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Recent work suggests that timing of 17p-estradiol (E2) therapy
may be critical for observing a beneficial neural effect. Along these
lines, E2 neuroprotection, but not its uterotropic effect, was
shown to be lost following long-term E2 deprivation (LTED), and
this effect was associated with a significant decrease of estrogen
receptor-a (ERx) in the hippocampus but not the uterus. The pur-
pose of the current study was to determine the mechanism un-
derlying the ERa decrease and to determine whether aging leads
to a similar loss of hippocampal ERx and E2 sensitivity. The results of
the study show that ERx in the rat hippocampal CA1 region but not
the uterus undergoes enhanced interaction with the E3 ubiquitin li-
gase C terminus of heat shock cognate protein 70 (Hsc70)-interacting
protein (CHIP) that leads to its ubiquitination/proteasomal degra-
dation following LTED (10-wk ovariectomy). E2 treatment initiated
before but not after LTED prevented the enhanced ERa-CHIP in-
teraction and ERax ubiquitination/degradation and was fully neu-
roprotective against global cerebral ischemia. Administration of
a proteasomal inhibitor or CHIP antisense oligonucleotides to
knock down CHIP reversed the LTED-induced down-regulation of
ERa. Further work showed that these observations extended to
natural aging, because aged rats showed enhanced CHIP interac-
tion; ubiquitination and degradation of both hippocampal ERx and
ERf; and, importantly, a correlated loss of E2 neuroprotection
against global cerebral ischemia. In contrast, E2 administration to
middle-aged rats was still capable of exerting neuroprotection. As
a whole, the study provides support for a “critical period” for E2
neuroprotection of the hippocampus and provides important in-
sight into the mechanism underlying the critical period.
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Basic science and clinical observation studies have provided
evidence of a beneficial effect of 17p-estradiol (E2) on car-
diovascular disease, neuroprotection, and neurodegenerative di-
seases such as stroke and Alzheimer’s disease (1-6). However,
the Women’s Health Initiative (WHI) surprisingly failed to ob-
serve a protective effect of hormone therapy on the cardiovas-
cular system and, in fact, reported a small but significant increase
in risk for stroke and dementia (7-9). The average age of sub-
jects in the WHI study was 63 y, far past the onset of menopause.
It has been suggested that there may be a “critical period” for the
beneficial protective effect of E2 on the brain and that estrogen
may need to be administered at perimenopause or earlier to
observe a beneficial effect on the cardiovascular and neural
system (10-12). In support of a critical period hypothesis for E2
beneficial effects in the brain, work by our laboratory and others
has shown that long-term E2 deprivation (LTED) leads to a loss
of E2 neuroprotection in animal models of focal and global ce-
rebral ischemia (GCI) (13, 14). Intriguingly, recent work by our
group showed that the loss of E2 neuroprotection of the hip-
pocampal CA1 region, an area critical for learning and memory,
was correlated with a significant decrease in estrogen receptor-o
(ERa) but not ERp following LTED (13). This decrease in ERa
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and E2 sensitivity was tissue-specific, because ERa did not de-
crease in the uterus following LTED and the uterus, unlike the
hippocampal CA1 region, remained sensitive to the uterotropic
action of E2. The mechanisms underlying the decrease of ERa
in the hippocampal CA1 region following LTED are unknown.
Previous work in breast cancer cells demonstrated that an ubiquitin
E3 ligase, C terminus of heat shock cognate protein 70 (Hsc70)-
interacting protein (CHIP), binds and promotes degradation of the
unliganded ERa via the ubiquitin-proteasome degradation path-
way (15, 16). Because LTED results in very low serum E2 levels
(e.g., reduced ligand for binding to ER), we hypothesized that the
reduced ERa in the hippocampal CA1 following LTED may be
attributable to CHIP-mediated proteasomal degradation of ERa.
In addition, because LTED is only a model of aging, it is important
to determine whether ERa levels and E2 sensitivity of the hippo-
campal CA1 region are similarly attenuated with natural aging. To
address these issues, the goals of the current study were to (i)
determine the mechanism underlying LTED-induced attenuation
of ERa and E2 sensitivity in the hippocampus, (ii) determine
whether a critical period exists for E2 neuroprotection of the aging
hippocampal CA1 region, and (jiii) determine the mechanism that
underlies existence of the critical period.

Results

Ubiquitination and Degradation of Hippocampal CA1 ERa. In pre-
vious studies, we showed that LTED (10-wk ovariectomy) resul-
ted in a significant decrease of ERa in the hippocampal CA1 and
a loss of E2 neuroprotection against GCI (13). To elucidate the
mechanisms underlying the decrease of ERa, we first examined
whether LTED affected ubiquitination/degradation of ERa in the
hippocampal CA1 region of young adult female rats. As shown in
Fig. 1 A and B, ERa immunoprecipitation (IP) studies revealed
that ubiquitination of ERa in the hippocampal CAl was in-
creased over twofold in LTED (10-wk) animals compared with
short-term E2-deprived (1-wk) animals. The increase was paral-
leled by a significant decrease of ERa in LTED animals. The
increase in ERa ubiquitination occurred in all groups of LTED
rats [sham, placebo (Pla), and E2], and E2 treatment at the end of
the 10-wk E2 deprivation period was incapable of preventing the
ERo ubiquitination/degradation. Reverse IP with ubiquitin and
blotting for ERa further confirmed the enhanced ERa ubiquiti-

Author contributions: R.-m.W., F.Y., RK.V., and D.W.B. designed research; Q.-g.Z., D.H.,
R.-m.W., Y.D., F.Y., and D.W.B. performed research; D.H., R.-m.W., R.K.V., and D.W.B.
analyzed data; and Q.-g.Z., R.K.V., and D.W.B. wrote the paper.

