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Introduction

Estrogen regulates important brain functions including learning, 
memory, and social behavior, and is neuroprotective against a 
variety of insults. Since the discovery that 17β-estradiol (E2) 
modulates spine density in hippocampus (Woolley et al., 1990), 
many studies have addressed the mechanisms by which estro-
gen modulates hippocampal synaptic plasticity. It is now widely 
accepted that rapid nongenomic actions underlie the positive ef-
fects of estrogen on cognition (Luine, 2008; Srivastava et al., 
2013). In addition, both estrogen receptor α (ERα) and β (ERβ), 
as well as the G-protein–coupled estrogen receptor 1 (GPER1), 
have been implicated in E2-mediated cognitive enhancement 
(Boulware et al., 2013; Ervin et al., 2013; Hawley et al., 2014).

GPER1 mediates some of the nongenomic responses to 
E2 in nonneuronal cells as well as in neurons (Prossnitz et al., 
2008; Srivastava and Evans, 2013). This novel ER is broadly 
expressed in rat brain, including in hippocampus (Brailoiu 
et al., 2007; Matsuda et al., 2008), where it regulates several 
neuronal functions, such as neurotransmitter release and neu-
roprotection (Gingerich et al., 2010; Hammond et al., 2011). 
While the subcellular localization of GPER1 has remained 
controversial (Srivastava and Evans, 2013), recent ultrastruc-

tural analyses have identified GPER1 in hippocampal dendritic 
spines and axon terminals (Akama et al., 2013; Waters et al., 
2015), which suggests its involvement in synaptic plasticity. In 
this regard, we recently reported that E2-induced activation of 
the mechanistic target of rapamycin (mTOR) in hippocampal 
neurons is mediated by GPER1 (Briz and Baudry, 2014), an 
event required for estrogen regulation of memory consolida-
tion (Fortress et al., 2013). Yet, the role of GPER1 activation 
in hippocampal synaptic plasticity is still poorly understood.

Estrogen facilitates the consolidation of long-term poten-
tiation (LTP) in the CA1 area of hippocampus via increasing 
AMPA receptor–mediated synaptic transmission and inducing 
actin cytoskeleton reorganization (Kramár et al., 2009; Zadran 
et al., 2009). Furthermore, locally produced E2 plays a crucial 
role in estrogen-mediated facilitation of LTP in this region 
(Grassi et al., 2011; Fester and Rune, 2015). Although the 
mechanisms by which E2 regulates synaptic plasticity in CA1 
have been extensively studied, less attention has been paid to 
its effects in other hippocampal areas, such as CA3 or dentate 
gyrus (DG). Likewise, E2 modulates different forms of long-
term depression (LTD) in hippocampus (Shiroma et al., 2005; 
Mukai et al., 2007; Murakami et al., 2015), but the underlying 
mechanism remains largely unknown.

Estrogen is an important modulator of hippocampal synaptic plasticity and memory consolidation through its rapid 
action on membrane-associated receptors. Here, we found that both estradiol and the G-protein–coupled estrogen re-
ceptor 1 (GPER1) specific agonist G1 rapidly induce brain-derived neurotrophic factor (BDNF) release, leading to tran-
sient stimulation of activity-regulated cytoskeleton-associated (Arc) protein translation and GluA1-containing AMPA 
receptor internalization in field CA3 of hippocampus. We also show that type-I metabotropic glutamate receptor (mGluR) 
activation does not induce Arc translation nor long-term depression (LTD) at the mossy fiber pathway, as opposed to its 
effects in CA1, and it only triggers LTD after GPER1 stimulation. Furthermore, this form of mGluR-dependent LTD is as-
sociated with ubiquitination and proteasome-mediated degradation of GluA1, and is prevented by proteasome inhibi-
tion. Overall, our study identifies a novel mechanism by which estrogen and BDNF regulate hippocampal synaptic 
plasticity in the adult brain.
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Type-I metabotropic glutamate receptor (mGluR) activa-
tion at CA3-CA1 Schaffer-collateral synapses elicits a form of 
LTD (mGluR-LTD), which requires local synthesis of the ac-
tivity-regulated cytoskeleton-associated protein (Arc) and syn-
aptic removal of GluA1-containing AMPA receptors (Waung 
et al., 2008). However, whether a similar phenomenon occurs 
at the mossy fiber–CA3 pathway is currently unknown. The 
present study was designed to investigate the molecular mecha-
nisms underlying mGluR-LTD in field CA3 of the hippocampus 
and its modulation by estrogen. We found that E2-induced acti-
vation of GPER1 is necessary for mGluR-LTD in the CA3 area 
of hippocampus, through a mechanism involving brain-derived 
neurotrophic factor (BDNF) release, mTOR-dependent Arc 
synthesis, and proteasome-mediated GluA1 degradation. Thus, 
our study identified a novel mechanism by which estrogen reg-
ulates synaptic plasticity in adult hippocampus.

Results

GPER1 activation stimulates mTOR 
signaling through BDNF release
We recently reported that estrogen-induced mTOR phosphory-
lation is mediated by GPER1 activation and is also blocked by 
the TrkB receptor antagonist K252 (Briz and Baudry, 2014). 
However, K252 is a nonselective protein kinase inhibitor, acting 
on protein kinase A, C, and G, among others (Kase et al., 1987; 
Rüegg and Burgess, 1989). To verify that the effects of estrogen 
on mTOR signaling require TrkB receptor activation, we used 
the novel and specific TrkB receptor antagonist ANA12 (Ca-
zorla et al., 2011). Activation of mTOR by estrogen in hippo-
campal slices also involves PTEN degradation and subsequent 
Akt phosphorylation (Briz and Baudry, 2014). Thus, we first 
tested whether the GPER1 agonist G1 was able to reproduce the 
effects of estrogen on mTOR signaling. Treatment with either 
E2 (10 nM) or G1 (100 nM) for 30 min significantly reduced 

PTEN levels, and stimulated Akt and mTOR phosphorylation 
(Fig. 1, A–C). In addition, both G1 and E2 produced a slight but 
significant increase in αCaMKII levels (Fig. 1 D), a protein rap-
idly translated in response to synaptic activity (Roberts et al., 
1996; Aakalu et al., 2001). Pretreatment with ANA12 (50 µM) 
blocked G1- and E2-induced PTEN degradation. Likewise, 
ANA12 prevented the increase in mTOR phosphorylation and 
in αCaMKII levels induced by G1 and E2. In contrast, while 
ANA12 completely suppressed Akt phosphorylation caused by 
G1, it only partially reduced E2-induced Akt phosphorylation 
(Fig. 1). This is not surprising since E2-induced Akt activation 
in rat hippocampus can be mediated by stimulation of both ERα 
and ERβ, in addition to GPER1 (Spencer-Segal et al., 2012; 
Ruiz-Palmero et al., 2013).

