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In the absence of ovarian estrogens, increased levels of estrogen receptor (ER)� in the hippocampus
are associated with improvements in cognition. In vitro evidence indicates that under conditions
of low estrogen, growth factors, including Insulin-Like Growth Factor 1 (IGF-1), can activate ER�

and regulate ER�-mediated transcription through mechanisms that likely involve modification of
phosphorylation sites on the receptor. The goal of the current work was to investigate a role for
IGF-1 in ligand-independent activation of ER� in the hippocampus of female rats. Ovariectomized
rats received a single intracerebroventricular infusion of IGF-1 and hippocampi were collected 1 or
24 hours later. After 1 h, IGF-1 increased hippocampal levels of phosphorylated ER� at serine 118
(S118) as revealed by Western blotting. Coimmunoprecipitation revealed that at 1 hour after
infusion, IGF-1 increased association between ER� and steroid receptor coactivator 1, a histone
acetyltransferase that increases transcriptional activity of phosphorylated ER�. IGF-1 infusion in-
creased levels of the ER�-regulated proteins ER�, choline acetyltransferase, and brain-derived
neurotrophic factor in the hippocampus 24 hours after infusion. Results indicate that IGF-1 acti-
vates ER� in ligand-independent manner in the hippocampus via phosphorylation at S118 resulting
in increased association of ER� with steroid receptor coactivator 1 and elevation of ER-regulated
proteins. To our knowledge, these data are the first in vivo evidence of ligand-independent actions
of ER� and provide a mechanism by which ER� can impact memory in the absence of ovarian
estrogens. (Endocrinology 157: 3149–3156, 2016)

Estrogens exert effects in the hippocampus to impact
memory (for reviews, see Refs. 1, 2). Estrogens act by

binding 2 intracellular estrogen receptors (ERs), ER� and
ER� (3). In the brain, increasing levels of ER� are asso-
ciated with improved cognition even in the absence of
ovarian or exogenously administered estrogens as dem-
onstrated in rodents (4, 5) and humans (6–8). For exam-
ple, when levels ER� are elevated in the hippocampus via
viral vector-mediated delivery, ovariectomized rodents
show improved hippocampus-dependent spatial memory
(4, 9). In humans, decreased levels of ER� are associated
with increases in cognitive decline in Alzheimer’s patients
(6) and certain polymorphisms of ER� in women are in-
dicative of increased cognitive impairment with age (7, 8).

Taken together these findings underscore not only the role
of estrogens in memory processes; they specifically find
that ER� levels correspond to improvements in memory in
the absence of circulating estrogens.

Under conditions of low levels of estrogens, ER func-
tion can be impacted by extracellular signals (10). These
ligand-independent actions include the ability of growth
factors, including IGF-1 to activate ER and impact ER-
dependent transcription. IGF-1 exerts its effects by bind-
ing to its receptor, which is a transmembrane protein with
tyrosine kinase activity (11). The mechanism by which
IGF-1 receptor activation impacts ER function is unclear,
but evidence from a series of studies employing in vitro
models indicates it most likely involves modification of
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Abbreviations: aCSF, artificial cerebrospinal fluid; Akt, Protein Kinase B; BCL-2, B-cell lym-
phoma 2; BDNF, brain-derived neurotrophic factor; ChAT, choline acetyltransferase; ER,
estrogen receptor; ERE, estrogen-response element; i.c.v., intracerebroventricular; IP, im-
munoprecipitation; pER, phosphorylated estrogen receptor; PSD-95, postsynaptic density
95; SRC-1, steroid receptor coactivator 1; TTBS, 1% Tween 20/1� Tris-buffered saline.
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phosphorylation sites on ER� by cellular kinases (12).
Activation of IGF-1 receptors leads to activation of 2 main
downstream signaling cascades, the Ras-ERK/MAPK
and Phosphatidylinositol-4,5-bisphosphate 3-kinase path-
ways (13). IGF-1 activation of ER� is regulated by phos-
phorylation of serine residues at position 118 (S118)
through the Ras-ERK/MAPK pathway in COS-1 cells (14)
and by the Phosphatidylinositol-4,5-bisphosphate 3-ki-
nase pathway in MCF-7 cells (15). However, mutation of
either S118 or serine residue at position 167 (S167) on the
Accessory-Factor-1 domain resulted in complete loss of
ER� activation by Akt (15). Finally, ligand-independent
transcriptional activity of ER� in vitro is enhanced by its
association with the histone acetyltransferase steroid re-
ceptor coactivator 1 (SRC-1) (16), and that association is
regulated by phosphorylation of ER� at S118 (17).

