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Age and estrogen treatment influenced fiber out-

growth and compensatory neuronal sprouting after
unilateral entorhinal cortex lesions (ECL) which
model Alzheimer disease-like deafferentation in the
dentate gyrus of the hippocampus. In young F344 rats
(3 months old), ovariectomy (OVX) decreased reactive
fiber outgrowth by 60%. Sprouting in middle-aged rats
(18 months old) was reduced in intact females; no fur-
ther reduction was caused by OVX. Several astrocyte
mRNAs were measured in the dentate gyrus of young
and middle-aged female rats in three different estro-
gen states (sham OVX, OVX, or OVX 1 estradiol) 1
week after ECL. Glial fibrillary acidic protein (GFAP)
mRNA was twofold greater in middle-aged rats than
young, although both ages showed threefold increases
in response to ECL. In prior studies GFAP was found
to be decreased by estradiol treatment 3–4 days after
ECL; in this study GFAP mRNA had returned to sham
OVX levels in young rats by 7 days post-ECL. Surpris-
ingly, estradiol treatment increased GFAP mRNA lev-
els by 25% above OVX in middle-aged rats. Apolipopro-
tein E (apoE) mRNA was decreased 20% by age in the
dentate, although both age groups showed a 25% in-
crease in apoE mRNA in response to ECL. Apolipopro-
tein J (apoJ) mRNA was increased 20% in the dentate
gyrus of middle-aged rats, and both age groups re-
sponded to ECL with a 65% increase in apoJ mRNA.
The estrogen state did not alter levels of either apoli-
poprotein mRNA in the deafferented dentate. The data
suggest that the estrogen-induced decrease of GFAP
in response to lesions does not persist at 7 days post-
ECL during sprouting. Overall effects of age on the
dentate gyrus include elevated GFAP mRNA and de-
creased apoE mRNA. The cortical wound site showed
consistent enhancement of GFAP mRNA in both age
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INTRODUCTION

Synaptic density and functions are sensitive to 17b-
estradiol in the adult rodent brain. In the unlesioned
brain, dendritic spine number is increased by estradiol
in hippocampal CA1 neurons (81) and granule neurons
of the dentate gyrus (40). Synapse number also varies
during the estrous cycle in the arcuate nucleus of the
hypothalamus (48, 51). Moreover, estradiol interacts
with response to lesioning. In response to entorhinal
cortex lesions (ECL)2 which model the deafferentation
of the dentate gyrus of the hippocampus seen in Alz-
heimer’s disease (AD), treatment with estradiol in-
creases reactive fiber sprouting (44, 45, 77) and synap-
togenesis (73). In both AD and after experimental ECL
in rodents, the molecular layer of the dentate gyrus is
similarly reinnervated through sprouting (16); the
main sources of afferent sprouting are fibers from the
commissural/associational (C/A) neurons to the inner
molecular layer, whereas the outer molecular layer
receives cholinergic fibers from the septohippocampal
pathways and from local interneurons. Because of the
strong association of AD with aging, it is pertinent that
compensatory sprouting in response to ECL is dimin-
ished in 24-month-old (senescent) male rats in the in-
ner molecular layer of the dentate gyrus (61, 62) as is
cholinergic sprouting to the outer molecular layer (62).
Moreover, aging female rats show progressively
greater susceptibility to neurotoxicity from MK-801, a

2 Abbreviations used: apoE, apolipoprotein E; apoJ, apolipoprotein
J; C/A, commissural/associational; ECL, entorhinal cortex lesion;
GFAP, glial fibrillary acidic protein; AD, Alzheimer’s disease; ERT,
estrogen replacement therapy; OVX, ovariectomy; BBB, blood–brain
barrier; ADX, adrenalectomy.
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glutamatergic NMDA receptor antagonist, whereas
male rats showed no age effect (3). In contrast, estra-
diol-induced sprouting in the dentate gyrus showed no
effects of age in female rats (40). These findings in
rodents are pertinent to the ongoing discussion on as-
sociation of estrogen replacement therapy (ERT) with
AD risk (20, 47, 52, 68, 76).