The above results confirmed that estrogen-mediated stim-
ulation of mTOR signaling requires TrkB receptor activation. 
However, it is not clear whether this effect involves transacti-
vation of the receptor (Kramár et al., 2013) or stimulation of 
BDNF release (Sato et al., 2007). To address this question, 
we used a recombinant fusion protein TrkB-Fc, which acts as 
a non-cell-permeable BDNF scavenger trapping endogenous 
BDNF released in the extracellular medium (Jourdi et al., 
2009). As expected, G1 stimulated mTOR signaling in control 
slices incubated with IgG-Fc (Fig. 2). In contrast, preincubation 
of hippocampal slices with TrkB-Fc (2 µg/ml, 1 h) totally sup-
pressed G1-induced PTEN degradation (Fig. 2 A), as well as an 
increase in Akt and mTOR phosphorylation (Fig. 2, B and C). 
Likewise, G1-induced increase in αCaMKII levels was absent 
in the presence of TrkB-Fc (Fig. 2 D).

To confirm that GPER1 activation triggers BDNF release, 
we quantified by immunoblotting the amount of BDNF released 
in the extracellular medium from cultured neurons. Mature cor-
tical neurons were first incubated with TrkB-Fc (2 µg/ml, 1 h), 
and subsequently treated with G1 and E2 for 1 h. Treatment with 
either G1 or E2 significantly increased the levels of both BDNF 
monomers and homodimers (18 and 27 kD, respectively) in the 

Figure 1.  G1-induced stimulation of mTOR signaling re-
quires TrkB receptor activation. Hippocampal slices were 
preincubated with DMSO or ANA-12 (50 µM) for 30 min 
and then treated with G1 or E2 for an additional 30 min. 
At the end of treatments, samples were homogenized and 
processed for Western blotting. Data are presented as the 
ratio (fold of control) of: (A) PTEN over actin (n = 4–10), 
(B) phospho-Akt (p-Akt) over total Akt (n = 3–8), (C) phos-
pho-mTOR (p-mTOR) over total mTOR (n = 4–7), and (D) 
αCaMKII over actin (n = 4–18). *, P < 0.05; **, P < 0.01; 
***, P < 0.001, as compared with control; #, P < 0.05; 
##, P < 0.01; ###, P < 0.001, as compared with G1 or 
E2 alone (one- or two-way ANOVA). Some of the actin 
bands in both A and C look very similar because they show 
the same data. Images in these two panels come from the 
same blot, in which different primary and secondary an-
tibodies were used. Thus, the same actin blot serves as 
loading control for both PTEN and CamKII. They have been 
separated into two panels for consistency in figure format-
ting. Black lines indicate that intervening lanes have been 
spliced out. Error bars indicate means ± SEM.
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extracellular medium, as compared with control (Fig. 2 F), con-
firming that GPER1 activation rapidly stimulates BDNF release 
in neurons. In contrast, neither the ERα nor the ERβ agonist 
(PPT and DPN, respectively) induced BDNF release from cul-
tured neurons (Fig. 2 F).

GPER1 activation stimulates Arc synthesis 
and GluA1 internalization in CA3 through a 
BDNF- and mTOR-dependent mechanism
As mentioned earlier, both E2 and G1 rapidly increased (within 
30 min) αCaMKII levels in hippocampal slices. To confirm 
that GPER1 mediated the effects of E2 on αCaMKII synthesis, 
we treated slices with E2 in the presence of a novel and very 
specific GPER1 antagonist, G36 (Dennis et al., 2011). Similar 
to its inhibitory effects on E2-induced mTOR phosphorylation 
reported previously (Briz and Baudry, 2014), preincubation 

of hippocampal slices with G36 (1 µM) completely abrogated 
the increase in αCaMKII levels produced by E2 (Fig.  3  A). 
To further investigate the significance of estrogen regulation 
of mTOR-dependent protein synthesis, we analyzed changes 
in the levels of Arc, which is rapidly synthesized in response 
to synaptic activity and to E2 treatment (Chamniansawat and 
Chongthammakun, 2009; Kühnle et al., 2013; Briz and Baudry, 
2014). However, we did not detect any significant changes in 
Arc levels by immunoblotting after treatment with G1 (Fig. S1 
C) in homogenates of whole hippocampal slices. Because Arc 
has been shown to be locally translated in dendrites (Steward 
et al., 1998; Waung et al., 2008), we analyzed Arc levels in P2 
fractions under the same experimental conditions. In this case, 
treatment with either G1 or E2 significantly increased Arc lev-
els in P2 fractions. In contrast, neither PPT nor DPN affected 
Arc levels in this fraction (Fig. 3 C). Consistent with this result, 
the effects of E2 on Arc levels were totally suppressed by pre-
incubation with G36 (Fig.  3 B). Furthermore, the increase in 
membrane Arc levels produced by G1 treatment was suppressed 
by the protein synthesis inhibitors cycloheximide (25 µM) and 
rapamycin (1 µM; Fig. 3 D). Collectively, these results indicate 
that E2-induced GPER1 activation stimulates Arc and αCaMKII 
synthesis through a BDNF- and mTOR-dependent mechanism.

We further investigated estrogen modulation of Arc 
synthesis in hippocampal slices by immunohistochemistry. 
Under control conditions, Arc expression was found predom-
inantly in the cell body layer of pyramidal neurons (especially 

Figure 2.  G1-induced activation of mTOR signaling involves BDNF re-
lease. (A–D) Hippocampal slices were preincubated with IgG-Fc or TrkB-Fc 
for 1 h and then treated with G1 for an additional 30 min. At the end of 
treatments, samples were homogenized and processed for Western blot-
ting. Data are presented as the ratio (fold of control) of: (A) PTEN over 
actin (n = 10–12), (B) phospho-Akt (p-Akt) over total Akt (n = 11–13), (C) 
phospho-mTOR (p-mTOR) over total mTOR (n = 9–14), and (D) αCaMKII 
over actin (n = 13–16). (E) Primary cortical neurons were preincubated 
with TrkB-Fc for 1 h and then treated with G1, E2, PPT, or DPN for an ad-
ditional 60 min. The incubation medium was collected, concentrated, and 
processed for Western blotting. BDNF over TrkB (n = 4–8) is shown. *, P 
< 0.05; **, P < 0.01; ***, P < 0.001, as compared with control. #, P < 
0.05; ##, P < 0.01; ###, P < 0.001, as compared with G1 alone (one- or 
two-way ANOVA). Black lines indicate that intervening lanes have been 
spliced out. Error bars indicate means ± SEM.