Although the ability of IGF-1 to activate ER� has not
been demonstrated in vivo, previous results from our
lab employing a rat model support a role for IGF-1 in
ligand-independent activation of ER�. Short-term ad-
ministration of estradiol during a critical window after
cessation of ovarian function in middle-aged rats has
long-term benefits for hippocampus-dependent mem-
ory and results in corresponding lasting elevations of
hippocampal levels ER� and the ER�-regulated protein
choline acetyltransferase (ChAT) (5). These effects per-
sist for months after the termination of estradiol treat-
ment. Short-term administration of estradiol in midlife
also results in lasting increases in levels of IGF-1 recep-
tors in the hippocampus (18). Additionally, the long-
term effects of short-term estradiol treatment on mem-
ory and on ER�-regulated proteins were blocked by
chronic antagonism of brain IGF-1 receptors that was
initiated after the estradiol treatment was terminated.
ER� and IGF-1 receptors colocalize in neurons in the
brain, including in the hippocampus, allowing for in-
teractions in their signaling mechanisms (19). These re-
sults, in light of previous in vitro work documenting
that IGF-1 can activate ER� in a ligand-independent
manner (10, 12), are consistent with the hypothesis that
IGF-1 can activate ER� in the hippocampus, increasing
ER�-transcribed proteins in the absence of estradiol re-
sulting in a benefit to cognition.

The goal of the current study was to provide a direct test
of the ability of IGF-1 to activate ER� in the hippocampus
of ovariectomized rats. Ovariectomized rats received an
intracerebroventricular (i.c.v.) infusion of IGF-1 or vehi-
cle and hippocampi were examined 1 and 24 hours after
infusion. One hour after infusions, we determined the im-
pact of IGF-1 on levels of phosphorylated ER� at S118 and
S167 as well the association between ER� and SRC-1.
Twenty-four hours after infusions, we determined the im-

Figure 1. Effects of IGF-1 infusion on levels of phosphorylated ER� in
the hippocampus 1 hour after infusion. Hippocampi were collected
from ovariectomized rats 1 hour after an i.c.v. infusion of aCSF vehicle
or IGF-1. Western blotting data showing effects of treatments on levels
of phosphorylated ER� at site S118 (A), phosphorylated ER� at site
S167 (B), and total ER� (C). Mean density � area (�SEM) relative to
total ER� (A and B) or relative to vehicle control group (C); *, P � .05.
Representative blot images for phosphorylated ER� at S118,
phosphorylated ER� at S167, total ER�, and the loading control
�-actin are shown in insets above respective graphs.

3150 Grissom and Daniel Ligand-Independent Activation of ER� by IGF-1 Endocrinology, August 2016, 157(8):3149–3156

Downloaded from https://academic.oup.com/endo/article-abstract/157/8/3149/2422397/Evidence-for-Ligand-Independent-Activation-of
by Tulane University Library, Serials Acquisitions Dept. user
on 03 October 2017



pact of IGF-1 on levels of proteins associated with ER�

activation, including ER� itself, ChAT, brain-derived neu-
rotrophic factor (BDNF), the synaptic protein postsynap-
tic density 95 (PSD-95) and the antiapoptotic protein B-
cell lymphoma 2 (BCL-2). These proteins were selected as
all are reportedly up-regulated as a result of ligand-bound
activation by ER (20–24).