This study examines the general relationship be-
tween age, ovarian steroids, and glial mRNAs in
sprouting. Three proteins regulated by sex steroids
in astrocytes which also show age-related changes in
expression are of particular interest: glial fibrillary
acidic protein (GFAP), apolipoprotein E (apoE), and
apolipoprotein J (apoJ), which is also known as clus-
terin. GFAP is an intermediate filament protein that
is upregulated in reactive astrocytes (28). GFAP in-
creases twofold per cell in the aging brain (49, 53, 83)
and is also increased in response to ECL (56, 62). The
role of astrocyte reactivity in synaptogenesis is in-
completely understood; while reactive astrocytes can
enhance neuronal sprouting through the production
of neurotrophic factors, treatment of cultured astro-
cytes with antisense GFAP mRNA enhances neurite
outgrowth (29).

ApoE is a mediator of cholesterol transport in the
CNS (21, 34, 55) and peripheral circulation (24), which
has a major role in compensatory synaptogenesis (35,
73, 77) and maintenance of dendritic complexes with
age (36). Aging rats show trends for decreased apoE
that would not support synaptogenesis. In vivo and in
vitro apoE mRNA is detected in microglia, though as-
trocytes are the predominant location (56, 74). The
increase in risk of AD with apoE4 allele dose (6) makes
control of this protein of special interest to mechanisms
in aging (11, 39, 57).

ApoJ is also implicated in cholesterol transport and
is increased in response to brain lesions and in AD (13,
37). Cholesterol transport in the rat brain appears to
function via an apoE–apoJ lipoprotein particle secreted
by astrocytes (26, 66) although mouse astrocytes in
itro produce distinct apoE and apoJ lipoprotein par-
icles (10). ApoJ mRNA shows alterations with age in
he 24-month-old male rat brain that vary by region in
oth magnitude and direction of effect (43).
Because gonadal steroids regulate levels of GFAP (9,

5, 32, 75), apoE (69, 70, 74), and apoJ (9), we hypoth-
sized that estradiol treatment may increase synaptic
prouting through an alteration of glial phenotype. For
xample, estrogen decreases GFAP immunoreactivity
p to 72 h after a brain stab wound (15) and 96 h after
deafferenting lesion (58). This change is opposite to

n direction to the increased GFAP levels seen during
ging, which suggests that estrogen may shift the glial
henotype away from that in aging to one that is more
upportive of synaptogenesis.
METHODS

Surgery and estrogen replacement. Young (3
months old) and middle-aged (18 months old) female
F344 rats were obtained from Charles River Laborato-
ries (Wilmington, MA) and maintained in a controlled
light and temperature environment with food and wa-
ter ad libitum. Surgery for ovariectomy (OVX) or sham
OVX was done with ketamine:xylazine anesthesia (46:
4.6 mg/kg). In sham OVX, skin and peritoneal wall
incisions were made. After 1 week, anesthetized rats
were given unilateral sterotaxic entorhinal cortex le-
sions which severed the perforant path, using a re-
tractable wire knife (16) (Scouten wire knife; Kopf,
Tujunga, CA). The knife is inserted into the entorhinal
cortex (2.2 mm anterior, 5 mm lateral from lambda and
1 mm ventral from dura). The extended blade was then
lowered 5 mm ventrally twice at angles to avoid the
hippocampus. Immediately after surgery rats were
given subcutaneous Silastic implants containing 150
mg/ml 17b-estradiol in sesame oil or oil only sham
implants. One week after surgery rats were decapi-
tated under anesthesia, and brains (36; n 5 6/group)
were immediately frozen in isopentane (218°C) and
stored (at 270°C) until sectioning.

A standard method for examining C/A fiber out-
growth in response to ECL involves a second lesion of
the contralateral entorhinal cortex 2 days before sac-
rifice (60, 62), which removes sprouting of fibers origi-
nating from the contralateral entorhinal cortex. How-
ever the entorhinal cortex, which responds to ECL with
reactive sprouting and increased SYN production (4),
also shows transient changes in certain presynaptic
protein mRNAs during the estrous cycle (7). This sug-
gests that reactive synaptogenesis from the contralat-
eral entorhinal cortex is also under estrogenic control,
and for this reason we chose not to lesion on the con-
tralateral side. While this paradigm obscured the
boundary of the C/A plexus, we were able to estimate
the increase in the fiber plexus by measuring the per-
centage of area covered by Holmes stain-positive fibers
in the inner one-third of the molecular layer (Fig. 1). A
paradigm of short-term ovariectomy and estradiol re-
placement was used to ensure that changes seen were
the result of the effects of estradiol on compensatory
synaptogenesis; long-term ovariectomy and estradiol
replacement have been shown to have effects on syn-
apse number in the absence of CNS lesions (40).