Figure 3.  Estrogen stimulates mTOR-dependent protein synthesis via 
GPER1 activation. Hippocampal slices were pretreated with DMSO, G36, 
cycloheximide, or rapamycin for 30 min and then incubated with G1 or E2 
for an additional 30–60 min. Treatments with PPT (100 nM) or DPN (10 
nM) were for 1 h. At the end of treatments, samples were homogenized 
and processed for Western blotting before (A) or after (B–D) membrane 
fractionation. Data are presented as the ratio (fold of control) of αCaMKII 
over actin (A; n = 5–12) or Arc over actin (B–D; n = 3–14). *, P < 0.05; 
**, P < 0.01, as compared with control. #, P < 0.05 as compared with 
E2 alone (one- or two-way ANOVA). Black lines indicate that intervening 
lanes have been spliced out. Error bars indicate means ± SEM.
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within the nucleus), with a faint staining in dendrites (Fig. 4, 
A and C). Treatment of hippocampal slices with G1 or E2 
strongly increased Arc immunostaining in CA3 but not in 
CA1. These effects were restricted to the apical dendrites 
of pyramidal neurons (Fig. 4, A–C), a result consistent with 
the data obtained by immunoblots in P2 fractions (Fig.  3). 
We quantified the number of Arc-positive puncta at different 
time points after G1 treatment across different hippocampal 
subfields; a significant increase was observed in CA3 stratum 
radiatum (CA3sr) 1 h after G1 application, which returned to 
baseline by 2 h (Fig. 4 B). A similar transient increase in Arc 
expression has been previously described in cell lines after 
E2 treatment (Kühnle et al., 2013). In contrast, neither G1 (at 
any of the time points tested) nor E2 modified Arc immunos-
taining in CA1 (Fig. 4 B). Furthermore, G1-induced increase 
in Arc immunostaining in CA3 was completely blocked by 
the TrkB receptor antagonist ANA12, as well as by TrkB-Fc 
and rapamycin (Fig. 4, A, C, and D). Double staining with 
the postsynaptic marker PSD95 showed no significant 
changes in the colocalization of Arc with PSD95 after G1 
treatment, as neither the percentage of Arc puncta colocal-
ized with PSD95 (Fig. 4 F) nor the Pearson’s coefficient was 
modified (0.092 ± 0.052 and 0.101 ± 0.05 for DMSO- and 
G1-treated slices, respectively; n = 11–12). PSD95 immu-
nostaining also remained unaffected under all the experi-
mental conditions tested; a slight decrease was found after 
G1 treatment, but the effect was not statistically significant 
(Fig.  4, C and E). Collectively, these results indicate that 
GPER1 activation transiently stimulates local Arc synthesis 
in field CA3 via BDNF release and subsequent activation of 
the mTOR signaling pathway.

Arc has been implicated in AMPA receptor endocytosis 
during synaptic plasticity (Rial Verde et al., 2006; Waung et 
al., 2008; Peebles et al., 2010; Liu et al., 2012) and after hor-
mone stimulation (Chen et al., 2014). Therefore, we tested the 
effects of GPER1 activation on the levels of several AMPA 
receptor subunits in membrane and cytosolic fractions from 
hippocampal slices. Treatment with G1 for 1 h significantly 
reduced the membrane levels of GluA1, which returned to 
baseline by 2 h after G1 application. A concomitant increase 
of GluA1 in the cytosolic fraction was found 1  h after G1 
stimulation, returning to basal levels 1 h later (Fig. 5 A). In 
contrast, the levels of GluA2/3 remained constant both in 
the membrane and cytosolic fractions under the same exper-
imental conditions (Fig. 5 B). We then analyzed the expres-
sion of PSD95 in both fractions to validate the preparations 
used for this study. As expected, membrane fractions were 
enriched in PDS95, whereas PSD95 expression was barely 
detectable in the cytosolic fraction. No differences were ob-
served in PSD95 levels after G1 treatment at any of the time 
points tested (Fig. 5 C).

Changes in GluA1 occurred in parallel to the increase 
in local Arc synthesis induced by G1, observed both by im-
munostaining (Fig. 4 B) and by immunoblotting (Fig. 3 C). 
Thus, we determined whether protein synthesis inhibitors 
could inhibit the effect of G1 on AMPA receptor endocytosis. 
Pretreatment with either rapamycin or cycloheximide com-
pletely blocked both the decrease in membrane GluA1 levels 
as well as the increase in the cytosol induced by G1 (Fig. 5, 
D and E). Similarly, G1-stimulated GluA1 internalization 
was totally suppressed by ANA12 (Fig. S2). However, we did 
not detect any significant changes in GluA1 levels after treat-

Figure 4.  G1 stimulates mTOR-dependent Arc 
synthesis in CA3 through BDNF release. Hip-
pocampal slices were pretreated with DMSO/
IgG-Fc (Cnt), TrkB-Fc, ANA-12, or rapamycin, 
and then incubated with G1 or E2 for an ad-
ditional 60 min or the indicated times. (A) 
Representative images of Arc immunostaining 
in CA1 and CA3 under various experimental 
conditions. Bar, 100 µm. (B) Quantification of 
density of Arc-positive punctas in CA1 stratum 
radiatum (CA1sr) and CA3sr. *, P < 0.05; 
***, P < 0.001 versus control (n = 3–16, 
one-way ANOVA). (C) High-magnification 
images of CA3 from slices double-stained for 
Arc (red) and PSD95 (green) along with DAPI 
(blue). Bar, 20 µm. (D and E) Quantification 
of the density of Arc (D)- and PSD95 (E)-posi-
tive punctas in CA3sr. ***, P < 0.001 versus 
control; #, P < 0.05; ###, P < 0.001 versus 
G1 (n = 6–29, one-way ANOVA). (F) Percent-
age of Arc-positive punctas that colocalized 
with PSD95 (M1 coefficient, n = 11–12). Error 
bars indicate means ± SEM.
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ment with E2, although a trend was observed in the cytosolic 
fraction (Fig. S2). We have previously reported that estrogen 
rapidly increases membrane GluA1 levels in CA1 (Zadran et 
al., 2009), an effect mediated by ERβ (Kramár et al., 2009). 
Thus, this effect could counteract the decrease in membrane 
GluA1 in CA3, given that we used whole hippocampal slices 
for these experiments. To address this issue, we used mini-
slices in which the CA1 region was microdissected from the 
CA3-DG regions. We preserved the mossy fiber pathway, as 
it has been shown that modulation of spine density in CA3 by 
estrogen requires the input from the DG (Sato et al., 2007). 
Treatment with either G1 or E2 reduced GluA1 membrane lev-
els in CA3-DG but not in CA1 (Fig. 5 F), a result consistent 
with their region-specific effects on Arc synthesis (Fig. 4 B). 
These results seem to differ from those previously reported 
by our laboratory in which E2 increased membrane GluA1 
levels in CA1 mini-slices (Zadran et al., 2009). However, the 
different times of treatment used (60 min vs. 10 min) could 
account for the differences between the studies, as the acute 
effects of estrogen on AMPA receptor–mediated transmission 
are transient, lasting only up to 30 min (Kramár et al., 2009).