Materials and Methods

Subjects
Twenty young adult (�70 d) female Long-Evans rats were

obtained from Harlan, Inc and group housed in a temperature-
controlled Assessment and Accreditation of Laboratory Animal
Care-accredited vivarium under a 12-hour light, 12-hour dark
cycle with ad libitum access to food and water. Animal care was
in accordance with guidelines set by the National Institutes of

Health Guide for the Care and Use of Laboratory Animals
(1996). All procedures were approved by the Institutional Ani-
mal Care and Use Committee of Tulane University.

Ovariectomy
Rats were ovariectomized under anesthesia induced by injec-

tion of ketamine (100 mg/kg, ip; Fort Dodge Animal Health) and
xylazine (7 mg/kg, ip; MWI). One rat was lost due to complica-
tions from anesthetic.

Infusion and tissue dissection
Ten days after ovariectomy, rats were randomly assigned to

receive a single i.c.v. infusion of aCSF vehicle (n � 9) or IGF-1
(n � 10). Rats were anesthetized with ketamine and xylazine and
placed into a stereotaxic frame. An incision was made in the scalp
and fascia that overlie the skull. A hole was drilled in the skull,
and a 10-�L Hamilton syringe was lowered to the appropriate
depth (coordinates: �0.3 mm anterior-posterior, �1.2 mm me-
dial-lateral, and �4.5 mm dorsal-ventral relative to bregma)

(18). IGF-1 (GroPep), 2 �g/�L (25) in a
total volume of 1 �L or aCSF vehicle
(Tocris Bioscience) was delivered over a
period of 2 minutes. Rats were killed by
decapitation either 1 hour (4 vehicle and
5 IGF-1) or 24 hours (5 vehicle and 5
IGF-1) after infusions. Hippocampi
were dissected from both hemispheres,
quick frozen on dry ice, and stored at
�80°C until processing.

Western blotting sample
preparation

Tissue was homogenized by sonica-
tion in 15 �L/mg lysis buffer containing
1mM EGTA, 1mM EDTA, 20mM Tris,
1mM sodium pyrophosphate tetrabasic
decahydrate, 4mM 4-nitrophenyl phos-
phate disodium salt hexahydrate, 0.1�M
microcystin, and 1% protease inhibitor
cocktail (Sigma-Aldrich). Samples were
centrifuged for 15 minutes at 1000g at
4°C, protein concentration of superna-
tants was determined (Bradford protein
assay kit; Pierce), and each sample was
diluted 1:1 with Laemmli sample buffer
(Bio-RadLaboratories)mixedwith350mM
D,L-dithiothreitol,boiledfor5minutes,and
stored at �80°C.

Coimmunopreciptiation (IP)
sample preparation

Tissue was homogenized in 10-
�L/mg IP lysis/wash buffer included
in the Pierce Classic Immunopreci-
pitation kit (Pierce) then centrifuged at
13 000g for 10 minutes. Protein con-
centration of supernatant was deter-
mined using the Bradford Protein
Assay kit (Pierce). Supernatant con-
taining 1 mg of protein was incubated

Figure 2. Effects of IGF-1 infusion on the association between ER� and SRC-1 in the
hippocampus 1 hour after infusion. Hippocampi were collected from ovariectomized rats 1 hour
after an i.c.v. infusion of aCSF vehicle or IGF-1 and processed for co-IP. Western blotting data
showing effects of treatments on levels of ER� (A) and SRC-1 associated with ER� (B) in lysate in
which ER� was IP for ER� and on levels of SRC-1 (C) and ER� that was associated with SRC-1 (D)
in lysate that was IP for SRC-1. Mean density � area (�SEM) relative to vehicle control group;
*, P � .05. Representative blot images for ER�, SRC-1-ER�, SRC-1, and ER�-SRC-1 are shown in
insets above graphs.
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in either the primary antibody against SRC-1 (mouse mono-
colonal, 1:2000; Millipore) or ER� (H-184 rabbit polyclonal,
1:750; Santa Cruz Biotechnology, Inc) overnight at 4°C. Sam-
ples were then incubated for 1 hour with Protein A/G beads.
After incubation, samples were eluted by nonreducing elec-
trophoresis buffer and 20mM dithiothreitol and boiled for 5
minutes followed by centrifugation at 1000g. Elution was
collected for Western blotting.