In the sprouting studies, OVX and ECL were per-
formed as above. At 2 weeks post-ECL, rats were anes-
thetized and perfusion fixed in phosphate buffer (pH
7.4), containing 4% paraformaldehyde. Brains (n 5
3–5/group) were immersion fixed for 1 day at 4°C in
buffered paraformaldehyde, immersed in 30% sucrose
for 3 days (4°C), and sectioned by cryostat (16 mm).
Uteri were weighed after blotting to estimate ovarian
function.
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Fiber staining. Holmes fiber staining followed the
method of Sheehan and Hrapchak (67). After hydra-
tion, sections were incubated in 1% silver nitrate in
dark for 2 h. Sections were impregnated overnight
(37°C) in 9% boric acid buffer, 8% borax buffer, 1%
silver nitrate, and 10% pyridine. Sections were then
reduced in 10% sodium sulfate with 1% hydroquinone.
Sections were then incubated in 0.2% gold chloride/6
min, 2% oxalic acid/8 min, and 5% sodium thiosulfate/5
min.

In situ hybridization. Sections were sliced at 16 mm
and mounted on Superfrost Plus slides (Fisher, Pitts-
burgh, PA). Slides were washed in PBS and dehy-
drated in an ethyl alcohol series. Sections were prehy-
bridized for 1 h at 55°C (prehybridization buffer 0.75 M

aCl, 50% formamide, 10% dextran sulfate, 0.05 phos-
hate, pH 7.4) and hybridized with an 35S-labeled

cRNA probe. Sections were hybridized for 3 h/55°C.
Sense cRNA probes were controls for background.

Image analysis and statistics. All slides were coded
and measured under blind conditions. In situ signals
were measured with IPLab Spectrum image analysis
software (Signal Analytics Corporation) in the molec-
ular layer of the deafferented and contralateral den-
tate gyrus from X-ray film images. Holmes stain-posi-
tive fiber density (percentage of area covered by fibers)
was measured under high power. Data were analyzed
by two-way ANOVA.

RESULTS

All rats in this study received unilateral lesions of
the entorhinal cortex which interrupts the perforant
path to the dentate gyrus and induces compensatory
sprouting (16). The effects of ovarian steroid manipu-
lations on the responses to injury were evaluated rel-
ative to the unlesioned side (see Methods). The 18-
month-old F344 rats are considered middle-aged (i.e.,
not senescent) because of general good health and low
mortality rates (30). At 18 months, fertility is very low
due to imminent exhaustion of ovarian follicles (79).

Experiment 1: Ovariectomy and Sprouting
at 14 Days Postlesion

ECL-induced sprouting in the C/A fiber plexus was
estimated as the percentage of area covered by Holmes
stain-positive fibers in the inner one-third of the mo-
lecular layer of the dentate gyrus, measured 14 days
post-ECL (Fig. 1). In young ECL rats, OVX decreased
by 60% the area covered by fibers (from 9 to 4%, P ,
0.02). The contralateral dentate gyrus showed a sim-
lar trend, with OVX decreasing area covered by fibers
from 8 to 3%; Fig. 2B; P , 0.01). In middle-aged rats

given ECL with sham OVX, the percentage of area
covered by fibers was half of that in young rats, in both
the lesioned and the contralateral hippocampus (Figs.
2A and 2B). OVX did not cause a decrease in area
covered by fibers in either dentate gyrus. The Treat-
ment 3 Age interaction effect was significant (two-way
ANOVA, P , 0.05) for area covered by fibers in the
ipsilateral, but not in the contralateral (unlesioned)
dentate gyrus.

One factor in the loss of the OVX effect in middle-
aged rats could be prior age-related loss of ovarian
function. By 18 months, a subgroup of rats will have
very low estradiol levels due to the depletion of steroid-
producing follicles (79). For individuals with low estra-
diol production, OVX should have a smaller effect on
fiber density in the dentate molecular layer. We used
uterine weight as a direct measure of ovarian function
and estrogen production in young and middle-aged
rats. Both young and middle-aged rats responded to
OVX with a significant decrease in uterine weight (Fig.
2C). Because this peripheral estrogen target organ re-
tains a full response to OVX or estradiol replacement
in middle-aged rats, we infer that the loss of response
to OVX in fiber density is a result of aging changes
within the brain.