GPER1 activation modulates 
mGluR-LTD in CA3
The above results showed that G1 application stimulates the 
same series of events in DG-CA3 shown to be associated with 
mGluR-LTD at CA3-CA1 synapses, namely increased Arc 
translation and GluA1 internalization (Waung et al., 2008). 
Thus, we tested whether G1 could induce LTD in the mossy fiber 
pathway, the same way that DHPG does in the Schaffer collat-
eral pathway. However, field excitatory postsynaptic potentials 
(fEPSPs) recorded in CA3sr with stimulation of the mossy fibers 
did not significantly change in response to G1 application, even 
when G1 was applied for up to 1 h and synaptic AMPA receptor 
responses were pharmacologically isolated by blocking NMDA 
and GABAA receptors (Fig. S3). We then determined whether 
G1 could modulate mGluR-LTD in CA3. Hippocampal slices 
were stimulated with DHPG (100 µM, 10 min) 1 h after either 
vehicle or G1 application (the time at which the effects on Arc 
and GluA1 were observed). In vehicle-pretreated slices, DHPG 
induced a transient depression of fEPSPs but failed to induce 
LTD. In marked contrast, DHPG induced robust LTD in slices 
pretreated with G1 (Fig. 6, A and B). These results indicate that 

Figure 5.  G1 induces GluA1 internalization via mTOR-de-
pendent protein synthesis. (A–D) Whole hippocampal slices 
were pretreated with DMSO, cycloheximide, or rapamycin 
for 30 min and then incubated with G1 for an additional 
60 min or the indicated times. CA1 and CA3-DG mini-slices 
were treated with G1 or E2 for 1 h. At the end of treatments, 
samples were homogenized and processed for Western blot-
ting after membrane fractionation. Data are presented as 
the ratio (fold of control) of GluA1 over actin (A; n = 4–8), 
GluA2/3 over actin (B; n = 4–7), PSD95 over actin (C; n = 
4–8), or GluA1 over actin (D–F; n = 3–11). *, P < 0.05; **, 
P < 0.01; ***, P < 0.001, as compared with control. #, P < 
0.05; ###, P < 0.001, as compared with G1 alone (one- or 
two-way ANOVA). The actin panels in both A and C look 
very similar because they show the same data. Images in 
these two panels come from the same blot, in which differ-
ent primary and secondary antibodies were used. Thus, the 
same actin blot serves as loading control for both GluA1 and 
PSD95. They have been separated in two panels for consis-
tency in figure formatting. Error bars indicate means ± SEM.
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DHPG can only trigger LTD in CA3 after previous stimulation 
of GPER1. To verify that activation of mTOR-dependent pro-
tein synthesis by G1 contributes to its effects on mGluR-LTD, 
we applied rapamycin 20 min before G1 treatment followed by 
DHPG application. LTD was abolished under these conditions 
(Fig. 6, A and B), indicating that mTOR activity is required for 
G1-mediated modulation of mGluR-LTD in CA3.

To investigate the mechanisms underlying CA3 mGluR-
LTD and its modulation by G1, we compared the effects of 
G1+DHPG versus DHPG alone on Arc expression across dif-
ferent hippocampal areas. Treatment with DHPG alone did not 
significantly affect the number of Arc-positive puncta in CA3 
(as compared with control), nor did it further enhance the effect 
of G1 on Arc immunostaining in this area (Fig. S1 B). Instead, 
DHPG increased Arc immunostaining in CA1, as previously 
reported (Waung et al., 2008), but the effect was not further 
stimulated by G1 preapplication (Fig. S1 A). These immuno-
histochemical data confirmed that G1 and DHPG stimulate 
Arc synthesis in a region-specific manner, and do not inter-

act with each other in the regulation of local Arc expression. 
In addition, DHPG alone did not modify Arc levels in whole 
hippocampal slices, as determined by immunoblots, but it sig-
nificantly increased them in the presence of G1 (Fig. S1 C). 
This is most likely due to additive effects of the two compounds 
in CA3 and CA1. These results also indicate that mGluR ac-
tivation does not contribute to the increase in Arc synthesis 
during mGluR-LTD in CA3.

We next studied the effects of G1 and DHPG on GluA1 
expression and localization in hippocampal slices by immuno-
histochemistry. Under control conditions, GluA1 staining using a 
C-terminal antibody was particularly strong in stratum radiatum 
and oriens of CA1, and to a smaller extent in CA3sr. High-mag-
nification images showed clear staining in cell bodies and den-
drites of CA3 pyramidal neurons, which partially colocalized 
with PSD95 (Fig. 6 C). Incubation of hippocampal slices with 
G1 for 1 h did not modify GluA1 staining in any of the regions 
studied. However, DHPG treatment significantly reduced GluA1 
immunofluorescence in CA1 but not in CA3 (Fig. 6, C–F). These 

Figure 6.  GPER1 activation and proteasome ac-
tivity are required for mGluR-LTD in CA3. Hippo-
campal slices were incubated with DMSO or G1 
for 1 h and then treated with DHPG for 15 min, 
unless otherwise stated. Treatment with rapamycin 
or MG132 was performed 20–30 min before G1 
or DHPG application, respectively. (A) Rapamycin 
and MG132 blocked LTD induced by G1+DHPG 
in CA3. DHPG alone (100 µM, 10 min) did not 
induce LTD in CA3. (B) Traces (top) and averaged 
values of slopes (bottom) of fEPSPs measured in 
CA3 50 min after DHPG application. Bar, 0.5 
mV/5 ms. ***, P < 0.001 versus control; ##, P < 
0.01 versus G1+DHPG (n = 3, one-way ANOVA). 
(C) Representative images of double immunos-
taining for GluA1 (red) and PSD95 (green) under 
various experimental conditions. High-magnifi-
cation images correspond to the CA3 pyramidal 
layer. Bars: (4×) 400 µm; (20×) 100 µm; (100×) 
20 µm. (D–F) Quantification of GluA1 immunos-
taining by means of total area and mean fluores-
cence intensity (MFI) in CA1 (D) and CA3 (E and 
F). *, P < 0.05 versus control; #, P < 0.05 versus 
G1+DHPG (n = 4–10, one-way ANOVA). Error 
bars indicate means ± SEM.
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effects are consistent with the DHPG-induced region-specific reg-
ulation of Arc synthesis shown in Fig. S1, and could account for 
the inability of DHPG to induce LTD in CA3, as opposed to CA1. 
However, a significant reduction in GluA1 staining was found 
in CA3 when DHPG was applied after G1 treatment (Fig. 6, C, 
E, and F). Notably GluA1 immunofluorescence in CA1 did not 
change in response to G1+DHPG treatment, as compared with 
DHPG alone (Fig. 6, C and D). These effects were reproduced 
with the use of a different antibody targeting the N-terminal 
region of GluA1 (Fig. S4). Overall, these results indicated that 
DHPG rapidly down-regulates GluA1 expression in CA3 only 
after previous activation of GPER1, an effect consistent with the 
requirement for GPER1 activation in mGluR-LTD in this area.

mGluR-LTD in CA3 is associated with 
GluA1 degradation by the ubiquitin–
proteasome system (UPS)
The decrease in GluA1 levels in CA3 observed after G1+DHPG 
treatment suggested that GluA1-containing AMPA receptors 
might undergo rapid proteolysis in response to mGluR activa-
tion. Previous studies have reported that GluA1 is degraded by 
the UPS during physiological or pathological conditions (Fu et 
al., 2011; Yuen et al., 2012; Widagdo et al., 2015). We thus de-
termined whether UPS inhibition could affect GluA1 down-reg-
ulation during mGluR-LTD. Treatment of hippocampal slices 
with MG132 (25 µM) 30 min before DHPG application com-
pletely blocked the reduction in GluA1 immunostaining in CA1 
and CA3 induced by G1+DHPG (Fig. 6, C–F). These results 
were also replicated using an N-terminal GluA1 antibody by 
immunohistochemistry (Fig. S4) and immunoblotting in whole 
hippocampal slices (Fig. S5 A). Treatment with MG132 alone 
did not affect GluA1 levels (Fig. S5 A), suggesting that GluA1 
is not degraded by UPS under basal conditions.