Electrophoresis and immunostaining
For total protein samples, 25 �g (ChAT, BDNF, PSD-95,

and BCL-2) or 35 �g (ER�, phospho-ER� S118 and S167) of
total protein were loaded and separated at 250 V on 10%
Tris-Glycine-Extended Polyacrylamide gels (Bio-Rad Labo-
ratories) for 40 minutes. For samples in which we IP either
ER� or SRC-1, 15 �L of each sample were loaded and sepa-
rated as described above in order to probe for ER�-associated
SRC-1 protein levels or SRC-1-associated ER� protein levels.
We conducted probes for ER�-associated SRC-1 as well as the
reverse, SRC-1-associated ER�, to provide verification of the
association between these proteins. Molecular weight mark-
ers (Kaleidoscope; Bio-Rad Laboratories) were included with
each run. Uterus samples were included as positive controls
for ER� and phospho-ER� (S118, S167). Proteins were trans-
ferred to nitrocellulose membranes at 100 V for 20 minutes.
Membranes were blocked with 5% nonfat dry milk in 1%
Tween 20/1� Tris-buffered saline (TTBS) at room tempera-
ture for 1 hour. After this process, membranes were incubated
with primary antibody overnight at 4°C in 1% nonfat dry
milk-TTBS. Primary antibodies used were: ER� (H-184 rabbit
polyclonal, 1:750; Santa Cruz Biotechnology, Inc), phospho-
ER� S118 (rabbit polyclonal, 1:1000; Millipore), phospho-
ER� S167 (rabbit polyclonal, 1:750; Millipore), SRC-1
(mouse monocolonal, 1:2000; Millipore), BCL-2 (rabbit poly-
clonal, 1:100; Santa Cruz Biotechnology, Inc), BDNF (rabbit
polyclonal, 1:600; Santa Cruz Biotechnology, Inc), ChAT
(mouse monoclonal, 1:1500; Millipore), and PSD-95 (rabbit
polyclonal, 1:1500; Millipore). Blots were washed 3 times for
15 minutes each with TTBS and incubated with 5% nonfat dry
milk containing secondary antibody conjugated to horserad-
ish peroxidase for 1.5 hours at room temperature. Secondary
antibodies used were goat antirabbit IgG (ER�, pER� S118,
S167 1:40 000: BCL-2, 1:22 000: BDNF, 1:4000: PSD-95,
1:2000; Santa Cruz Biotechnology, Inc) or goat antimouse
IgG (ChAT, 1:70 000; Santa Cruz Biotechnology, Inc) and for
co-IP samples Clean-Blot IP Detection reagent was used (1:
2000; Pierce). Blots were washed again 3 times for 15 minutes
each and incubated with the chemiluminescent substrate
Pierce ECL (BDNF, BCL-2; Fisher Scientific) for 1 minute or
SuperSignal West Femto (ER�, pER� S118, pER� S167,
SRC-1, ChAT, PSD-95; Fisher Scientific) for 5 minutes and
exposed to film (Kodak Biomax MR; Kodak) for varying du-
rations to capture optimal signal intensity. To stain for load-
ing control �-actin, blots were washed and stripped with strip-
ping buffer (RestorePlus Western Blot; Fisher Scientific) for 15
minutes at 37°C. Blots were then blocked and incubated with
primary antibody for �-actin (mouse monoclonal, 1:15 000;
Santa Cruz Biotechnology, Inc) overnight at 4°C in TTBS.
Blots were washed 3 times for 15 minutes each with TTBS and
incubated in 5% nonfat dry milk containing goat antimouse
IgG (1:10 000; Santa Cruz Biotechnology, Inc) conjugated to