Experiment 2: Effect of Ovariectomy and Estrogen on Glial
Gene Expression at 7 Days Postlesion

In the Dentate Gyrus

To determine which genes may be involved in estro-
gen-dependent synaptic sprouting in young rats (and
in impairments at middle-age) we examined mRNA
levels in the molecular layer of the dentate gyrus at 7
days post-ECL, during the peak of sprouting (71). In
this experiment, half of the OVX rats (both young and
middle-aged) received Silastic implants of 17b-estra-
diol to determine if effects of OVX could be reversed
with estradiol alone.

GFAP. At middle-age, GFAP mRNA levels were
twofold higher than in young rats in both the ipsilat-
eral and the contralateral dentate gyrus (Figs. 3A and
B; P , 0.0001). Both ages responded to ECL with
hreefold increases in GFAP mRNA in the ipsilateral
entate gyrus relative to the contralateral dentate gy-
us (Fig. 3B; P , 0.0001). This response suggests that

the GFAP mRNA response to ECL in middle-aged rats
is not limited by a ceiling effect due to the prior in-
crease with age. Middle-aged OVX rats treated with
estradiol had 25% higher GFAP mRNA than OVX rats
without estradiol (Fig. 3A; P , 0.05); young rats
showed a similar (nonsignificant) trend. These results
differ from changes in GFAP expression during the
estrous cycle, in which GFAP mRNA and transcription
levels in the dentate gyrus are lowest when circulating
estradiol levels are highest at proestrus (75). Thus the
GFAP mRNA response in the deafferented dentate gy-
rus is the opposite of that expected based upon estrous
cycle data.
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ApoE. After ECL, apoE mRNA was 27% higher in
the deafferented molecular layer than in the contralat-
eral side of both young (P , 0.01) and middle-aged
(P , 0.002) rats. ApoE mRNA in middle-aged rats was
20% lower than in young rats in both the ipsilateral
and the contralateral dentate gyrus (P , 0.025) (Fig.
4). No effect of estradiol replacement was detected in
either age group in either dentate gyrus. As found for
GFAP, this result departed from the direction of
changes during the estrous cycle as well as in cultured
glia, which suggests that apoE mRNA levels may differ
between hippocampal regions, e.g., upregulated in the
CA1 neuron layer or downregulated in CA3, in re-
sponse to estradiol (74).

ApoJ. After ECL in the deafferented dentate gyrus,
apoJ mRNA levels were increased above those in the
contralateral dentate in both young (60% increase) and
middle-aged (70% increase) rats (Figs. 5A and 5B).
Across all treatment groups, aging increased apoJ

FIG. 1. Area covered by Holmes stain-positive fibers in the inner m
rats show much of the inner molecular layer covered by fibers 2 we
Holmes stain-positive fibers is reduced to below one-half that seen in
was at approximately the level seen in OVX young rats; no further d
granule cell layer; IML, inner molecular layer of dentate gyrus.
mRNA levels in the lesioned dentate gyrus by 22%.
Estradiol replacement did not affect apoJ mRNA in
either age group. In young rats, however, OVX in-
creased apoJ mRNA (P , 0.025). Because this effect
of OVX was not reversed by estradiol replacement,
apoJ expression may be inhibited by another ovarian
steroid, possibly progesterone.

At the Wound Site

These astrocyte mRNAs were also measured at the
wound site in the entorhinal cortex made by the knife
insertion, 7 days post-ECL. We caution that ECL by
knife cut transiently disrupts the local blood–brain
barrier, allowing an influx of blood-borne factors which
would normally be excluded, including circulating
monocyte/macrophages and other cells (41).