The phosphorylation state of GluA1 at specific serine 
residues regulates AMPA receptor internalization and has been 
implicated in LTD (Lee et al., 2000; Gladding et al., 2009). We 
determined the effects of proteasome inhibition on GluA1 phos-
phorylation during mGluR-LTD in whole hippocampal slices. 
Treatment with G1+DHPG increased GluA1 phosphorylation 
at Ser845 and the effect was blocked by MG132 (Fig. S5 B). In 
contrast, phosphorylation of GluA1 at Ser831 was not affected 
under any of the conditions tested (Fig. S5 C). These results 
indicated that mGluR-LTD was associated with phosphoryla-
tion of GluA1 at Ser845.

Previous studies have found that proteasome inhibition 
blocked mGluR-LTD in CA1 (Hou et al., 2006; Bernard et al., 
2014), although opposite effects have also been reported (Citri 
et al., 2009). To evaluate the contribution of UPS activity to 
mGluR-LTD in CA3, we applied MG132 30 min before DHPG 
treatment (i.e., 30 min after G1). Under these conditions, LTD 
induced by G1+DHPG was significantly impaired (Fig.  6, 
A and B), indicating that proteasome activity is required for 
mGluR-LTD in this region.

Arc protein has also been identified as a UPS target (Greer 
et al., 2010). Thus, the inhibitory effects of MG132 on mGluR-
LTD could also be due to changes in Arc protein levels. How-
ever, treatment with MG132 did not modify the increase in Arc 
levels induced by G1+DHPG in whole hippocampal slices. 
MG132 alone increased Arc levels but the effect was not statis-
tically significant (Fig. S1 D).

Changes in free ubiquitin levels have been associated 
with fluctuations in UPS activity (Lee et al., 2010; Santos et al., 

2015). To further investigate the role of UPS in mGluR-LTD, we 
determined free ubiquitin levels in whole hippocampal slices at 
different time points after DHPG application. DHPG treatment 
caused a significant decrease in free ubiquitin levels at 15 min, 
which then gradually returned to baseline (Fig. 7 A). These ef-
fects were still present in the presence of MG132, indicating 
that changes in free ubiquitin levels induced by DHPG were 
independent of proteasome activity or occur upstream of UPS. 
These results also suggested that DHPG rapidly and transiently 
stimulated protein polyubiquitination. To verify this hypothesis, 
we treated hippocampal slices with DMSO or G1+DHPG in the 
presence of MG132 (to prevent degradation of ubiquitinated 
proteins), and samples were probed with an anti-ubiquitin anti-
body, which recognizes both mono- and polyubiquitinated pro-
teins. A marked increase in the levels of ubiquitinated proteins 
was found after treatment with G1+DHPG, as compared with 
control samples (Fig. 7 B). The effects were particularly evident 
for high molecular weight proteins, suggesting that mGluR-
LTD is associated with protein polyubiquitination rather than 
monoubiquitination. To determine whether GluA1 was ubiq-
uitinated under the same experimental conditions, homogenates 
from whole hippocampal slices were immunoprecipitated with a 
GluA1 antibody and precipitated proteins were immunoblotted 
using the anti-ubiquitin antibody. Increased ubiquitination was 
found after GluA1 immunoprecipitation in samples treated with 
G1+DHPG, as compared with control (Fig. 7 B). Immunoblot 
analysis using a GluA1 antibody confirmed that the observed 
high molecular weight band corresponded to GluA1 (Fig. 7 B). 
In contrast, no ubiquitination or GluA1 immunoreactivity was 
detected under any experimental condition in samples immuno-
precipitated with IgG-coated agarose beads (Fig. 7 B). These 
results strongly suggest that GluA1 undergoes UPS-mediated 
degradation during mGluR-LTD. However, we cannot rule out 
that other GluA1-associated proteins are also ubiquitinated 
during mGluR-LTD, as the immunoprecipitation experiments 
were conducted under nonreducing conditions.

Discussion

Different forms of mGluR-dependent LTD in 
the hippocampus
LTD triggered by activation of type-I mGluR in CA1 represents 
the most studied form of mGluR-LTD in hippocampus, but the 
underlying mechanisms are still under debate. It is now widely 
accepted that DHPG-induced LTD in CA1 requires local pro-
tein synthesis, and in particular Arc translation (Waung et al., 
2008). However, the nature of the signaling pathways and trans-
lation factors involved remains controversial. Studies by differ-
ent groups have identified the Akt–mTOR signaling pathway 
as a major mediator of mGluR-LTD, while the role of ERK is 
less clear (Gallagher et al., 2004; Hou and Klann, 2004; Ber-
nard et al., 2014). Our results indicate that GPER1-mediated 
Arc synthesis and GluA1 internalization in CA3 requires stim-
ulation of mTOR-dependent protein translation, as the effects 
were blocked by rapamycin and cycloheximide. However, these 
events were necessary but not sufficient to trigger LTD in this 
hippocampal area, which might be also the case for DHPG-in-
duced LTD in CA1, as recently proposed (Bernard et al., 2014). 
In addition, incubation with DHPG alone did not increase Arc 
synthesis or modify GluA1 levels in CA3, whereas it did in 
CA1; only when applied after GPER1 activation did DHPG re-
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duce GluA1 immunostaining and induce LTD in CA3. Further 
studies are needed to mechanistically understand why DHPG 
alone is unable to stimulate Arc synthesis and hence to induce 
LTD in this hippocampal area.

While G1 application induced GluA1 internalization, it 
did not modify baseline fEPSP or synaptic AMPA receptor–
mediated responses. A possible explanation for this paradox 
could be that G1 mostly affects internalization of extrasyn-
aptic AMPA receptors, which do not contribute to synaptic 
responses. This assumption is supported by our finding that 
Arc and PSD95 colocalization was not altered by G1 treat-
ment. However, this effect might become critical after DH-
PG-induced activation of UPS-induced degradation of these 
receptors, thus resulting in a decrease of GluA1-containing 
AMPA receptors and in LTD.

Role of the UPS in mGluR-LTD
The results presented here strongly suggest that DHPG-in-
duced activation of the UPS is the rate-limiting step that trig-
gers the long-lasting changes in AMPA receptor–mediated 
synaptic transmission necessary to produce LTD. MG132 
prevented G1+DHPG–induced GluA1 down-regulation and 
LTD in CA3, indicating that UPS activity is required for 
mGluR-LTD in this hippocampal area, a result consistent with 
previous findings in CA1 (Hou et al., 2006; Bernard et al., 
2014). Furthermore, our data indicated that treatment with 
G1+DHPG increased GluA1 polyubiquitination in hippocam-
pal slices. Although GluA1 has been previously reported to 
be ubiquitinated during synaptic plasticity or after repeated 
stress (Fu et al., 2011; Yuen et al., 2012; Widagdo et al., 2015), 
an association between UPS-mediated GluA1 degradation and 
mGluR-LTD has not yet been described. Nevertheless, deg-
radation of fragile X mental retardation protein could also 
contribute to the regulation of mGluR-LTD by the UPS, as 
previously proposed (Hou et al., 2006).