The authors declare no conflict of interest.

*This Direct Submission article had a prearranged editor.

See Commentary on page 14375.

"To whom correspondence should be addressed. E-mail: dbrann@georgiahealth.edu.
See Author Summary on page 14387.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1104391108/-/DCSupplemental.

PNAS | August 30,2011 | vol. 108 | no.35 | E617-E624

SEE COMMENTARY



mailto:dbrann@georgiahealth.edu
http://www.pnas.org/content/108/35/E617/1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1104391108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1104391108/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1104391108

L T

/

1\

=y

A

[ Short Term | Long Term
S| Pla [ E2 [ S| Pla| E2 |IP:ERa

VNN -

[#= o= == = o= = o= = == = |ERa

B

g 3.0
£
< 2.5
220
]
1.5
g
S 1.0
c
© 0.5

[
w 0.0

Sh Pla E2 Sh Pla E2

Short Term Long Term

C

Short Term | Long Term \
S| Pla | E2 | S] Pla] E2 |IP:Ub

\
\
"—-—-—--ﬂ-"‘ERa

-— an er or &0 wbd ad =0 e @ Ub

N N W
o u o

1.5

Fold changes vs sham D

o

N
o u o

Sh Pla E2

Sh Pla E2
Long Term

Short Term

Fig. 1. LTED (10 wk of ovariectomy) leads to a significant increase of ERa ubiquitination and decrease of ERa protein. (A) Hippocampal CA1 protein samples
from sham, short-term (7 d), and 10-wk later (long term) Pla/E2-replaced rats at 3 h of reperfusion were immunoprecipitated with anti-ERa antibody or
nonspecific IgG and then separately blotted (Western blot) with antiubiquitin antibody or anti-ERa antibody. S, sham; Ub, ubiquitin. (C) In reciprocal co-IP
experiments, samples were subjected to IP with antiubiquitin antibody and the immunocomplexes were probed for the presence of ERa and ubiquitination
as indicated. (B and D) Data were shown as mean + SE from independent animals (n = 4-5) and expressed as fold vs. sham in short-term Pla/E2-treated groups.

*P < 0.05 vs. sham, Pla, and E2 in short-term groups.

nation in LTED rats (Fig. 1 C and D). In addition, real-time RT-
PCR and in situ hybridization results showed that ERa mRNA
levels were not significantly different in LTED rats compared with
short-term E2-deprived rats (Fig. S1. 4 and B), which suggests that
the decrease in ERa protein levels in the hippocampal CAl re-
gion of LTED rats is primarily attributable to increased degra-
dation. Further work showed that ubiquitination and degradation
of ERa was specific, because the levels and ubiquitination of ERB,
unlike ERa, did not change significantly following LTED (Fig. S1
C and D). Because ovariectomy removes many ovarian-generated
steroids and factors, it was important to confirm that the changes
in ERa observed following long-term ovariectomy are primarily
attributable to the loss of E2 and not to some other factor. We
also wanted to show that E2 replacement initiated at the time of
LTED and maintained throughout the LTED period would be
fully capable of exerting neuroprotection. We thus performed an
experiment in which E2 replacement was initiated at the time of
ovariectomy and maintained for the entire 10 wk, and we exam-
ined the effect on ERa levels and degradation as well as E2
neuroprotection against cerebral ischemia. As shown in Fig. 24,
examination of neuron-specific nuclear protein (NeuN) staining,
a neuronal-specific marker (Fig. 2 A4, a), and quantification of
surviving neurons (Fig. 2 4, b) in the hippocampal CA1 region at
7 d after reperfusion revealed that E2 treatment initiated after
10-wk ovariectomy was unable to exert neuroprotection of the
hippocampal CA1 region following GCI. However, in animals in
which E2 treatment was initiated immediately at ovariectomy and
maintained for the period of ovariectomy, E2 exerted robust
neuroprotection of the hippocampal CALl region, as indicated by
NeuN staining (Fig. 24, a) and quantification of surviving neurons
(Fig. 2 A, b). Furthermore, in animals treated with E2 for the
entire ovariectomy period, E2 prevented the decrease in ERa in
the hippocampal CA1 region (Fig. 2 B, a and B, c¢) that occurred
following long-term ovariectomy, as well as preventing the in-
crease in ubiquitination of ER« (Fig. 2 B, b and B, c¢). E2 treatment
initiated after 10-wk ovariectomy was incapable of preventing
the decrease in ERa or its increased ubiquitination and degrada-
tion. These results suggest that it is the loss of E2 following
ovariectomy that leads to the increased ubiquitination/degrada-
tion of ERa in the CAl region and loss of sensitivity to the E2
neuroprotective effect. The results also support the critical period
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hypothesis by showing that E2 replacement at the time of LTED
and maintained throughout LTED is fully neuroprotective.