GFAP. OVX decreased GFAP mRNA at the wound
site (Fig. 6A) in both age groups: young, 15% decrease

ecular layer of the deafferented dentate gyrus. (A) Young, sham OVX
after ECL. In young, OVX rats (B) percentage of area covered by

trol rats. (C) In middle-aged, sham OVX rats, area covered by fibers
ease was detected (D) in response to OVX in middle-aged rats. GCL,
ol
eks
con
ecr
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(P , 0.05); and middle-aged, 25% decrease (P ,
0.05). Furthermore, estradiol of OVX rats treatment
increased GFAP mRNA to levels above those in sham
OVX animals: young, 20% increase (P , 0.05); and
middle-aged, 15% increase (P , 0.05). Thus the effect
of estrogen on GFAP levels in response to a penetrating
brain injury at 7 days post lesion is opposite that ob-
served 3 days postlesion (15), which suggests a bipha-
sic response of GFAP expression to wounding.

ApoE. OVX increased apoE mRNA at the wound
site in both age groups: young, 1100% (P , 0.01); and
middle-aged, 150% (P , 0.05) relative to controls. In
young rats, estradiol replacement returned apoE
mRNA to control levels, whereas in middle-aged rats
apoE levels remained elevated even with estradiol re-
placement (Fig. 6B).

ApoJ. OVX decreased apoJ mRNA levels at the
wound site in young rats (P , 0.05; Fig. 6C). This
decrease was not reversed by estradiol replacement,
suggesting a possible progesterone effect. As observed

FIG. 2. Effects of ovariectomy on commissural/associational (C/
weeks after ECL, the density of the C/A fiber plexus in the deafferent
lower than in intact controls. In the same region in middle-aged ra
decrease with OVX. (B) The contralateral dentate gyrus shows a sim
young rats, and middle-aged rats appearing to be at a minimal level
in middle-aged animals does not appear to be the result of a loss of
middle-aged rats in response to OVX. Thus while peripheral tissue r
dentate gyrus shows a loss of effect in middle-aged animals.
for the other mRNAs, apoJ mRNA responses at the
wound site differed from that in the deafferented den-
tate gyrus where OVX increased apoJ mRNA levels. As
in the dentate gyrus, no effect was detected in the
middle-aged rats.

DISCUSSION

These results confirm that compensatory synaptic
sprouting in the hippocampus is dependent on ovarian
steroids, as judged by Holmes fiber histochemistry (44,
45, 73). Estrogen-dependent sprouting was also ob-
served during physiological variations of blood estra-
diol on synaptic density in the hippocampal pyramidal
CA1 neurons (81, 82), on dentate gyrus granule neu-
rons (40), and in hippocampal slice cultures (77). Pre-
vious studies showed impaired compensatory synapto-
genesis in aged male rats (60, 62), which we extend
here to female rats. Although the sensitivity of ECL-
induced sprouting to OVX is impaired by middle age as

fibers and uterine weight in young and middle-aged rats. (A) Two
inner molecular layer of the dentate gyrus in OVX young rats is 60%
the fiber plexus appears to be at a minimum and shows no further

trend, with OVX decreasing percentage of area covered by fibers in
h no further reduction possible. The loss of an ovarian steroid effect
rian function; uterine weight (C) was decreased in both young and
onds similarly to OVX in both young and middle-aged animals, the
A)
ed
ts,
ilar
wit
ova
esp
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judged by the Holmes fiber stain, synapse density was
not directly measured here. In an elegant study,
Miranda et al. (40) showed that short-term replace-

ent of estradiol in middle-aged rats rapidly induced
endritic spines in the dentate gyrus (the postsynaptic
ontacts of the fibers in question here) back to the level
bserved in young rats. These rats were in an estrogen-
eficient state for more than 1 year (without neurolog-
cal lesions). This observation gives rise to two possible
nterpretations: a return to the young phenotype or a
ain of function in middle-aged rats. The observed def-
cit in sprouting after deafferenting ECL lesions could
e due to age changes in estrogen responsiveness in the
fferent projections, however, independent of any in-

FIG. 3. GFAP mRNA in the deafferented and contralateral dent
of the dentate gyrus, no significant estrogen effect was observed in
increase in GFAP mRNA when compared to young rats (P , 0.0001).
in young rats (P , 0.0001). While young rats did not show a sign
ncrease in GFAP mRNA over OVX rats (P , 0.05). Data are
ontralateral).

FIG. 4. ApoE mRNA in the deafferented and contralateral denta
of the dentate gyrus, no significant estrogen effect was observed in eit
in apoE mRNA when compared to young rats (P , 0.025). (B) In the

ecreased 20% below levels in young rats (P , 0.025). Neither youn
displayed as percentages of young control level (ECL, Sham OVX, C
trinsic capacity of dentate gyrus neurons to form addi-
tional dendritic spines.