horseradish peroxidase for 1.5 hours at room temperature,
washed, and detected by chemiluminescence. To determine
levels of phosphorylated ER� relative to total ER�, phospho-
ER� S118 and S167 blots were washed and stripped with
stripping buffer, blocked, and immunostained for total ER� as
described above. Films were imaged using MCID Core imag-
ing software (InterFocus Imaging Ltd), and optical density by
area was measured for bands of interest. Levels of phosphor-
ylated ER� were calculated as density � area relative to total
ER�. For all other proteins measured, mean values were cal-
culated for the aCSF control samples and values were repre-
sented as a percentage relative to the average control value.

Statistical analysis
Data were analyzed by one-way ANOVAs with infusion

(aCSF or IGF-1) as the factor.

Results

One hour after infusion

Phosphorylated and total ER�

Western blottings revealed bands of phosphorylated
and total ER�-like immunoreactivity at approximately
66 kDa. In addition, a single band at approximately 43
kDa was detected on immunostaining for the loading
control, �-actin. There was a significant effect of infu-
sion, F1,7 � 5.987, P � .044, for levels of phosphory-
lated ER� at S118 calculated as a percent of total ER�

(Figure 1A), indicating the IGF-1 infusion increases lev-
els of phosphorylated ER� at S118 in the hippocampus.
There was no effect of infusion on phosphorylated ER�

Figure 3. Effects of IGF-1 infusion on total levels of ER� in the
hippocampus 24 hours after infusion. Hippocampi were collected from
ovariectomized rats 24 hours after an i.c.v. infusion of aCSF vehicle or
IGF-1. Western blotting data showing effects of treatments on levels of
ER�. Mean density � area (�SEM) relative to vehicle control group;
*, P � .05. Representative blot images for ER� and the loading control
�-actin are shown in insets above the graph.
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at S167 (Figure 1B) or on total levels of ER� or �-actin
(Figure 1C).

Association of ER� and SRC-1
Insufficient levels of protein were collected from one

of the samples (IGF-1 group) and thus was excluded
from the co-IP experiments. Western blottings from
both co-IP experiments revealed bands of ER�-like im-
munoreactivity at approximately 66 kDa and bands of
SRC-1-like immunoreactivity at approximately 160
kDa. In lysate from which ER� was IP, there was no
effect of infusion on levels of ER� (Figure 2A), but there
was a significant effect of infusion, F1,6 � 6.530, P �
.038, on levels of SRC-1 (Figure 2B), indicating that
IGF-1 infusion increased levels of SCR-1 that was as-

sociated with ER� in the hippocampus. In lysate from
which SRC-1 was IP, there was no effect of infusion on
levels of SRC-1 (Figure 2C), but there was a significant
effect of infusion, F1,6 � 7.648, P � .033, on levels of
ER� (Figure 2D) indicating that IGF-1 infusion in-
creased levels of ER� that was associated with SCR-1 in
the hippocampus.

ChAT, BDNF, PSD-95, and BCL-2
Western blottings revealed bands of ChAT-like immu-

noreactivity at approximately 67 kDa, BDNF-like
immunoreactivity at approximately 14 kDa, PSD-95-like
immunoreactivity at approximately 95 kDa, and BCL-
2-like immunoreactivity at approximately 26 kDa.
There was no effect of infusion on hippocampal levels

of ChAT (see figure 4 below),
BDNF (see figure 4 below), PSD-95
(see figure 5 below), or BCL-2 (see
figure 5 below) in tissue collected 1
hour after infusion.

Twenty-four hours after
infusion

ER�

Western blottings revealed bands
of ER�-like immunoreactivity at ap-
proximately 66 kDa. There was a sig-
nificant effect of infusion, F1,8 �
5.957, P � .041, indicating the IGF-1
infusion increases levels of ER� in the
hippocampus 24 hours after infusion
(Figure 3). There was no effect of in-
fusion on �-actin.

