
Behavioral/Cognitive

17!-Estradiol and Agonism of G-protein-Coupled Estrogen
Receptor Enhance Hippocampal Memory via Different Cell-
Signaling Mechanisms
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The ability of 17!-estradiol (E2 ) to enhance hippocampal object recognition and spatial memory depends on rapid activation of extra-
cellular signal-regulated kinase (ERK) in the dorsal hippocampus (DH). Although this activation can be mediated by the intracellular
estrogen receptors ER" and ER!, little is known about the role that the membrane estrogen receptor GPER plays in regulating ERK or
E2-mediated memory formation. In this study, post-training DH infusion of the GPER agonist G-1 enhanced object recognition and
spatial memory in ovariectomized female mice, whereas the GPER antagonist G-15 impaired memory, suggesting that GPER activation,
like E2 , promotes hippocampal memory formation. However, unlike E2 , G-1 did not increase ERK phosphorylation, but instead signifi-
cantly increased phosphorylation of c-Jun N-terminal kinase (JNK) in the DH. Moreover, DH infusion of the JNK inhibitor SP600125
prevented G-1 from enhancing object recognition and spatial memory, but the ERK inhibitor U0126 did not. These data suggest that GPER
enhances memory via different cell-signaling mechanisms than E2. This conclusion was supported by data showing that the ability of E2

to facilitate memory and activate ERK signaling was not blocked by G-15 or SP600125, which demonstrates that the memory-enhancing
effects of E2 are not dependent on JNK or GPER activation in the DH. Together, these data indicate that GPER regulates memory
independently from ER" and ER! by activating JNK signaling, rather than ERK signaling. Thus, the findings suggest that GPER in the DH
may not function as an estrogen receptor to regulate object recognition and spatial memory.
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Introduction
Although sex steroid hormones, such as the potent estrogen 17!-
estradiol (E2), influence the etiology and symptomatology of dis-
orders, such as depression and dementia in women (Kessler et al.,
2005; Yaffe et al., 2007), the neural mechanisms through which

estrogens regulate cognitive function are not well understood.
E2 can enhance hippocampal-dependent object recognition and
spatial memory in female rodents by rapidly activating nume-
rous cell-signaling cascades, including the extracellular signal-
regulated kinase (ERK) pathway (Fernandez et al., 2008; Lewis et
al., 2008; Boulware et al., 2013; Fortress et al., 2013; Pereira et al.,
2014). Yet the estrogen receptors (ERs) that mediate these rapid
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Significance Statement

Although 17!-estradiol has long been known to regulate memory function, the molecular mechanisms underlying estrogenic
memory modulation remain largely unknown. Here, we examined whether the putative membrane estrogen receptor GPER acts
like the classical estrogen receptors, ER" and ER!, to facilitate hippocampal memory in female mice. Although GPER activation
did enhance object recognition and spatial memory, it did so by activating different cell-signaling mechanisms from ER", ER!, or
17!-estradiol. These data indicate that 17!-estradiol and GPER independently regulate hippocampal memory, and suggest that
hippocampal GPER may not function as an estrogen receptor in the dorsal hippocampus. These findings are significant because
they provide novel insights about the molecular mechanisms through which 17!-estradiol modulates hippocampal memory.
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effects remain unclear. The intracellular ERs, ER", and ER!, en-
hance hippocampal object recognition and spatial memory in
female mice by activating ERK signaling in the dorsal hippocam-
pus (DH) within 5 min (Boulware et al., 2013). However, little is
known about the role of membrane ERs, such as GPER, in hip-
pocampal memory formation.

GPER is a G-protein-coupled receptor (GPCR) previously
known as GPR30 (Funakoshi et al., 2006). GPER is expressed at
high levels in the brain, including within the plasma membrane of
neurons in the hippocampus and prefrontal cortex (Brailoiu et
al., 2007; Akama et al., 2013; Almey et al., 2014). Similar to other
GPCRs, GPER can activate cell-signaling pathways, such as ERK/
MAPK, Akt, and c-Jun N-terminal kinase (JNK; Chimento et al.,
2012). Moreover, E2 reportedly binds GPER with high affinity in
peripheral tissues (Thomas et al., 2005; Prossnitz et al., 2007),
prompting a name change from GPR30 to GPER. However, some
investigators maintain that GPER is not a true ER, but may in-
stead collaborate in mediating the biological actions of estrogens
(Levin, 2009; Langer et al., 2010).