Proteasome Inhibition Attenuates the Decrease of ER«x in LTED Rats.
We next examined whether inhibition of proteasomal activity
would reinstate ERa levels in the hippocampal CAl region in
LTED rats. Fig. 34 shows that 20s proteasomal activity in the CA1
region is not significantly different between short-term E2-
deprived and LTED rats. Administration of the proteasomal in-
hibitor MG132 significantly decreased hippocampal CAl region
20s proteasomal activity in sham and Pla-treated (ischemic) LTED
rats (Fig. 3B). The decrease of proteasomal activity by MG132
treatment was associated with a significant increase of ERa pro-
tein levels in the hippocampal CA1 region of sham and Pla-treated
LTED rats (Fig. 3C). This suggests that the increased ubiquiti-
nation of ERa following long-term ovariectomy targets it to the
proteasome for degradation and that ERa levels can be reinstated
by inhibiting the proteasome.

Increased Interaction of Hippocampal ERx with the Ubiquitin E3
Ligase CHIP in LTED Rats. Previous studies in Michigan Cancer
Foundation-7 (MCF-7) breast cancer cells demonstrated that
the carboxyl terminus of CHIP is an ubiquitin E3 ligase that
binds and promotes degradation of unliganded ERa via the
ubiquitin-proteasome pathway (15).This finding raises the pos-
sibility that CHIP may bind to and ubiquitinate ERa and target
it for proteasomal degradation in LTED rats. To address this
issue, we examined CHIP interaction with ER« in short-term
E2-deprived vs. LTED rats. In Fig. 4 4 and B, IP of hippocampal
CALl lysates with ERa antibody and blotting for CHIP revealed
that ERa interaction with CHIP is low in short-term E2-
deprived rats and that ischemia and E2 have no significant effect
on the interaction. In contrast, ERa interaction with CHIP is
markedly and significantly increased (2- to 3-fold increase) in all
groups in LTED rats compared with short-term E2-deprived rats
(Fig. 4 A and B). Reverse IP using CHIP antibody and blotting
for ERa yielded similar results. It should be noted that actin and
total CHIP levels in the hippocampal CAl region were not
significantly different between short-term E2-deprived and
LTED rats. Bcl-2-associated athanogene 1 (Bag-1) is a protea-
some-associated cochaperone that has been shown to promote
delivery of the ubiquitinated ER protein to the proteasome for
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Fig. 2. Neuroprotection and prevention of ERa degradation/ubiquitination by continuous E2 replacement for 10 wk. (A) NeuN staining of CA1 subregion was
performed on the hippocampal sections from sham, animals treated with E2 or Pla following LDED (a, Upper), or animals treated immediately after ovari-
ectomy for the entire 10-wk period (a, Lower). The rats were subjected to sham ischemia or 10 min of ischemia followed by 7 d of reperfusion. (b) Cell-
counting study showed that E2 replacement initiated immediately at the time of ovariectomy and maintained for the entire 10-wk period restored its ability
to protect CA1 neurons against ischemic damage compared with rats that received E2 replacement only at the end of the long-term deprivation period.
(Magnification: 40x; scale bar: 50 um.) Sh, sham; 10W, 10 wk later. Data were expressed as mean + SE (n = 6-7 in each group). *P < 0.05 vs. sham; #P < 0.001 vs.
Pla treatment in 10-wk later group. (B) At 3 h after ischemic reperfusion, Western blotting analyses of ERx and p-actin were performed with hippocampal CA1
protein from sham in the short-term E2 deprivation group and in the animals treated with E2/Pla 10 wk later after ovariectomy (treated 10 wk later) or
treated with E2/Pla immediately for the full 10 wk. ST, short term. (a and ¢) Note that ERa protein attenuation was blocked in the rats that received replaced
E2 for the 10 wk. (b) Coprecipitation between ERa and ubiquitinated proteins was performed with the 3-h reperfusion CA1 protein samples. (b and c) Note
that the high level of ERa ubiquitination following LTED was totally blocked by E2 replacement for the 10 wk. Data were shown as mean + SE from four to six
independent animals and were expressed as fold vs. sham in the short-term E2 deprivation group. *P < 0.05 and #P < 0.01 compared with short-term sham and

Pla-treated animals, respectively, for the 10-wk later group.

