that between
ovariectomized and intact animals killed 4 weeks after surgery in

Experiment 2. Several factors may have accounted for this dif-
ference, including the dose of estradiol used in Experiment 1
and/or the absence of progesterone. Future studies will be needed
to examine these issues.

Time course of the changes in bFGF immunoreactivity
We next assessed the time course of the changes in the number of
bFGF-immunoreactive cells within those areas showing increases
4 weeks after ovariectomy: the VTA, Ent, and PFC. As shown in
Figure 5, although not all of the changes that were observed were
statistically significant, there was a gradual increase in bFGF
immunoreactivity within the VTA of ovariectomized rats. These
changes appeared to peak between 4 and 8 weeks and to return to
levels similar to those observed in intact animals by 40 weeks.
Similarly, within the Ent the number of cells expressing bFGF
immunoreactivity showed a small increase 2 weeks after ovariec-
tomy. At 4 weeks the increase was statistically significant and then
decreased at 8 weeks and returned to levels similar to those in
intact animals after 40 weeks. The changes in expression of bFGF
immunoreactivity within the PFC were minimal, as shown in
Figure 5. No differences were observed until 4 weeks after ovari-
ectomy (.10 . p , 0.05). At 40 weeks after ovariectomy the
number of bFGF-immunoreactive cells returned to levels seen in
intact animals. It is interesting, however, that just as was seen in
other areas at 40 weeks, there was a small but nonsignificant
decrease (18 6 4%) in bFGF immunoreactivity in Ovx groups.

Figure 1. Glial fibrillary acidic protein (GFAP)-immunoreactive cells
and surface density in dorsal raphe (DR) and ventral tegmental area
(VTA). Values are expressed as the mean 6 SEM percentage of the levels
in estradiol benzoate (EB)-treated animals. All animals were ovariecto-
mized and treated with either EB (5 mg every 4 d for 4 weeks; VTA, n 5
4; DR, n 5 4) or oil (0.1 ml of peanut oil every 4 d for 4 weeks; VTA, n 5
3; DR, n 5 4). *Student’s t test conducted on the actual counts of the VTA
showed a significant difference between EB and oil treatment [t (5) 5
5.77; p 5 0.002].

Figure 2. bFGF immunoreactivity in the dorsal raphe (DR), ventral
tegmental area (VTA), nucleus accumbens shell (Shell ), nucleus accum-
bens core (Core), entorhinal cortex (Ent), prefrontal cortex (PFC), and
occipital cortex area 2 (Oc2). Values are expressed as the mean 6 SEM
percentage of the levels in estradiol benzoate (EB)-treated animals. All
animals were ovariectomized and treated with either EB (5 mg every 4 d
for 4 weeks; midbrain regions, n 5 4; forebrain regions, n 5 3) or oil (0.1
ml every 4 d for 4 weeks; midbrain regions, n 5 4; forebrain regions, n 5
3). *Student’s t test conducted on the actual counts of the VTA and Ent
showed a significant difference between EB and oil treatment [VTA, t
(6) 5 3.06, p 5 0.02; Ent, t (6) 5 2.78, p 5 0.03].
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Localization of the expression of
bFGF immunoreactivity
Brain sections from two ovariectomized animals that received
either oil or EB (5 mg) replacement every 4 d for 4 weeks were
double-labeled with bFGF–GFAP and bFGF-TH. In agreement
with our previous study (Flores et al., 1998), these studies re-

vealed that in all areas that were examined bFGF-positive cells
were also GFAP-positive and that in the VTA the dopaminergic
neurons did not express bFGF. The photomicrographs shown in
Figure 6 were taken from the VTA region of the ovariectomized
animal without EB treatment. Figure 6A shows bFGF–GFAP
double labeling and Figure 6B shows bFGF-TH double labeling.
bFGF immunoreactivity was seen only in astrocytes, never in
TH-positive cells. As can be seen, however, not all GFAP-positive
astrocytes expressed bFGF. Similar findings were observed in the
brain of the EB-treated rat (data not shown).