GPER has been shown to affect hippocampal-dependent spa-
tial working memory in studies using systemic injections of the
GPER agonist G-1 or antagonist G-15 (Hammond et al., 2009;
Hammond and Gibbs, 2011; Hawley et al., 2014). These studies
found that G-1 enhances, whereas G-15 impairs, spatial memory
in ovariectomized rats. However, their use of systemic injections
does not permit definitive conclusions about the role of hip-
pocampal GPER in memory formation. Furthermore, these stud-
ies did not examine the molecular mechanisms underlying the
memory-enhancing effects of GPER. As such, the present study
used DH infusions of G-1 and G-15 to pinpoint the role of
DH GPER in regulating hippocampal memory and to determine
whether similar cell-signaling mechanisms are necessary for
GPER and E2 to enhance hippocampal memory.

Here, we report that activation of DH GPER enhances both
object recognition and spatial memory in ovariectomized female
mice, but that these effects depend on JNK, not ERK, signaling in
the DH. This important role of JNK in GPER-induced regulation
of memory is consistent with the involvement of JNK signaling
in synaptic plasticity, neuronal regeneration, and brain develop-
ment (Tararuk et al., 2006; Waetzig et al., 2006). Interestingly, the
memory-enhancing effects of E2 were not dependent on either
JNK or GPER activation in the DH. Collectively, these data sug-
gest that GPER enhances hippocampal memory by activating dif-
ferent cell-signaling cascades than E2. Thus, GPER in the DH
does not appear to mediate the beneficial effects of E2 on object
recognition and spatial memory.

Materials and Methods
Subjects. Subjects were female C57BL/6 mice (8 –10 weeks of age) pur-
chased from Taconic Biosciences. After surgery, mice were singly housed
in a room with a 12 h light/dark cycle, and were allowed ad libitum access
to food and water. All behavioral testing was performed between 9:00
A.M. and 6:00 P.M. in a quiet room with dim lights. All procedures were
approved by the University of Wisconsin-Milwaukee Institutional Ani-
mal Care and Use Committee, and followed policies set forth by the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals.

General experimental design. After recovery from cannula implanta-
tion and ovariectomy surgery, mice underwent behavioral testing in an
object-recognition (OR) task to measure object recognition memory and
an object placement (OP) task to measure spatial memory. These tasks
were chosen because they are sensitive to E2, and the single training trial
used for each is ideal for linking rapid biochemical alterations to memory
formation. In ovariectomized mice, immediate post-training bilateral

infusion of 5 #g E2 into the dorsal hippocampus enhances OR tested 48 h
after infusion (Fernandez et al., 2008; Fan et al., 2010; Zhao et al., 2010,
2012; Boulware et al., 2013; Fortress et al., 2013, 2014; Pereira et al., 2014)
and OP tested 24 h after infusion (Boulware et al., 2013; Fortress et al.,
2014). Each task used unique sets of objects to maintain novelty and
prevent interference from one task to the other. OR and OP testing were
separated by 2 weeks to allow the hippocampus to fully recover from
infusion. The order of testing varied for animals within each group. Two
weeks after the final behavioral testing, mice were infused and the dorsal
hippocampus was collected bilaterally 5, 10, 15, or 30 min later for West-
ern blotting (Fig. 1).

Surgery. Four days after arrival in the laboratory, mice were bilaterally
ovariectomized and implanted with chronic indwelling guide cannulae
within the same surgical session as described previously (Boulware et al.,
2013; Fortress et al., 2013, 2014). Mice were anesthetized with isoflurane
gas (2% isoflurane in 100% oxygen) and secured in a stereotaxic appara-
tus (Kopf Instruments). Following ovariectomy, mice were implanted
with guide cannulae (22 gauge; C232G, Plastics One) into the DH (!1.7
mm AP, "1.5 mm ML, !2.3 mm DV) or DH and dorsal third ventricle
[intracerebroventricular (i.c.v.); !0.9 mm AP, "0.0 mm ML, !2.3 mm
DV] as described previously (Boulware et al., 2013; Fortress et al., 2013,
2014). Dummy cannulae (C232DC, Plastics One) were inserted into all
guide cannulae to preserve patency of the guide cannulae. Cannulae were
fixed to the skull with dental cement (Darby Dental) that served to close
the wound. Mice were allowed 6 d to recover from surgery before the start
of behavioral testing.