degradation (15-17). We thus examined whether Bag-1 inter-
action with ERa was increased in LTED rats. As shown in Fig. 4
A and B, ERa interaction with Bag-1 was significantly increased
(2- to 3-fold increase) in all groups in LTED rats compared with
short-term E2-deprived rats. The results suggest that there is
a robust increase in interaction of ERa and the E3 ubiquitin
ligase CHIP in the hippocampal CAl region of LTED rats,
which may explain the increased ubiquitination/degradation of
ERoa observed in the animals. The increased interaction of
hippocampal ERa with CHIP and Bag-1 was prevented if E2 was
initiated at the time of ovariectomy and maintained for the
entire 10 wk of ovariectomy (Fig. 4 C and D) and suggests that
the loss of E2 is the critical factor leading to enhanced in-
teraction of ERa with CHIP and Bag-1 as well as the subsequent
degradation of ERa in the hippocampal CAl region in long-
term ovariectomized rats. Furthermore, the increased inter-
action of ERa with CHIP in LTED rats was specific for the
hippocampal CA1 region, because additional studies showed
that interaction of ERa with CHIP and Bag-1 was not elevated
in the uterus of LTED rats compared with short-term E2-
deprived rats (Fig. 54). In addition, there was no significant
increase in ubiquitination of uterine ERa in the LTED rats
compared with short-term E2-deprived rats and no significant
difference in uterine ERa levels (Fig. 5 B, a and B, b). Note that
E2 did increase CHIP and Bag-1 interaction and ubiquitination
of uterine ERa in both short-term E2-deprived and LTED rats
but that overall levels of CHIP-ERo—-Bag-1 interaction and ERa
ubiquitination between short-term E2-deprived and LTED rats
are not significantly different. We previously reported that the
uterus of LTED rats remained sensitive to E2 uterotropic
effects, whereas E2 neuroprotective effects in the hippocampal
CALl region were lost (13). Our finding that CHIP interaction
and ubiquitination of ERa do not increase in the uterus of
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LTED rats thus provides a potential explanation for these tissue-
dependent differences in E2 sensitivity and ERa regulation
following LTED.
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Fig. 3. Proteasome inhibition by MG132 attenuates the decrease of ERa
protein in LTED animals. (A) There were no changes in 20s proteasome activity
in the hippocampal CA1 region in the rats following LTED compared with
short-term E2 deprivation at 3 h after ischemic reperfusion. (B) Activity of 20s
proteasome was significantly attenuated in the hippocampal CA1 region at
day 4 following i.c.v. infusion of the 26S proteasome inhibitor MG 132, either in
the sham-operated rats or in the LTED rats subjected to 3 h of ischemic
reperfusion. I/R3h, 3 h of ischemic reperfusion; Veh, vehicle. (G, a) Hippocampal
CA1 protein samples from sham, vehicle-treated, and MG132-treated rats fol-
lowing LTED were subjected to Western blotting with anti-ERa or anti-B-actin
antibody. (C, b) Band densities for ERx were normalized to p-actin. All the data
were expressed as mean + SE from independent animals (4-6) and expressed as
fold changes vs. sham. *P < 0.05 vs. sham and vehicle-treated groups.
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LTED leads to increased interaction between ERa, CHIP, and Bag-1 protein, which was blocked by E2 replacement for 10 wk. (A and C) Hippocampal

CA1 protein samples at 3 h of ischemic reperfusion from the short-term and 10-wk later Pla/E2-replaced rats as well as from rats treated with E2/Pla for 10 wk
were immunoprecipitated with anti-ERa antibody and probed with anti-CHIP or anti-Bag-1 antibody. Samples were also subjected to IP with anti-CHIP, and
the immunocomplexes were probed for the presence of ERx or Bag-1. The expression of total CHIP and actin from hippocampal CA1 of the rats was de-
termined by Western blot analyses; no significant changes were observed between groups. These data suggest that ERx degradation involves CHIP and Bag-1
following LTED. S, sham. (B and D) Data were shown as mean + SE from independent animals (A, n = 4-5; B, n = 5-6) and expressed as fold vs. sham of the
short-term E2 deprivation group. *P < 0.05 vs. short-term sham group; *P < 0.05 vs. group treated with Pla 10 wk later.

Natural Aging Is Associated with Increased ERx and ER CHIP Binding
and Ubiquitination and with Decreased ERa and ERf Levels in the
Hippocampal CA1 Region. LTED (ovariectomy) is an excellent
model of surgical menopause and has also been used as a model
of natural menopause. However, the model is generally per-
formed in young animals, and thus may not completely re-
capitulate or predict changes that occur with natural aging. It is
thus important to determine whether the changes in ER degra-
dation and levels we observed in the LTED rat model occur in
intact rats with natural aging and to determine whether these
changes correlate with changes in sensitivity to the actions of E2.
To address with this issue, we used intact young (3-mo-old, di-
estrus 1) and old (24-mo-old, acyclic) female F344 rats from the
National Institute of Aging. As shown in Fig. 64, Western blot
analysis shows that there is an approximate 50-60% decrease in
ERa protein levels in the hippocampal CAl region of old vs.
young rats. The decrease in ERa in old rats was correlated with
a significant (over 2-fold) increase in ERa interaction with CHIP
(Fig. 6B) and robust ubiquitination of ERa (Fig. 6C) in the
hippocampal CA1l of old rats compared with young animals.
Total CHIP levels did not change with aging (Fig. 6B). In-
terestingly, in contrast to results observed in the LTED rats, aging
was associated with a significant decrease in ERf in the hippo-
campal CALl region, with 24-mo-old rats having a significant de-
crease of ERp protein levels compared with 3-mo-old rats (Fig.
6D). The decrease in ERp in 24-mo-old rats paralleled an in-
creased interaction of ERp with CHIP and increased ubiquiti-
nation of ERp in 24-mo-old rats compared with 3-mo-old rats.
Finally, real-time RT-PCR for ERa and ERp revealed that
mRNA levels for ERa and ERp in the hippocampal CA1 region
are not significantly different between 3-mo-old and 24-mo-old
rats (Fig. 6E), suggesting that the decrease in hippocampal ERa
and ERp is predominantly attributable to increased degradation
of the protein rather than decreased synthesis.