The time course for DHPG-induced reduction of free 
ubiquitin levels is consistent with the effects of G1+DHPG on 
GluA1 immunostaining and ubiquitination, which were also ob-
served 15 min after DHPG treatment. Decrease in free ubiquitin 
levels could result from inhibition of UPS activity (Santos et 
al., 2015) or from inhibition of deubiquitinating enzymes (Lee 
et al., 2010). Our data indicated that DHPG stimulated GluA1 
polyubiquitination (and possibly of other proteins), which could 
produce a transient decrease in free ubiquitin and stimulation 

of UPS activity. However, whether this occurs through activa-
tion of ubiquitin ligases or by inhibition of deubiquitinating en-
zymes remains to be addressed.

Dephosphorylation of GluA1-containing AMPA receptors 
at Ser845 has been suggested to drive AMPA receptor endocy-
tosis during NMDA receptor–mediated LTD (NMDA-LTD), 
whereas no changes in Ser845 were found after mGluR-LTD in 
CA1 (Lee et al., 2000; Gladding et al., 2009; He et al., 2009). 
In the present study, we found that G1+DHPG increased the 
phosphorylation of GluA1 at Ser845 but not at Ser831, further 
indicating the existence of differences between mGluR-LTD in 
CA1 and CA3. Although only a very small fraction of GluA1 
seem to be phosphorylated at Ser845 according to a recent 
study (Hosokawa et al., 2015), phosphorylation at this residue 
has been shown to be important for the stabilization of GluA1 
homomers at perisynaptic sites (He et al., 2009). Furthermore, 
the effects of G1+DHPG on Ser845 were prevented by MG132, 
a result in agreement with studies showing that proteasome 
inhibitors block AMPA receptor endocytosis (Colledge et al., 
2003; Patrick et al., 2003). These effects seem to be in conflict 
with recent findings showing that AMPA receptor ubiquitina-
tion is not required for receptor internalization (Widagdo et al., 
2015). Nevertheless, the effects of proteasome inhibition on 
GluA1 dephosphorylation/internalization could rely on changes 
in other proteins involved in AMPA receptor trafficking, such 
as PSD95 (Colledge et al., 2003). In any event, our results are 
also consistent with the notion that GluA1 internalization pre-
cedes receptor ubiquitination, and moreover they indicate that 
these events are regulated by different receptors (GPER1 and 
mGluR, respectively) in CA3.

Mechanisms for estrogen modulation of 
LTD and memory consolidation
E2 has been previously shown to enhance mGluR-LTD in CA1 
through activation of classical ERs (Shiroma et al., 2005). 
Consistent with these findings, G1 was unable to induce Arc 
synthesis or GluA1 internalization in this area, and hence it is 
unlikely that GPER1 is involved in these effects. Although the 
mechanisms underlying estrogen modulation of mGluR-LTD 
in CA1 have not yet been explored, they could be due to the 
direct association of ERα/β with mGluA1 (Boulware et al., 
2013). In summary, mGluR-LTD in CA1 and CA3 appears to 
be regulated by different types of ERs, and, in particular, while 
E2 potentiates the effects of DHPG on LTD in CA1, it gates 

Figure 7.  DHPG stimulates proteasome 
activity and GluA1 ubiquitination. (A) Hip-
pocampal slices were treated with DHPG in 
the absence or presence of MG132 for the 
indicated times and samples were homoge-
nized and processed for Western blotting in 
16% tricine gel. Data are presented as the 
ratio (fold of control) of free ubiquitin (Ub) 
over 14-3-3γ. *, P < 0.05 versus control (n = 
7–10, one-way ANOVA). Error bars indicate 
means ± SEM. (B) Hippocampal slices were 
incubated with DMSO or G1+DHPG (G1+D) 
in the presence of MG132. Samples were then 
analyzed by Western blotting before (input) 
or after immunoprecipitation (IP) with GluA1 
antibody or IgG. The right panel shows an 
immunoblot for GluA1 and a merged image 
of immunoblots for GluA1 (red) and ubiquitin 
(green). Asterisks indicate bands correspond-
ing to ubiquitinated GluA1.
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mGluR-LTD in CA3, providing a novel mode of regulation of 
synaptic plasticity by estrogen.

Activation of both ERα/β and GPER1 by E2 rapidly 
improves memory consolidation in a variety of learning par-
adigms when E2 is administered immediately after acqui-
sition (Ervin et al., 2013). Similarly, chronic or short-term 
activation of GPER1 has been reported to enhance spatial 
memory in ovariectomized rats (Hammond et al., 2009; 
Hawley et al., 2014), whereas chronic treatment with a 
GPER1 antagonist impairs spatial memory acquisition both 
in intact and ovariectomized rats (Hammond et al., 2012). 
Furthermore, E2 injections into the dorsal hippocampus 
increase mTOR phosphorylation, an effect required for in-
crease in memory consolidation (Fortress et al., 2013). Col-
lectively, these studies highlight the importance of GPER1 
and of the Akt/mTOR signaling pathway in estrogen mod-
ulation of learning and memory. In addition, mossy fiber 
LTD has been implicated in spatial memory (Hagena and 
Manahan-Vaughan, 2011), suggesting that the mechanism 
described here could play an important role in estrogen-in-
duced cognitive enhancement. Because most behavioral 
studies with estrogen have been performed in ovariecto-
mized rats, it would be important to study whether a similar 
modulation of mGluR-LTD by estrogen occurs in cycling 
females. Likewise, more studies are also needed to under-
stand how brain-derived estrogen regulates male cognition, 
considering that the levels of estrogen in male hippocampus 
are higher than those in female rats at any stage of the es-
trous cycle (Hojo et al., 2011). In this regard, activity-de-
pendent changes in locally synthesized estrogen could be 
involved in the rapid modulation of synaptic plasticity by 
estrogen in adult male rats (Hojo et al., 2004).

Roles of GPER1 and BDNF in mossy fiber 
synaptic plasticity
Our previous studies have identified a novel signaling path-
way by which BDNF regulates dendritic protein synthesis, 
which involves calpain-mediated PTEN degradation up-
stream of Akt and mTOR activation (Briz et al., 2013). We 
also found that estrogen stimulates the same signaling cas-
cade in hippocampal slices via activation of GPER1 (Briz 
and Baudry, 2014). Here, we report that E2- and G1-induced 
increase in Akt/mTOR signaling and protein translation re-
quires BDNF release and TrkB receptor activation. Our re-
sults are in good agreement with a previous report showing 
that estrogen stimulates BDNF release from dentate granule 
cells, which in turn enhances PSD95 expression and syn-
aptogenesis in CA3 (Sato et al., 2007), although the effects 
were examined at a later time point (24  h after estrogen 
treatment). We did not observe significant changes in PSD95 
immunostaining 1 h after G1 treatment, suggesting that the 
estrogenic effects on PSD95 expression may involve a ge-
nomic mechanism. Supporting this notion, a recent in vivo 
study reported that PSD95 expression increased in CA3 6 h 
after G1 administration (Waters et al., 2015).