GFAP and Glial Reactivity

In Experiment 2, we examined the mRNAs ex-
pressed in astrocytes that are involved in estrogen-
induced compensatory synaptic sprouting. We also ex-
amined effects of aging to identify if genes which might
be factors in the age-related impairment of compensa-
tory synaptogenesis and OVX response. Astrocyte re-
activity, as defined by an increase in GFAP, is a hall-
mark of brain injury observed in virtually all neurode-
generative conditions (50, 72). Moreover, GFAP

gyrus at 7 days postlesion. (A) In the contralateral molecular layer
her young or middle-aged rats. Middle-aged rats showed a twofold
) In middle-aged rats, GFAP levels were increased twofold over levels
ant estrogen effect, estradiol-replaced middle-aged rats had a 25%
played as percentages of young control level (ECL, Sham OVX,

gyrus at 7 days postlesion. (A) In the contralateral molecular layer
young or middle-aged rats. Middle-aged rats showed a 20% decrease
fferented dentate gyrus of middle-aged rats, apoE levels were again

or middle-aged rats displayed a significant estrogen effect. Data are
ralateral).
ate
eit
(B
ific
dis
te
her
dea
g n
ont
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expression per astrocyte increases progressively dur-
ing aging in the absence of definable neuopathology in
rodent and human brains (18, 19, 27, 43, 49, 83).

Abundant evidence indicates that increased GFAP
can be detrimental to reactive synaptogenesis through
glial scar formation. Dorsal root ganglion neurons
transplanted in the area of a CNS injury have the
ability to grow both toward and away from the wound
site; however, contact with the glial scar stops neurite
outgrowth (8). Similarly, the retina, which retains the
ability to reestablish connection in response to lesions,
is notably lacking in scar formation in a rat model (33).
This raises the question of the role of glial scar forma-
tion in the CNS. Removal of GFAP-positive scar-form-
ing astrocytes after injury (by treatment with ganciclo-
vir in mice expressing HSV-TK from the GFAP pro-
moter) results not only in increased neurite outgrowth,
but also increased neuronal degeneration, monocyte
infiltration, and failure to repair the blood–brain bar-
rier (BBB) (5). Thus glial scar formation may be a
“necessary evil” or cost of adaptation in response to
brain injury, where neurite outgrowth must be sacri-
ficed to prevent further neuronal degeneration. Al-
though they do not form a “classic” glial scar, the
highly reactive astrocytes in the dentate gyrus during
reafferentation may play a similar paradoxical role by
both inhibiting neurite outgrowth and enhancing syn-
aptogenesis. Because aging rats (which were 4–12
months older than in this study) have enhanced GFAP
response to brain lesions concurrent with the decrease
in compensatory synaptogenesis (18, 63), the increase
of GFAP during aging could contribute to the loss of
sprouting with age.

The role of estrogen in neurite outgrowth and sprout-
ing may also involve glial reactivity. Estradiol supports

FIG. 5. ApoJ mRNA in the deafferented and contralateral denta
significant age or estrogen effects were detected. (B) In the deafferen
ECL with an increase in apoJ mRNA, levels were 22% higher in m
howed a further increase in apoJ mRNA with OVX (P , 0.025)

inhibitory effect on apoJ levels by progesterone. This effect was not
young control level (ECL, Sham OVX, Contralateral).
synaptogenesis in some hippocampal neurons, while
decreasing the local GFAP response to a penetrating
brain injury (15). Inflammatory mechanisms have been
implicated in glial scar formation (14). This observa-
tion may explain the biphasic effect of estrogen on
astrocyte reactivity we have observed in response to
injury. For example, in the deafferented hippocampus
at 3 days postlesion, GFAP mRNA was reduced by
estradiol, followed by decrease GFAP immunoreactiv-
ity at 7 days postlesion in estradiol-treated rats (58).
This mRNA decrease is reversed to become an increase
at 7 days postlesion. In particular we hypothesize that
estradiol may have an anti-inflammatory role in the
initial phase of the wound response, such that the
resulting decrease in astrocyte reactivity observed may
be due to a reduction in the stimulus (inflammation).
Direct anti-inflammatory actions of estradiol such as
the suppression of TNF-a production have been dem-
onstrated in inflammatory cells (1, 59). This would
allow for increased neurite outgrowth without the in-
creased neuronal degeneration resulting from total re-
moval of the astrocyte reactivity response. During the
second phase of the wound response (following neurite
outgrowth), estrogen may be acting directly or indi-
rectly on astrocytes to increase reactivity and their role
in synapse formation.