Estrogen Exerts Significant Neuroprotection in Young and Middle-
Aged Female Rats but Not in Old Female Rats. Because there is a
significant decrease of ERa and ERp in the hippocampal CAl
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region of old rats, it could suggest there is a critical period for E2
neuroprotection in the hippocampal CA1 region. To address this
issue, we examined E2 neuroprotection in young (3-mo-old),
middle-aged (10-mo-old), and old (24-mo-old) short-term ovari-
ectomized F344 female rats. The results for the young and
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Fig. 5. CHIP- and Bag-1-mediated ERa ubiquitination and degradation in
the uterus in E2-treated animals. (A) Uterine protein samples from sham of
the short-term (7 d) and 10-wk later rats that received replacement of Pla/E2
at 3 h of ischemic reperfusion were immunoprecipitated with anti-ERa
antibody and then separately blotted (Western blot) with antiubiquitin,
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observed in the CA1 region. However, ERa protein ubiquitination was in-
creased and ERa protein expression in the uterus was attenuated by E2
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expression profile of ERa protein. (B and C) Hippocampal CA1 protein samples were immunoprecipitated with anti-ERa antibody and probed with anti-CHIP,
antiubiquitin, or anti-ERa antibody. CHIP protein expression did not change in young vs. aged rats. Ub, ubiquitin; WB, Western blot. (D) ERp protein expression
and its bindings with ubiquitin and CHIP were examined by Western blotting and co-IP analyses, respectively. (E) Quantitative analysis of ERx and ERp mRNA
expression was conducted by RT-PCR analysis in the hippocampal CA1 region of the brain in young and aged rats. ERx and ERf mRNA expression showed no
significant change. All the data were shown as mean + SE from independent animals (n = 5-7) and expressed as fold vs. group of young animals. *P < 0.05 and

**P < 0.001, respectively, compared with young group of animals.

middle-aged ovariectomized rats are presented in Fig. 74 and B,
and the results for the old ovariectomized rats are presented in
Fig. 8 A and B. As shown in Fig. 7 4 and B, NeuN staining and
counting of the number of surviving neurons in the hippocampal
CAl region of 3-mo-old and 10-mo-old ovariectomized rats at 7 d
after GCI revealed that E2 exerted significant and robust neu-
roprotection in the 3-mo-old rats. E2 also exerted significant
neuroprotection in middle-aged rats, but the effect, although
significant, was not as robust as observed in young rats. It should
also be noted that the mortality rate for GCI was slightly higher
for the middle-aged rats at 7 d of reperfusion (Table 1). When old
(24-mo-old rats) were examined, it was found that they were
much more susceptible to GCI damage compared with young and
middle-aged rats (Table 1). A total of 82 F344 rats were used in
the mortality calculation. Over half of the old animals had already
died by day 3 after reperfusion. Interestingly, E2 did not decrease
mortality in the old rats and, in fact, was slightly higher (66.7% E2
vs. 53.8% Pla). The increased sensitivity and susceptibility of old
rats to GCI is consistent with previous reports (18). We next ex-
amined neuronal survival in the old rats. Fig. 84 depicts results
from examination of neuronal damage/cell death at day 3 after
reperfusion in 24-mo-old rats using the neuronal-specific markers
MAP2 and NeuN. MAP2 is a sensitive and early indicator of
neuropathology associated with ischemia (19). NeuN is a neuron-
specific marker used to indicate survival of neurons following is-
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chemia. As shown in Fig. 84, there is robust widespread MAP2
staining of pyramidal cells in sham nonischemic animals, showing
excellent neuronal morphology with long axons and dendrites. In
contrast, MAP2 staining in Pla-treated ischemic rats revealed
poor morphology of CA1l pyramidal neurons, indicating signifi-
cant neuronal damage following cerebral ischemia in the old rats.
Intriguingly, MAP2 staining in E2-treated animals showed a sim-
ilar poor neuronal morphology as observed in Pla-treated rats,
suggesting that E2 is unable to exert neuroprotection against GCI
in old rats. In support of this suggestion, NeuN staining and
counting of NeuN-positive surviving neurons revealed that GCI
induced a significant loss of NeuN-positive neurons in the hip-
pocampal CALl in Pla-treated animals compared with sham ani-
mals and that E2 treatment was unable to prevent the loss of
NeuN-positive cells (Fig. 8 A and B, a). Finally, immunohisto-
chemistry for TUNEL, a marker of apoptosis, and counting of the
number of TUNEL-positive cells revealed that Pla-treated is-
chemic animals had a significant increase in apoptosis in the
hippocampal CA1 region compared with sham control animals
(Fig. 8 A and B, b). Furthermore, in agreement with the MAP2
and NeuN results, E2 treatment was unable to reduce apoptosis in
the old animals (Fig. 8 A and B, a), further confirming that E2 is
incapable of exerting significant neuroprotection in old rats, as it
does in young and middle-aged rats. The loss of sensitivity to E2
neuroprotective effects in old rats is also consistent with the in-
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Fig. 7. Neuroprotective effects of E2 in hippocampal CA1 region in young
(a, 3-mo-old) and middle-aged (b, 10-mo-old) F344 rats following global is-
chemia. (A) Typical photomicrographs of NeuN staining in brain hippocam-
pus from sham, Pla, and E2-treated female ovariectomized F344 rats
following 7 d of ischemic reperfusion. NeuN-positive CA1 pyramidal cells
showing intact and round nuclei following ischemia were counted as sur-
viving cells. (B) Quantitative summary of data (mean + SE, n = 6-8 animals
per group) shows the numbers of surviving neurons per 250-pm length of
medial CA1. (Magnification: 40x; scale bar: 50 pm.) *P < 0.01 vs. Pla group.