Drugs and infusions. During infusions, mice were gently restrained and
dummy cannulae were replaced with an infusion cannula (C313I; DH: 28

Figure 1. General experimental design for all studies. See text for details. OVX, Ovariectomy.
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gauge, extending 0.8 mm beyond the 1.5 mm guide; i.c.v., 28 gauge,
extending 1.0 mm beyond the 1.8 mm guide) attached to PE50 polyeth-
ylene tubing that was mounted on a 10 #l Hamilton syringe. Infusions
were controlled by a microinfusion pump (KDS Legato 180, KD Scien-
tific) and conducted immediately post-training at a rate of 0.5 #l/min in
the DH or 1 #l/2 min into the dorsal third ventricle as described previ-
ously (Boulware et al., 2013; Fortress et al., 2013, 2014). Infusion cannu-
lae remained in place for 1 min after each infusion to prevent diffusion
back up the cannula track. For studies in which E2 or G-1 was adminis-
tered in combination with G-15 or a cell-signaling inhibitor, the antag-
onist or cell-signaling inhibitor was first infused bilaterally into the DH
and then E2 or G-1 was infused intracerebroventricularly immediately
afterward. We routinely use this triple infusion protocol to prevent pos-
sible damage to the DH from two DH infusions in rapid succession
(Fernandez et al., 2008; Fan et al., 2010; Zhao et al., 2010, 2012; Boulware
et al., 2013; Fortress et al., 2013). This protocol allows us to infuse com-
pounds adjacent to the DH while inhibiting receptor or cell-signaling
activation directly within the DH.

G-1 (1-[4-(6-bromobenzo[1,3]dioxol-5yl)-3a,4,5,9b-tetrahydro-3H-
cyclopenta [c]quinolin-8-yl]-ethanone; Azano Biotech) was dissolved in
16% dimethylsulfoxide (DMSO) and infused at doses of 2 or 4 ng/hemi-
sphere into the DH or 8 ng intracerebroventricularly. G-1 is a selective
agonist for GPER that does not bind ER" and ER! at concentrations
up to 10 #M in vitro (Bologa et al., 2006; Blasko et al., 2009). The veh-
icle control for G-1 was 16% DMSO in 0.9% saline. G-15 ((3aS*,4R*,
9bR*)-4-(6-bromo-1,3-benzodioxol-5-yl)-3a,4,5,9b-3H-cyclopenta[c]
quinolone; Azano Biotech) was dissolved in 2% DMSO and infused at
doses of 1.85, 3.7, and 7.4 ng/hemisphere into the DH. G-15 is a selective
antagonist for GPER that also does not bind to ER" and ER! at concen-
trations up to 10 #M in vitro (Dennis et al., 2009). The vehicle control for
G-15 was 2% DMSO in 0.9% saline.

Cyclodextrin-encapsulated E2 (Sigma-Aldrich) was dissolved in 0.9%
saline and infused at doses of 5 #g/hemisphere into the DH or 10 #g
intracerebroventricular (Zhao et al., 2012; Boulware et al., 2013). The
vehicle control for E2 was 2-hydroxypropyl-!-cyclodextrin (HBC,
Sigma-Aldrich), dissolved in 0.9% saline using the same amount of cy-
clodextrin as E2 for infusions. The JNK inhibitor SP600125 (Anthra[1,9-
cd]pyrazol-6(2H)-one; Sigma-Aldrich) was dissolved in 2% DMSO and
infused at doses of 0.55 and 2.75 ng/hemisphere into the DH. SP600125
is a selective inhibitor for JNK that does not affect other MAPK family
members such as ERK or p38 at concentrations #10 #M (Bennett et al.,
2001). The vehicle control for SP600125 was 2% DMSO in 0.9% saline.
The MEK inhibitor U0126 (1,4-diamino-2,3-dicyano-1,4-bis (o-
aminophenylmercapto) butadiene; Promega) was dissolved in 25%
DMSO and infused at a dose of 0.5 #g/hemisphere into the DH. This
dose does not impair OR and OP memory by itself (Fernandez et al.,
2008; Boulware et al., 2013), and therefore, any effects of U0126 in com-
bination with E2 or G-1 cannot be attributed to a general memory-
impairing effect of this compound. The vehicle control for U0126 was
25% DMSO in 0.9% saline.