ChAT, BDNF, PSD-95, and BCL-2
Western blottings revealed bands

of ChAT-like immunoreactivity at
approximately 67 kDa, BDNF-like
immunoreactivity at approxima-
tely 14 kDa, PSD-95-like immuno-
reactivity at approximately 95
kDa, and BCL-2-like immunoreac-
tivity at approximately 26 kDa.
There was a significant effect of in-
fusion on levels of ChAT, F1,8 �
5.485; P � .047 (Figure 4A) and on
BDNF, F1,8 � 6.212, P � .037 (Fig-
ure 4B), indicating that IGF-1 in-
fusion increases levels of ChAT and
BDNF in the hippocampus 24
hours after infusion. There was no

Figure 4. Effects of IGF-1 on levels of ChAT and BDNF in the hippocampus 1 and 24 hours after
infusion. Hippocampi were collected from ovariectomized rats 1 and 24 hours after an i.c.v.
infusion of aCSF vehicle or IGF-1. Western blotting data showing effects of treatments on levels
of ChAT (A) and BDNF (B) 1 and 24 hours after infusion. Mean density � area (�SEM) relative to
vehicle control group; *, P � .05. Representative blot images for ChAT, BDNF, and the loading
control �-actin are shown in insets above the respective graphs.
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effect of infusion on levels of PSD-95 (Figure 5A) or
BCL-2 (Figure 5B), indicating that IGF-1 infusion does
not impact levels of these proteins in the hippocampus
24 hours after infusion. There were no effects of infu-
sion on �-actin for any of the measures.

Discussion

The current study examined the ability of IGF-1 to activate
ER� in the hippocampus of ovariectomized rats in the
absence of circulating estrogens. We found that a single
i.c.v. infusion of IGF-1 resulted in increased phosphory-
lation of hippocampal ER� at S118, as well as increases in

the association between hippocam-
pal ER� and the coactivator SRC-1
at 1 hour after infusion. Further-
more, protein levels of ER�, ChAT,
and BDNF were increased in the hip-
pocampus 24 hours after IGF-1 in-
fusions. Taken together, these find-
ings indicate that in the absence of
circulating estrogens, IGF-1 is capa-
ble of activating ER� and impacting
levels of ER�-regulated proteins in
the hippocampus. These data pro-
vide to our knowledge, the first
evidence in the brain of ligand-inde-
pendent activation of ER� by extra-
cellular signaling.

Results of previous in vitro work
indicate that IGF-1, through activa-
tion of downstream signaling path-
ways, is able to activate ER� via
phosphorylation (26). Therefore,
in the current study, we examined
whether similar mechanisms were
evident in vivo. Our results indicate
that the ability of IGF-1 to activate
ER� in the hippocampus in a li-
gand-independent manner is asso-
ciated with increased phosphoryla-
tion of the receptor at S118 but not
S167. Importantly, ligand depen-
dent and independent phosphory-
lation of ER� at S118 in vitro is as-
sociated with the recruitment of the
coactivator SRC-1 (17), which facil-
itates ER-dependent transcription.
Current results show a similar rela-
tionship when brain ER� is activated
by IGF-1. One hour after IGF-1 in-
fusion, along with increased hip-
pocampal levels of phosphorylated

ER� at S118, there was increased association of ER� with
SRC-1, consistent with the hypothesis that IGF-1 is able to
activate hippocampal ER� in the absence of estradiol and to
potentially induce ER�-dependent gene transcription.

To better understand impact of IGF-1 infusion on
ER�-regulated proteins, we examined the levels of 5 es-
tradiol-sensitive proteins, ER�, ChAT, BDNF, PSD-95,
and BCL-2, after IGF-1infusion. We hypothesized that if
IGF-1 is capable of activating ER�, levels of these proteins
would be elevated by IGF-1 in a similar manner as they are
by estradiol. As expected, no proteins were elevated in the
hippocampus 1 hour after IGF-1 infusion. However, at 24
hours after IGF-1 infusion, levels of 3 of the 5 proteins,