The hypothesis of estradiol as an anti-inflammatory
agent does not, however, explain all experimental data.
For example, the increase in GFAP in the aging brain
may be a response to inflammation or oxidative stress
(42). If this were the case, the contralateral hippocam-
pus in middle-aged rats in this study would have been
expected to show decreased GFAP in response to estra-
diol treatment (which was not observed). Furthermore,
the twofold increase in GFAP mRNA in the aged rat

yrus at 7 days postlesion. (A) In the contralateral dentate gyrus, no
dentate gyrus, while both young and middle-aged rats responded to
le-aged than in young rats (P , 0.025). Additionally, young rats
ich was not reversed by estradiol replacement. This suggests an

ected in middle-aged animals. Data are displayed as percentages of
te g
ted
idd
wh

det
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brain is not maximal, as the middle-aged rat brain is
still capable of mounting a threefold increase in GFAP
mRNA in response to brain lesioning. This same phe-
nomenon has also been observed in response to nigro-
striatal lesioning (18). It is also important to point out
that we are not suggesting a role for GFAP itself di-
rectly in the process of synaptogenesis, but rather are
using it as a marker of glial reactivity. Transgenic mice
lacking the GFAP gene still respond normally to CNS
injury (54, 80), probably because they can still produce
intermediate filaments. GFAP/vimentin double knock-
out mice (which cannot produce intermediate fila-
ments) show impaired glial scar formation accompa-
nied by bleeding (54).

Apolipoprotein Responses to Lesioning and Steroids

During reafferentation following ECL, the brain re-
sponds with an increase in both apoE (55, 56) and apoJ
(22, 37) mRNA production, which may mediate trans-

FIG. 6. The mRNA response at the wound site in young and m
decrease in GFAP mRNA levels with OVX that was reversed by es
increase in apoE mRNA in response to OVX. This was reversed by es
showed a decrease in apoJ mRNA levels in response to OVX, w
progesterone effect in young rats. Middle-aged rats did not show an
port of cholesterol and other hydrophobic membrane
components for synaptogenesis (55). As observed for
GFAP, the middle-aged rats show decreased apoE
mRNA in the lesioned and contralateral dentate gyrus
which would be consistent with decreased synaptic
sprouting. In both areas apoE mRNA is significantly
decreased with age, consistent with other studies on
male rats in the unlesioned hippocampus as well (43).
It is of potential interest that the apoJ mRNA response
to ECL is about 30% larger in sham OVX middle-aged
rats than in young, a response that would be expected
to coincide with increased synaptic sprouting. This
may be a lesion-specific phenomenon, as apoJ mRNA
levels do not increase in the unlesioned hippocampus
with age.

Some evidence implied that apoE mRNA would be
increased by estrogen treatment in the lesioned hip-
pocampus. In the mouse brain, apoE mRNA is in-
creased by estrogen treatment (69); likewise, apoE

dle-aged animals. (A) Both young and middle-aged rats showed a
diol replacement. (B) Both young and middle-aged rats showed an
diol replacement in young, but not middle-aged rats. (C) Young rats

was not reversed by estradiol replacement, again suggesting a
VX or estradiol effect.
id
tra
tra
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knock-out mice have do not show estradiol-dependent
synaptic sprouting after ECL (73, 77). Similarly, rat
mixed glial cultures respond to estrogen treatment
with increased apoE, and estrous cycle data suggest
bidirectional control of apoE mRNA in various regions
of the rat brain (75). OVX and estradiol replacement
did not affect apoE mRNA levels in either the deaffer-
ented or contralateral dentate gyrus at 7 days postle-
sion.