Morphology of cells in entorhinal cortex
Figure 7 shows the number of branches on the apical dendrites of
layer II /III pyramidal cells in the entorhinal cortex 4 weeks after
ovariectomy. It can be seen that, in general, there were more
branches on the cells from ovariectomized animals treated with
oil than there were on the cells from those treated with estrogen.
This effect was statistically significant only for the first and second
order branches ( p values , 0.05). In the case of the basilar
branches, although the mean numbers were consistently higher in
cells from oil-treated animals, there were no significant differ-
ences between OIL- and EB-treated animals. The Sholl analysis
revealed no significant differences between groups in dendritic
length. No significant differences were found in the numbers of
spines in any of the regions that were counted.

DISCUSSION
Effects in cell body regions
We explored the effects of ovariectomy on astrocytic activity, as
reflected by the expression of GFAP and bFGF, in cell body
regions of dopaminergic neurons in the VTA and serotonergic
neurons in the DR at 4 weeks after surgery. In Experiment 1 it
was found that in the VTA the surface density of GFAP-positive
astrocytes was greater in ovariectomized animals than in animals
given estrogen replacement (5 mg of EB every 4 d for 4 weeks). In
both Experiments 1 and 2 bFGF expression in the VTA was
greater in ovariectomized females than in estrogen-replaced or
intact groups. There were no differences between groups in either
study in the DR.

Figure 3. Digitized images showing darkly labeled bFGF-immunoreactive cells (black dots) in tissue lightly counterstained with cresyl violet (lightly
stained cells in the background). Images were taken from the entorhinal cortex of representative animals that were ovariectomized and treated with either
5 mg of estradiol (EB) or 0.1 ml of peanut oil (OIL) every 4 d for 4 weeks. The area delimited by the white arrows corresponds to layer II, the region
from which the number of bFGF-immunoreactive cells was assessed. Scale bar, 100 mm.

Figure 4. bFGF immunoreactivity in the dorsal raphe (DR), ventral
tegmental area (VTA), nucleus accumbens shell (Shell ), nucleus accum-
bens core (Core), entorhinal cortex (Ent), prefrontal cortex (PFC), and
occipital cortex area 2 (Oc2). Values are expressed as the mean 6 SEM
percentage of the levels in intact animals. Intact animals were killed in the
afternoon of the estrus phase of their estrous cycle, 4 weeks after sham
surgery (all regions, n 5 4, except Oc2, n 5 3). Ovariectomized animals
were killed 4 weeks after surgery (all regions, n 5 4, except PFC, n 5 3).
*Student’s t test conducted on the actual counts [VTA, t (6) 5 2.42, p 5
0.05; Ent, t (6) 5 2.48, p 5 0.04; PFC, t (5) 5 2.16; p 5 0.08].
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Changes in astrocytic bFGF and/or GFAP expression similar
to those seen here have been observed in the VTA after toxic
insults to dopaminergic neurons and after drug-induced increases
in dopaminergic activity (Stromberg et al., 1986; Beitner-Johnson
et al., 1993; Chadi et al., 1994; Flores et al., 1998). These changes
may be part of a cascade of neuroprotective events initiated by
insult. bFGF promotes growth and survival of dopaminergic cells
(see Chadi et al., 1993; Bouvier and Mytilineou, 1995) and up-
regulates GFAP surface density (Gómez-Pinilla et al., 1995);
furthermore, the effects of bFGF on dopaminergic function ap-
pear to be mediated by astrocytes (Engele and Bohn, 1991; Hou
et al., 1997).

How estrogen loss induces injury-like reactions in particular
brain regions is unknown. Estrogens have anti-oxidative effects
that are independent of the activation of estrogen receptors (Behl
et al., 1997; Green et al., 1998; Sawada et al., 1998). Interestingly,
oxidative events are associated with lesions of the dopaminergic
system (Cohen and Heikkila, 1974), and the protective actions of
bFGF on dopaminergic cells are mediated, at least in part, via
anti-oxidative effects (Hou et al., 1997). Thus, one interpretation
of the present findings is that a sudden loss of estrogen serves as
a minor insult to dopaminergic neurons in the VTA, leading to
the recruitment of a series of neuroprotective events. In support
of this idea is the evidence that, in the absence of estrogens,
neurons are more vulnerable to the toxic effects of a variety of
insults (Bishop and Simpkins, 1994; Green et al., 1997), including
those to the midbrain dopaminergic system (Dluzen et al., 1996;
Dluzen, 1997).