GPER1 activation has been reported to regulate the re-
lease of growth factors and hormones, as well as neurotransmit-
ters (Filardo et al., 2000; Mårtensson et al., 2009; Hammond 
et al., 2011). We now show that both E2 and G1 rapidly (within 
1 h) stimulate BDNF release from cultured neurons and reg-
ulate synaptic plasticity in CA3 through a rapid nongenomic 
mechanism. Consistent with our results, Sato et al. (2007) 

showed that estrogen-induced BDNF release was not blocked 
by the ER antagonist ICI182780 but involves instead PKA ac-
tivity, which is known to be downstream of GPER1 activation 
(Filardo et al., 2002; Hsieh et al., 2007; Zucchetti et al., 2014). 
PKA activation also stimulates BDNF release during different 
forms of synaptic plasticity (Patterson et al., 2001; Taniguchi 
et al., 2006), including at mossy fiber–CA3 synapses (Siva-
kumaran et al., 2009). GPER1 has been recently detected in 
hippocampal dendritic spines and axon terminals (Akama et 
al., 2013; Waters et al., 2015), being particularly abundant in 
the CA3 stratum lucidum (Waters et al., 2015). Notably, this 
particular CA3 subfield is where the axons of the dentate gran-
ule cells make synaptic contacts with CA3 pyramidal neurons, 
and where BDNF-containing presynaptic boutons are located 
(Danzer and McNamara, 2004; Scharfman and MacLusky, 
2014), further supporting the role of GPER1 in BDNF release. 
In addition, aromatase expression has been detected in termi-
nal processes in CA3 (Hojo et al., 2004), further suggesting 
that locally synthesized estrogen may regulate synaptic plas-
ticity in this hippocampal area.

Emerging evidence indicates that BDNF is an important 
mediator of steroid modulation of mossy fiber synaptic plas-
ticity and sprouting (Scharfman and MacLusky, 2014). For 
instance, Scharfman et al. (2003) found an increase in BDNF 
immunoreactivity and synaptic excitability in CA3 pyrami-
dal neurons at proestrous in female rats, the later effect being 
reversed by the TrkB receptor antagonist K252a. Despite the 
overall low expression of BDNF in hippocampus of male rats, 
as compared with females (Scharfman et al., 2003), BDNF 
protein has been reported to rapidly increase after acute slice 
preparation, especially in the CA3 pyramidal cell layer (Danzer 
et al., 2004). In our study, BDNF-mediated modulation of Arc 
synthesis and GluA1 levels was restricted to CA3. Collectively, 
these findings support the idea that BDNF plays a prominent 
role in mossy fiber plasticity.

Concluding remarks
The mechanism underlying GPER1-mediated regulation of 
mGluR-LTD we identified represents a new type of estro-
gen-mediated modulation of synaptic plasticity. In contrast to 
the effects of estrogen on LTP in CA1, where estrogen lowers 
the threshold and enhances the magnitude of LTP consolida-
tion (Kramár et al., 2009), the estrogen effect in CA3 appears 
to “prime” synapses to undergo LTD if the appropriate stim-
ulation occurs. In the absence of such stimulation, changes 
in synaptic proteins (i.e., Arc and GluA1) elicited by GPER1 
activation return to basal conditions. This phenomenon fits 
well with the two-step wiring plasticity model proposed for 
estrogen modulation of NMDA receptor–mediated synap-
tic plasticity (Srivastava et al., 2008). In that case, estrogen 
rapidly and transiently down-regulates GluA1 (with a similar 
time-course as the one we found here) to generate silent syn-
apses, which undergo potentiation if NMDA stimulation oc-
curs within the appropriate interval of time. Intriguingly, our 
study and others indicate that estrogen enhances mGluR-LTD, 
whereas it transforms NMDA-LTD into LTP (Shiroma et al., 
2005), an effect apparently mediated by different ER isoforms 
(Mukai et al., 2007). Therefore, the type of stimulation as well 
as the nature of the activated estrogen receptor would modify 
synaptic responses toward potentiation or depression, which 
provide a large repertoire for estrogen-mediated modulation 
of synaptic plasticity.
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Materials and methods

Animals were treated in accordance with the principles and procedures 
of the National Institutes of Health Guide for the Care and Use of Labo-
ratory Animals; all protocols were approved by the Institutional Animal 
Care and Use Committee of Western University of Health Sciences.

Acute hippocampal slice preparation
Hippocampal slices were prepared from 2–4-mo-old male 
Sprague-Dawley rats, as described previously (Briz and Baudry, 2014), 
with minor modifications. In brief, isolated hippocampi were trans-
ferred to oxygenated, ice-cold cutting medium containing (in mM): 
sucrose (220), NaCl (20), NaHCO3 (26), d-glucose (10), KCl (2.5), 
NaH2PO4 (1.25), and MgSO4 (2), and cut into 350-µm-thick transverse 
slices. Hippocampal slices were maintained in a recovery chamber with 
artificial cerebrospinal fluid (aCSF) medium, containing (in mM): NaCl 
(124), KCl (2.5), CaCl2 (2.5), MgSO4 (1.5), NaH2PO4 (1.25), NaHCO3 
(24), and d-glucose (10), and saturated with 95% O2/5% CO2, for 1 h 
at 37°C. Hippocampal slices were then transferred into screw-cap mi-
crofuge tubes containing freshly oxygenated aCSF medium in the pres-
ence of various drugs. CA1 and CA3-DG mini-slices were obtained by 
dissecting out the respective regions under a light microscope, before 
transferring them into microfuge tubes.

Drug treatments
Slices were incubated with 10 nM E2 (EMD Millipore) or 100 nM G1 
(Tocris Bioscience) at 37°C for the indicated periods of time. Alterna-
tively, slices were incubated with 100 nM PPT (Tocris Bioscience) or 10 
nM DPN (Tocris Bioscience) for 1 h. Treatment with DHPG (100 µM; 
Tocris Bioscience) was generally performed 1 h after G1 application 
and lasted 15 min, unless stated otherwise. In some experiments, slices 
were pretreated for 30 min with different inhibitors or antagonists, in-
cluding ANA-12 (50 µM; Tocris Bioscience), cycloheximide (25 µM; 
Tocris Bioscience), MG132 (25  µM; EMD Millipore), rapamycin 
(1 µM; Cell Signaling Technology), and G36 (1 µM; Azano Biotech). 
TrkB-Fc (2 µg/ml; R&D Systems) or IgG-Fc (2 µg/ml; Bethyl Labora-
tories, Inc.) were preincubated for 1 h before chemical treatment.