ApoE-, apoJ-, and GFAP mRNAs at the Wound Site

In each case, astrocyte mRNA responses at the
wound site in the entorhinal cortex differed from that
in the deafferented dentate gyrus in response to OVX
and estradiol replacement. While apoE mRNA was not
sensitive to estradiol in the dentate gyrus, estradiol
replacement of OVX-lesioned rats decreased apoE
mRNA levels at the wound site. Likewise, apoJ showed
no OVX response in the dentate gyrus, whereas at the
lesion site OVX cause a substantial decrease in apoJ
mRNA which was not reversed by estradiol replace-
ment. One explanation for this discrepancy may be
local opening of the BBB at the wound site. Cell–cell
interactions are critical for the astrocytic mRNA re-
sponse to estrogen for both apoE (74) and GFAP (75).
With the BBB compromised, white blood cells and mac-
rophages invade the wound site, which may alter the
responses of local astrocytes. Estradiol treatment de-
creases circulating apoE levels in humans (2, 46) and
baboons (25). The effects in the periphery of rodents
are not as clear and differ between various strains of
mice (70). Thus infiltrating macrophages and other
blood cells could alter the mRNA response in the brain
in two ways: indirectly, by interacting with astrocytes
in a different manner than resident microglia thereby
altering the mRNA response, or directly through pro-
duction of apoE and apoJ mRNA, which would be in-
creased in OVX rats.

Hormonal Influences on Aging in the Brain

In addition to phenotypic changes in neurons and
glia, changes in peripheral hormones can influence
reafferentation. Age changes in cholinergic projections
could be a factor in the decreased sprouting: although
no effect of aging in female rats was observed in the
dorsal hippocampus, the globus pallidus showed a 30%
decrease in ChAT activity (31). Estrogen treatment
increases ChAT mRNA in the rat basal forebrain (17,
38), suggesting that age and ovariectomy may interact
in cholinergic neurons.

Adrenal glucocorticoids influence sprouting both in-
dividually and in conjunction with estradiol, and an
increase with age in circulating levels is well estab-
lished in rodents (12). In female rats, adrenalectomy
(ADX) increases fiber outgrowth to the lesioned hip-
pocampus (64), suggesting that decreased sprouting
with age may be a result of increased CORT levels.
This effect, however, is highly dependent upon the
presence of circulating estrogen. In ADX/OVX female
rats, CORT treatment decreases fiber outgrowth (44),
whereas in intact female rats CORT treatment in-
creases outgrowth (65). In this study intact, middle-
aged female rats showed a decrease in the density of
Holmes fibers (Fig. 1). This effect is present without
sex steroid manipulation and could be influenced by
increased circulating CORT levels; however, it is
doubtful that this is the exclusive cause of the age-
related decrease. Male rats also show decreased
sprouting with age, and their response to CORT may
be opposite that of females. ADX alone has no effect on
sprouting in males (64), and CORT treatment in the
intact male rat decreases reafferentation (65). While
the effects of CORT on fiber outgrowth are sexually
dimorphic and cannot explain a phenomenon as con-
sistent as the loss of fiber density/outgrowth with age,
they may influence the estrogen response throughout
the life cycle. Importantly, the middle-aged rats in this
study represent a select subgroup that has survived
both to middle age and through two surgeries. If sur-
vival at this age is tied to hormonal response it would
confound these experiments; this is impossible to de-
termine at this point.

Estrogen and Alzheimer’s Disease

These results are of interest in the ongoing discus-
sion of the effect of ERT on the risk of developing AD.
Many post hoc studies indicate a decreased risk of AD
in women undergoing ERT (23, 52, 76, 78). However,
two recent randomized, placebo-controlled trials have
failed to show any benefit to ERT in women in the early
stages of AD (20, 47). If estrogen is determined to delay
and/or prevent the onset of AD, postmortem studies of
women who had undergone ERT will be of great inter-
est. Our results suggest that studies of the AD hip-
pocampus must control for estrogen use, as estrogen-
induced synaptogenesis could drastically affect counts
of synaptic markers.

CONCLUSIONS

In conclusion, our results suggest that mRNA pro-
duction in the glia of aged rats is altered in a manner
consistent with decreased neurite outgrowth and com-
pensatory synaptogenesis. Middle-aged rats show in-
creased GFAP levels, which has been frequently
(though not exclusively) shown to be associated with
decreased synaptogenesis. Similarly, aged rats show
decreases in mRNA for apoE, a protein that is neces-
sary for normal synaptogenesis. These specific changes
in glial phenotype, however, do not appear to be causal
in the loss of the OVX effect on synaptic sprouting with
age.
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