Alternatively, the observed changes might well be mediated via
effects at estrogen receptors. The VTA contains, however, only a
few cells that express the classic nuclear estrogen receptor-a.
These cells are found within VTA subregions that were examined
in the present study but are nondopaminergic. In fact, the mor-
phology of some of the estrogen receptor-a-immunoreactive cells
within the VTA suggests that they are glia (Kritzer, 1997), and
astrocytes are known to express estrogen receptors-a (Jung-
Testas et al., 1991; Santagati et al., 1994). Another possibility is
that the effects are mediated by the estrogen receptor-b, the
mRNA for which is densely expressed in the VTA (Shughrue et
al., 1997), or by effects at estrogen membrane sites (Ramirez and
Zheng, 1996).

It contrast to the VTA, no effects were found in the DR in
either experiment. This lack of effects was somewhat surprising
considering the known influence of estrogens on serotonergic
function (Fink and Sumner, 1996; Fink et al., 1996; Pecins-
Thompson et al., 1996, 1998; Pecins-Thompson and Bethea,
1999) and the presence of estrogen receptor-a protein in this area
(Alves et al., 1998). The disparity between the observations in the
VTA and DR supports the idea that the effects of ovarian hor-
mones on astrocytic function are restricted to specific brain
regions (Luquin et al., 1993).

Effects in cortical regions
A major finding of the present study is that 4 weeks after surgery
bFGF expression was higher in the entorhinal cortex of ovariec-
tomized animals without estrogen. bFGF immunoreactivity was
assessed in layer II of the rostral entorhinal cortex, a region that
receives substantial innervation from dopaminergic cells of the
VTA (Fallon and Loughlin, 1987; Akil and Lewis, 1993, 1994).
Cells within these layers of the entorhinal cortex also receive a
major input from cholinergic cells of the basal forebrain (Luiten
et al., 1987) that also are known to be sensitive to changes in

Figure 5. bFGF immunoreactivity in the ventral tegmental area (VTA),
entorhinal cortex (Ent), and prefrontal cortex (PFC). Values are ex-
pressed as the mean 6 SEM percentage of the levels in intact animals.
Intact animals were killed 1, 2, 4, 8, and 40 weeks after sham surgery on
the afternoon of the estrus phase of their estrous cycle (n 5 4, except at
1 week, n 5 3). Ovariectomized animals were killed 1, 2, 4, 8, and 40
weeks after surgery (VTA and Ent, n 5 4, except at 1 week, n 5 3; PFC,
n 5 3, except at 2 weeks, n 5 4). *Student’s t tests conducted on the actual
counts showed a significant difference between groups 4 weeks after
ovariectomy [VTA, 4 weeks, t (6) 5 2.42, p 5 0.05; Ent, 4 weeks, t (6) 5
2.48, p 5 0.04; PFC, 4 weeks, t (5) 5 2.16, p 5 0.08]. The sampling areas
from which the number of bFGF-immunoreactive cells was assessed are
indicated in black on the adjacent tracing of the coronal plate taken from
the Swanson atlas (1992).
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estrogen levels (Luine, 1985; Toran-Allerand et al., 1992; McMil-
lan et al., 1996; Gibbs and Aggarwal, 1998). Interestingly, cells of
layer II are among the first to undergo neurofibrillary changes in
Alzheimer’s disease (Braak and Braak, 1992).

Recently, it has been found that bFGF protects entorhinal
cortex layer II neurons from injury induced by lesions of the
perforant path carrying fibers to and from the hippocampus
(Cummings et al., 1992; Peterson et al., 1996). In addition, bFGF
mRNA expression is upregulated in entorhinal cortex after elec-
troconvulsive shock (Follesa et al., 1994) and seizures (Riva et al.,
1992). Thus, the increased expression of bFGF in entorhinal
cortex found in the present study is suggestive of an injury-like
response to ovariectomy that may or may not be related to the
effects observed within the VTA. Estrogen receptor binding is
seen in the entorhinal cortex (Pfaff and Keiner, 1973; Loy et al.,

1988), as are mRNAs for both estrogen receptor-a and -b (see
Pelletier et al., 1988; Simerly et al., 1990; Shughrue et al., 1997).
In light of these findings it will be important to determine whether
lesions of the dopaminergic neurons of the VTA alter the expres-
sion of bFGF in the entorhinal cortex.