Figure 5. Effects of IGF-1 on levels of PSD-95 and BCL-2 1 and 24 hours in the
hippocampus 1 and 24 hours after infusion. Hippocampi were collected from ovariectomized
rats 1 and 24 hours after an i.c.v. infusion of aCSF vehicle or IGF-1. Western blotting data
showing effects of treatments on levels of PSD-95 (A) and BCL-2 (B) 1 and 24 hours after
infusion. Mean density � area (�SEM) relative to vehicle control group. Representative blot
images for PSD-95, BCl-2, and the loading control �-actin are shown in insets above the
respective graphs.
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ER�, ChAT, and BDNF, were elevated. Although there
are a wide range of proteins that are elevated when estra-
diol binds ER�, the mechanisms by which they are regu-
lated by ER� differs. ER�-mediated regulation of ER�,
ChAT, and BDNF occurs at the transcriptional level and
the identification of a putative estrogen-response element
(ERE) on the ER� (27), ChAT (3), and BDNF (28) genes
provides a site for direct modulation of each of these by
ER�. In contrast, those proteins that were not elevated by
IGF-1, PSD-95, and BCL-2, are transcribed via other
mechanisms after activation of ER� by estrogens. PSD-95
is proposed to be elevated by estradiol through non-
genomic mechanisms at the membrane; increased PSD-95
after binding of estradiol does not happen through the ER
specifically, rather it follows after alleviating repression of
the initiation factor 4E binding protein 1 that results in
increased PSD-95 translation (29). Similarly, elevation of
BCL-2 in response to estradiol occurs via mechanisms
other than direct interaction of ER with the ERE (30).
When estradiol is introduced in vitro, BCL-2 is increased
via tethering and activation of the cAMP-response element
rather than the ERE (30). The finding in the current study
that some, but not all estradiol-sensitive proteins were in-
creased by IGF-1 infusion raises the possibility that though
IGF-1 can activate ER� and increase ER�-regulated pro-
teins in vivo, the impact of ligand-independent activation
of ER� by IGF-1 on ER�-regulated proteins may vary
depending upon the mechanism by which ER� activity
regulates its expression.

In addition to ligand-independent mechanisms, brain
ER may be activated by other mechanisms in the absence
of circulating estrogens. For example, neuroestradiol can
be synthesized in hippocampal neurons and impact neu-
roplasticity (31). Cross talk between ER� and IGF-1 re-
ceptors has been established, including evidence that
IGF-1 interacts with estradiol to impact ER�-dependent
transcription (for review, see Ref. 32). Therefore, we can-
not discount the possibility that the current results may be
due, at least in part, to a neuroestradiol-IGF-1 interaction.
Nevertheless, results show that in the absence of circulat-
ing estrogens, administration of IGF-1 results in activation
of ER� in vivo with consequences for ER�-regulated
proteins.

There is growing evidence in humans (6–8) and in an-
imal models (4, 9) that brain ER� can impact cognition in
the absence of circulating estrogens. The current findings
indicating that IGF-1 can activate ER� and increase levels
of ER�-regulated proteins in the hippocampus provide a
potential mechanism by which ER� can be activated and
impact cognition in the absence of circulating estrogens.
The functional implications for cognition of activation of
IGF-1 receptors in the absence of circulating estrogens are

evident from previous data from our lab in which antag-
onism of brain IGF-1 receptors blocked the lasting en-
hancing effects on cognition in aging ovariectomized rats
that had previous estradiol exposure (18). In addition, this
chronic antagonism of hippocampal IGF-1 receptors re-
versed the lasting elevation in hippocampal levels of ER�

and ChAT that was evident in aging females that had pre-
vious estradiol treatment. These findings, along with the
current data, indicate that activation of IGF-1 receptors
impacts ER� function after cessation of ovarian function.
Administration of IGF-1 to the aging brain can improve
learning and memory (33) and enhance synaptic plasticity
(34). Thus, ligand-independent actions by which IGF-1
can increase ER� activity may provide beneficial effects to
the aging female brain and to cognition.
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