creased degradation and significant decrease of hippocampal
ERa and ERp observed in old rats.

Discussion

The current study provides support for the critical period hy-
pothesis that E2 must be given before a period of LTED (e.g., at
perimenopause) to observe its beneficial neuroprotective effects
in the hippocampal CAl region, a region critical for cognitive
function and commonly affected in dementia. It also provides
a potential mechanistic explanation for existence of the critical
period by demonstrating that LTED leads to a significant down-
regulation of ERa in the hippocampal CA1 region via a CHIP-
mediated ubiquitination and proteasomal degradation pathway.
Previous work in breast cancer cells has demonstrated that CHIP
can ubiquitinate the unliganded ERa and that the proteasome-
associated cochaperone Bag-1 promotes delivery of the ubig-
uitinated ER protein to the proteasome for degradation (15-17).
Our study extends the CHIP-Bag-1-ERa proteasomal degrada-
tion pathway to the brain and demonstrates that it mediates
down-regulation of ERa in the hippocampal CA1l region fol-
lowing LTED. It is currently unknown which lysine sites are
polyubiquitinated on ERa and which sites/motifs are critical
regulators of ERa stability/degradation. However, previous work
has suggested that lysines K302 and K303 play an important role
in protecting ERa from degradation. Mutation of lysines K302
and K303 to alanine resulted in increased degradation of ERa
(17), possibly by altering receptor-HSP90-cochaperone interactions.
ER stability has also been implicated to be regulated by post-
translational modification. For instance, phosphorylation of human
ERa at Ser''® and Ser'®’ has been reported to alter ER« stability
(20, 21), with phosphorylated Ser''® (pSer''®)-ERa being resistant
to proteasomal degradation (20). We examined pSer''®-ERa
levels in LTED rats and observed a robust decline in hippo-
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Fig. 8. No neuroprotective effects of E2 in hippocampal CA1 region in aged
rats following global ischemia. (A) Typical photomicrographs of hippocam-
pal CA1 region showing MAP2 staining (Top), NeuN staining (Middle), and
TUNEL staining (Bottom) of 24-mo-old F344 rats following 3 d of ischemic
reperfusion. Note that in sham animals, pyramidal cells show long axons and
many dendrites, whereas the widespread staining of neurons was not
present in the Pla- and E2-treated rats following ischemia. (B) Quantitative
summary of data (mean + SE, n = 5-6 animals per group) shows the numbers
of surviving neurons and apoptotic neurons per 250-um length of medial
CA1. (Magnification: 40x; scale bar: 50 um.) *P < 0.01 vs. sham group.

campal pSER''®-ERa levels following LTED; however, when
the phospho-ERa levels were corrected with total ERa protein,
there was no significant effect of LTED on pSER''®-ERa levels
(Fig. S2 A and B). We were unable to find a pSER'®’-ERa
antibody that worked in rats, and thus could not examine for
changes in pSER'®’-ERa. It is possible that in the absence of
ligand, ERa interaction with ER coregulators is altered, leading
to a conformation change or changes in cochaperone inter-
actions that facilitate interaction with CHIP and resultant
ubiquitination and proteasomal degradation. In support of this
possibility, the expression and ERa interaction of several ERa
coregulator proteins, proline-, glutamic acid-, and leucine-rich
protein-1 (PELP1), metastasis-associated protein 1 (MTAL), and
receptor interacting protein 140 (RIP140). Have been shown to
decrease significantly in the aged brain (22, 23). We should add
that further work by our group has found that ovariectomy itself
does not increase CHIP expression in the hippocampal CAl re-

Table 1. Mortality rate of F344 rats at different ages

Mortality
Age, mo Sham, % Pla, % E2, % Reperfusion, d
3 0 10.0 0 7
10 0 18.2 18.2 7
24 0 53.8 66.7 3
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gion; thus, the increased interaction of CHIP with ERa is not
attributable to increased CHIP levels (Fig. S3).