We also found, 4 weeks after ovariectomy, a small but nonsig-
nificant increase in bFGF expression in supragenual layer II of
the medial PFC, a region innervated by midbrain dopaminergic
cells (Fallon and Loughlin, 1987). There was, however, no differ-
ence between ovariectomized animals and animals given the 4
week estrogen treatment within this region. This lack of effect of
estrogen on bFGF expression in this region might have resulted
from the fact that estrogen, but not progesterone, was replaced
(see, for example, Kritzer and Kohama, 1998). Again, these
effects of ovariectomy may be mediated directly, possibly via
estrogen receptor-b (Shughrue et al., 1997). However, the facts
that PFC receives VTA dopaminergic projections (Fallon and
Loughlin, 1987) and that ovariectomy reduces the density of
TH-immunoreactive fibers in PFC (Kritzer and Kohama, 1998)
suggest that changes in bFGF expression could be related to
changes in dopaminergic function, although the noradrenergic
system cannot be ruled out. In addition, as discussed in relation to
the entorhinal cortex, projections from the basal forebrain also
could be involved. No effects of ovariectomy or estrogen replace-
ment were seen in the occipital cortex, suggesting that the changes
in bFGF that were seen in the present study are specific to
particular cortical areas.

Finally, no differences in bFGF expression were found in the
nucleus accumbens in either study at 4 weeks after surgery. The
lack of effect of ovariectomy on bFGF expression in this dopa-
minergic terminal region parallels what is seen after repeated
injections of amphetamine (Flores et al., 1998) or after
6-hydroxydopamine lesions (Chadi et al., 1994) when there is
sustained upregulation of bFGF in cell body regions, but not in
nucleus accumbens. The fact that changes were seen in terminal
regions in cortex and not in the nucleus accumbens may reflect
differences in characteristics of the midbrain dopamine cells that
project to each region (Bunney and Chiodo, 1984; Domesick,

Figure 6. Digitized images from the ventral tegmental area of an ovariectomized animal given estradiol benzoate (EB) replacement (5 mg every 4 d)
and killed 4 weeks after surgery. A, Section labeled with both GFAP and bFGF. The black arrow points to an astrocyte labeled with both bFGF and
GFAP. The white arrow points to an astrocyte that was not bFGF-immunoreactive. B, Section labeled with both tyrosine hydroxylase (TH) and bFGF.
bFGF immunoreactivity (indicated by the white arrow) was not found within TH-positive cells (indicated by the black arrow). Oil immersion. Scale bar,
20 mm.

Figure 7. Mean 6 SEM number of apical dendritic branches as a func-
tion of order in layer II /III entorhinal cortex in adult ovariectomized
females given EB replacement (10 mg every 2 d for 4 weeks) or OIL (0.1
ml every 2 d for 4 weeks). *Significantly different from EB ( p , 0.05).
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1988); alternatively, it may reflect locally mediated effects in
particular cortical areas or effects brought about by interactions
between systems projecting to these areas.

Time course of changes in bFGF immunoreactivity
In the VTA and entorhinal cortex the changes in bFGF expres-
sion induced by ovariectomy developed gradually, increasing at 2
weeks and peaking by 4 weeks. In the medial PFC changes did not
appear before 4 weeks. These findings suggest that the reaction to
ovariectomy is delayed and prolonged. The fact that the effects of
ovariectomy were not evident after 40 weeks may indicate that
adjustment to the changes in circulating hormones is complete,
bFGF is self-regulating, or the astrocytic response is spent.

Pyramidal cell morphology in entorhinal cortex
The increase in numbers of apical dendrites of layer II /III pyra-
midal cells in entorhinal cortex found 4 weeks after ovariectomy
in animals without estrogen replacement in the present study,
although considerably smaller, parallels the finding of Stewart and
Kolb (1994) in parietal cortex when animals were studied 4
months after ovariectomy and compared with intact animals. At
the time of the latter study, we suggested that it was likely that the
increase in dendritic arbor was mediated indirectly, possibly in
response to impaired functioning of cells projecting to the area or
locally via effects on astrocytes. Thus, although correlational, the
present findings provide additional support for this idea. The
effects seen in the entorhinal cortex in these studies are particu-
larly provocative in view of the well documented vulnerability of
cells of the entorhinal cortex after injury and in aging. It will now
be important to determine whether there is an interaction among
the age of the animal at ovariectomy, the length of the period
without estrogenic hormones, and the magnitude of the observed
changes in this region of the brain.
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