Electrophysiology
After 2 h of incubation in the recording chamber, a single glass pipette 
filled with 2 M NaCl was used to record fEPSPs elicited by chemical 
stimulation (bath application of 100 µM DHPG). Responses in CA3sr 
were recorded through a differential amplifier (DAM 50; World Preci-
sion Instruments, Inc.) with a 10 kHz high-pass and 0.1 Hz low-pass 
filter. Data were collected and digitized by Clampex (Molecular De-
vices), and the slope of fEPSP was analyzed. The LTD level was nor-
malized to the 10-min baseline.

Membrane fractionation
Subcellular fractionation was performed as described previously (Sun 
et al., 2015), with minor modifications. After treatment, 4–5 hippo-
campal slices (or 9–10 CA1/CA3-DG mini-slices) were pooled and 
homogenized in ice-cold Hepes-buffered sucrose solution (0.32  M 
sucrose and 4 mM Hepes, pH 7.4) containing protease and phospha-
tase inhibitor cocktails (Thermo Fisher Scientific), 2 mM EDTA, and 
2 mM EGTA. Homogenates were centrifuged at 900 g for 10 min to 
remove large debris (P1). The supernatant (S1) was then centrifuged 
at 11,000 g for 20 min to obtain the crude synaptosomal (P2) and cy-
tosolic (S2) fractions. The P2 pellets were sonicated in RIPA buffer 
(Thermo Fisher Scientific) containing protease/phosphatase inhibitors. 
For whole homogenates, hippocampal slices were individually ho-
mogenized in RIPA buffer containing protease/phosphatase inhibitors. 

Protein concentrations were determined with a BCA protein assay kit 
(Thermo Fisher Scientific). ​

BDNF release assay
Detection of BDNF released into the extracellular media was performed 
in primary cultures of cortical neurons from embryonic day 16–18 rat 
pups, as described previously (Jourdi et al., 2009). In brief, primary 
cultures of rat cortical neurons at day in vitro 14 were first washed with 
warm HBSS and then incubated with TrkB-Fc (1 h, 2 µg/ml) before 
being treated with different estrogen receptor agonists for 1 h. At the 
end of treatments, medium from three to four dishes was collected and 
concentrated (30–40×) using filter-centrifugation through a Vivaspin 20 
column (Vivascience) at 4°C.  Samples were processed for immuno-
blotting using antibodies against BDNF (1:500, AB1779SP; EMD Mil-
lipore; 1:200, sc-546) and TrkB (1:1,000; Cell Signaling Technology).

Immunohistochemistry
Immunostaining and image acquisition were performed as described 
previously (Briz et al., 2015), with minor modifications. In brief, hip-
pocampal slices were fixed in 4% paraformaldehyde for 1 h and cryo-
protected in 30% sucrose for 1 h at 4°C, and sectioned on a freezing 
microtome at 30 µm. Sections were blocked in 0.1 M PBS containing 
10% goat serum and 0.4% Triton X-100, and then incubated overnight 
at 4°C in 0.1 M PBS containing 5% goat serum and 0.4% Triton X-100 
and the following primary antibodies: rabbit anti-Arc (1:50, sc-15325, 
Santa Cruz Biotechnology, Inc.; 1:500, EMD Millipore), rabbit an-
ti-GluA1 (1:400, AB1504; EMD Millipore), mouse anti-GluA1 (1:50, 
sc-13152; Santa Cruz Biotechnology, Inc.), rabbit anti-PSD95 (1:50, 
ab18258; Abcam), and mouse anti-PSD95 (1:500, MA1-045/046; 
Thermo Fisher Scientific). Sections were then incubated with Alexa 
Fluor 594 goat anti–rabbit IgG (A-11037; Life Technologies) and 
Alexa Fluor 488 goat anti–mouse IgG (A-11001) for 2 h at room tem-
perature, and sealed in slides with mounting medium containing DAPI 
(Vector Laboratories). Immunostained slices were examined under a 
confocal fluorescence microscope (Eclipse TE2000 C1; Nikon) at 
room temperature using EZ-C1 software. Quantification of dendritic 
punctas was performed using ImageJ software by counting the number 
of particles (2–100 pixels) per field (100× objective lens using 150 µm 
of pinhole aperture and 512 × 512 pixels of resolution). Colocaliza-
tion analysis was performed using “Just another Colocalisation plugin” 
under ImageJ software and results expressed as normalized ratios of 
Arc-positive punctas colocalized with PSD95-positive punctas over 
total PSD95-positive punctas (M1 coefficient).

Immunoprecipitation
Equal amounts (2 mg) of lysate proteins were collected from hippo-
campal slices treated with DMSO or G1+DHPG in the presence of 
MG132. Samples were immunoprecipitated with protein A/G agarose 
beads (Thermo Fisher Scientific) previously coated with 4 µg of ei-
ther GluA1 antibody (AB1504) or IgG (sc-2027). Anti-ubiquitin (Fk2; 
Enzo Life Sciences) and anti-GluA1 (AB1504 and sc-13152) antibod-
ies were used for immunoblotting.

Immunoblot
After sample processing, 10–40 µg of denatured proteins were sub-
jected to 8–15% SDS-PAGE, as described previously (Briz and Bau-
dry, 2014). To detect free ubiquitin, samples were run in 16% tricine 
gels, as described previously (Schägger, 2006). The following primary 
antibodies were used at 1:1,000 dilution, unless otherwise stated: 
phospho-mTOR (Ser2448) and mTOR (both from Cell Signaling 
Technology), phospho-Akt (Ser473) and Akt (both from Cell Sig-
naling Technology), PTEN (Cell Signaling Technology), αCaMKII 
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(Cell Signaling Technology), ubiquitin (Cell Signaling Technology), 
phospho-GluA1 (Ser831; EMD Millipore), phospho-GluA1 (Ser845; 
EMD Millipore), GluA1 (EMD Millipore), GluA1 (1:50, sc-13152), 
GluA2/3 (1:500; EMD Millipore), PSD95 (1:2,000; Thermo Fisher 
Scientific), Arc (1:200, sc-15325), 14-3-3γ (1:500, sc-1019), and actin 
(1:10,000; EMD Millipore).

Statistical analysis
Statistical comparisons were made by using one-way analyses of vari-
ance (ANOVA) followed by Dunnett’s multiple comparison test and 
two-way ANOVA followed by Bonferroni posttest analysis. Results 
were generally calculated as means ± SEM from the indicated number 
of independent experiments and expressed as fold of the indicated con-
trol. P-values >0.05 were regarded as not significant.

Online supplemental material
Fig. S1 shows region-specific effects of G1 and DHPG on Arc immunos-
taining. Fig. S2 shows that G1-induced GluA1 internalization requires 
TrkB receptor activation. Fig. S3 shows the effects of G1 on baseline 
fEPSPs in the CA3 area of the hippocampus. Fig. S4 shows that MG132 
blocks down-regulation of GluA1 immunostaining by G1+DHPG. Fig. 
S5 shows the effects of MG132 and G1+DHPG on GluA1 phosphor-
ylation. Online supplemental material is available at http://www.jcb.
org/cgi/content/full/jcb.201504092/DC1. Additional data are available 
in the JCB DataViewer at http://dx.doi.org/10.1083/jcb.201504092.dv.
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