It should be pointed out that degradation of ERa following
LTED may explain not only the loss of E2 neuroprotective ac-
tion observed in our study but the loss of other critical E2 actions
reported previously following LTED, such as loss of E2 en-
hancement of long-term potentiation (LTP) and synaptic density
(24) and elevation of choline acetyltransferase (25). Thus, our
results may help to explain the loss of other well-known estrogen
actions in the hippocampus following prolonged hypoestro-
genicity. It is important to note that CHIP is not the only E3
ubiquitin ligase implicated to ubiquitinate/degrade ERa. Stud-
ies in breast cancer cells have also implicated neural precursor
cell-expressed developmentally down-regulated (NEDDS) as an
ERa ubiquitinating enzyme (26). However, when we examined
NEDDS interaction with ERa in our study, we did not find any
increased interaction of NEDDS with hippocampal ERa follow-
ing LTED (Fig. S4 4 and B). Thus, this suggests that the increased
interaction is specific for CHIP, possibly attributable to the fact
that CHIP ubiquitinates and target for degradation the unli-
ganded ERa, which should represent the major form of the re-
ceptor in the hypoestrogenic state of LTED. Further work by our
group showed that CHIP knockdown in the hippocampal CAl
region using a CHIP antisense oligonucleotides approach reversed
ERoa ubiquitination and down-regulation/degradation in LTED
rats, strongly suggesting that CHIP plays a critical role in ERa
ubiquitination/degradation after LTED (Fig. S5 A-D).

An additional unique aspect of our study was that we found
that the same CHIP-mediated degradation of hippocampal CA1
ERa observed in the LTED model occurs in intact nonischemic
rats during natural aging. Compared with young (3-mo-old) rats,
old (24-mo-old) rats had significantly enhanced ERa ubiquiti-
nation and interaction with CHIP as well as marked down-reg-
ulation of ERa in the hippocampal CAl region. Interestingly,
unlike in the LTED model, we found that ERJ also showed
enhanced ubiquitination, CHIP interaction, and down-regulation
in aged rats. This is consistent with previous reports that in ad-
dition to ubiquitination of ERa, CHIP can ubiquitinate and
target ERp for proteasomal degradation (27). The additional
degradation of ERf in aged rats could be attributable to the fact
that the period of hypoestrogenicity in aged rats is significantly
longer than the 10 wk we used in the LTED model (e.g., a longer
period of hypoestrogenicity may be needed to down-regulate
ERp). Our finding of a decrease of ERa and ERp in the hip-
pocampal CAl region of aged F344 rats is consistent with a
previous report in 24-mo-old Wister rats, where there was a
56% and 41% decrease of ERa and ER@, respectively, com-
pared with young rats (28). A significant decrease of ERa and
ERp has also been reported in hippocampal synapses in old
ovariectomized rats (29). Thus, in addition to the increased
degradation of ER observed in our study, defects in targeting of
ER to the synapse could contribute to decreased sensitivity to
beneficial E2 neural effects in aged animals.

The decrease in ERa and ERP levels in the hippocampal CA1
region of aged rats observed in our study was correlated with
a loss of low-dose E2 neuroprotective effects following GCI in
old rats. Because our study used a low diestrus level dose of E2,
it was of interest to determine if a higher proestrus-type E2 dose
(0.050 mg) would be able to exert neuroprotection against GCI
in LTED and aged rats. This higher E2 dose has been previously
shown to produce serum E2 levels in the proestrus range (64 + 7
pg/mL) and to be neuroprotective against GCI in young rats
(30). As shown in Fig. S64, high-dose E2 treatment was strongly
neuroprotective against GCI in short-term ovariectomized rats,
but this neuroprotective effect was lost in LTED rats. Likewise,
although high-dose E2 was strongly neuroprotective of the hip-
pocampal CALl region in young (3-mo-old) ovariectomized rats,
it was incapable of exerting neuroprotection against GCI in aged
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(24-mo-old) rats (Fig. S6B). The loss of E2 beneficial effect in
old rats is reminiscent of the results of the WHI study, where
estrogen therapy was found not to be beneficial on stroke and
dementia risk in old subjects, and actually led to an increased risk
(7-9). Similarly, our study also revealed a pattern for worse
outcome in the old animals, because low-dose E2-treated aged
rats had a 16% increase in mortality compared with young rats.
The finding of a pattern for increased mortality in E2-treated
aged rats after GCI is consistent with the proposed “healthy cell
bias of estrogen action” proposed by Brinton (31) and Brinton
and colleagues (32), which holds that once cells are damaged as
a result of aging or other factors, E2 may actually be detrimental
and unable to protect the cell. Aged rats were also much more
susceptible to GCI, which is consistent with previous reports
(18). These findings highlight the risk of extrapolating findings in
young animals to old animals and the need to perform correlate
studies in aged animals before drawing conclusions. Although
the findings are in agreement with those of the WHI, our studies
also provide support for the critical period hypothesis of estro-
gen benefit. Along these lines, our study found that low-dose E2
replacement in middle-aged rats was capable of exerting signif-
icant neuroprotection against GCI, in contrast to a lack of pro-
tection in old rats. Our finding that E2 is still protective in
middle-aged rats is consistent with previous reports by others in
both focal and GCI models (33-35). Low-dose E2 therapy would
be preferred in humans so as to minimize negative side effects.
Interestingly, a recent clinical study used a low dose of estrogen
therapy and found it did not enhance stroke risk, compared with
the increased risk seen in the WHI study, which used a higher
estrogen dose (36).

In conclusion, the current study demonstrates that there is a
CHIP-mediated degradation of ER in the hippocampal CAl
region following both LTED and aging, which is correlated
with a loss of estrogen neuroprotection. The CHIP-mediated
down-regulation of ER was tissue-dependent because it was not
observed in the uterus, which remains responsive to E2 following
both LTED and aging. As a whole, the results provide support
and a potential mechanistic explanation for the critical period
hypothesis of estrogen beneficial effect in the brain and add to
a growing literature suggesting that low-dose E2 therapy begun
before menopause onset may be necessary to yield maximal
beneficial neural effects of E2.

Methods

Animals, GCI, and Drug Administration. Adult (3-mo-old) Sprague-Dawley (SD)
female rats (Harlan) or adult young (3-mo-old), middle-aged (10-mo-old),
and aged (24-mo-old) Fischer 344 rats (National Institute of Aging) were
bilaterally ovariectomized. Pla or E2 Alzet minipumps (0.025 mg, 21-d re-
lease) were implanted s.c. in the upper midback region under the skin at the
time of ovariectomy, and GCl was performed 1 wk later. The dose of E2 used
produces serum E2 levels of ~10-15 pg/mL, which represents physiological
low diestrus 1 levels of E2 (37). In some studies, a higher E2 dose was used
(0.050 mg, 21-d release), which was administered at the time of ovariectomy
(1 wk before ischemia). This dose has been reported to produce proestrus
levels of E2 (~64 pg/mL), as measured in animals killed after ischemia (30). In
some SD animals, LTED, in which the animals were ovariectomized, was
performed; 10 wk later, Pla or an E2 minipump was implanted, and 1 wk
later, GCl was performed. Finally, some LTED animals had E2 replacement
initiated immediately and maintained throughout the 10 wk of ovariectomy
(10-wk continuous). For GCl, all animals (except sham control) underwent
four-vessel occlusion GCI performed as described previously (37). To compare
the estrogen receptor levels between intact young and aged Fischer 344 rats,
the ovarian cycle was monitored as described previously (13); young cycling
rats were used on diestrus 1, and acyclical aged rats showing persistent di-
estrus were used in the studies. The reversible potent 26S proteasome in-
hibitor MG132 (no. 474790, EMD Biosciences, Inc.) was dissolved in 10%
DMSO at a concentration of 100 uM. Five microliters of the solution was
administrated to both of the cerebral ventricles of rats 66 d after ovariec-
tomy through i.c.v. injection; the rats were killed 4 d later. Control rats were
infused with 10% DMSO as vehicle control. To knock down CHIP protein,
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10 nmol of end-phosphorothioated HPLC-purified antisense oligodeox-
ynucleotides (5'-CAGCGAGCCTATAGT TTGGC-3') was mixed with 5 pL of in
vivo-jetPEl (Polyplus Transfection) and administrated i.c.v. in both cerebral
ventricles of rats 66 d after ovariectomy every 24 h for 4 d. The last infusion
was administered 12 h before the rats were killed. The same dose of
scrambled missense oligodeoxynucleotides was used as a control.

Tissue Collection, IP, Western Blotting, and Histological Analysis. For brain tissue
preparation, rats were killed under anesthesia at the indicated time points.
Whole brains were removed, and the hippocampal CA1 regions were micro-
dissected from both sides of the hippocampal fissure and immediately frozenin
dry ice. Protein samples were extracted as described previously (13). IP and
Western blotting were performed as described previously (13). Histological
examination of the ischemic brain was performed by NeuN and TUNEL stain-
ing as described previously by our laboratory (13). For quantitative analyses,
the numbers of surviving neurons and TUNEL-positive cells per 250-um length
of medial CA1 pyramidal cell layer were counted. A mean + SE was calculated
from the data in each group, and statistical analysis was performed as
described below.

Proteasome Activity Assay, Quantitative RT-PCR, and in Situ Hybridization. We
analyzed 20S protease activity, which is the catalytical core of the 26S pro-
teasome. The activity was measured using a 20S Proteasome Activity Assay Kit
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(APT280; Chemicon International) following the manufacturer’s instructions.
Real-time RT-PCR assays were performed on a Cepheid Smart Cycler using
the RNA Amplification SYBR Green | kit (Roche), according to the manu-
facturer’s protocol, as previously described by our laboratory (38). For in situ
hybridization, locked nucleic acid (LNA)-modified oligonucleotide probes
were digoxigenin-labeled by miRCURY LNA technology (Exigon). The probe
sequence was /5DigN/TAAGACGGAAGGAAGGAATGTG/3Dig-N/. A scrambled
oligonucleotide was used as a negative control. In situ hybridization was
performed according to a protocol described previously (39).

Statistical Analysis. Statistical analysis was performed using either one-way
ANOVA or two-way ANOVA analysis, followed by Student-Newman-Keuls
post hoc tests to determine group differences. When groups were compared
with a control group (e.g., sham), Dunnett’s test was adopted for post hoc
analyses after ANOVA. When only two groups were compared, a Student'’s t
test was used. Statistical significance was accepted at the 95% confidence
level (P < 0.05). Data were expressed as mean =+ SE.
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