Object recognition and object placement. OR and OP were conducted to
examine hippocampus-dependent object recognition and spatial mem-
ory. Both tasks have been shown to involve DH function (Baker and Kim,
2002; Luine et al., 2003; Frye et al., 2007; Cohen et al., 2013) and are
sensitive to E2 treatment (Gresack and Frick, 2006; Zhao et al., 2010).
Before the start of behavioral training, mice were handled (1 min/d) for
3 d to acclimate them to the experimenters. They were also familiarized
with objects by placing a small Lego not used during testing in their home
cage for 4 d. At the start of training, mice were habituated to the empty
white arena (width, 60 cm; length, 60 cm; height, 47 cm) by allowing
them to explore for 5 min/d for 2 consecutive days. On the third day,
mice were habituated for 2 min in the arena, and then placed in a holding
cage while two identical objects were placed near the northwest and
northeast corners of the arena. Mice were then returned to the arena and
allowed to freely explore the objects until they accumulated 30 s of inves-
tigation (or until a total of 20 min had elapsed). Immediately after this
training, mice were infused and then returned to their home cage. After
24 or 48 h, memory was tested by allowing mice to accumulate 30 s
exploring a novel object and an object identical to one of the familiar

objects from training. Time spent with the objects and elapsed time to
accumulate 30 s of exploration were recorded using ANYmaze tracking
software (Stoelting). Because mice inherently prefer novelty, mice that
remember the familiar training object spend more time than chance (15
s) investigating the novel object. Chance was set at 15 s because this is the
value at which mice spend exactly the same amount of time with each
object. As such, chance levels of performance represent no memory of the
training objects. Because vehicle-infused female mice do not remember
the familiar object 48 h after training (Gresack et al., 2007; Boulware et
al., 2013; Fortress et al., 2014; Pereira et al., 2014), a 48 h delay was used
to test the memory-enhancing effects of E2 and G-1. However, vehicle-
infused female mice do remember the familiar object 24 h after training
(Gresack et al., 2007; Fan et al., 2010; Zhao et al., 2012; Boulware et al.,
2013), so the shorter 24 h delay was used to test the potential memory
impairing effects of G-15 and cell-signaling inhibitors.

The OP task used the same apparatus and general procedure as OR,
but instead of substituting a novel object for a training object during
testing, one familiar object was moved to the southeast or southwest
corner of the testing arena. Different objects were used in OP and OR.
Because vehicle-infused females remember the original object placement
after 4 h, but not 24 h (Boulware et al., 2013), we used the 24 h delay to
test memory-enhancing effects of E2 and G-1, and the 4 h delay to test
memory-impairing effects of G-15 and cell-signaling inhibitors. Two
weeks separated OR and OP testing to allow acute effects of drug infu-
sions to dissipate before the next infusion.

Western blotting. Western blotting was performed as described previ-
ously (Fernandez et al., 2008; Boulware et al., 2013). To determine the
effects of G-1 on DH cell signaling, mice were cervically dislocated and
decapitated, and the DH was dissected bilaterally on an ice-cold plate 5,
15, or 30 min after infusion. To expose the DH, the overlying parietal,
occipital, and temporal cortices were removed using a scalpel and for-
ceps. Horizontal cuts were made at a 45° angle through each side of the
DH at the level of the base of the superior colliculus. The fornix was then
transected with the scalpel blade and the entire DH, including the dentate
gyrus and cornu ammonis fields, was bilaterally removed with forceps
and placed in a 1.5 ml microcentrifuge tube. Tissue samples were imme-
diately weighed and frozen on dry ice, and then stored at !80°C until
homogenization. To determine the effects of E2, on DH cell signaling, the
DH was dissected bilaterally 5 or 10 min after infusion. In all other
experiments, the DH was dissected bilaterally 5 min after infusion. DH
tissues were resuspended to 50 #l/mg in lysis buffer and homogenized
using a sonicator (Branson Sonifier 250) as described previously (For-
tress et al., 2015). Proteins were then electrophoresed on 10% Tris-HCl
precast gels (Bio-Rad) and transferred to PVDF membranes (Bio-Rad).
Western blots were blocked with 5% skim milk and incubated with
primary antibodies (phospho-ERK, phospho-Akt, phospho-PI3K,
phospho-JNK, and phospho-ATF2, 1:1000; Cell Signaling Technology)
overnight at 4°C. Blots were then incubated for 1 h at room temperature
with a rabbit HRP-conjugated secondary antibody (1:5000; Cell Signal-
ing Technology), and developed using West Dura chemiluminescent
substrate (Pierce). A ChemiDoc MP gel imager (Bio-Rad) was used to
detect signal correlating with protein expression. Densitometry was per-
formed using Carestream Molecular Imaging Software (Carestream
Healthcare). Blots then were stripped with 0.2 M NaOH and incubated
with antibodies (total-ERK, total-Akt, total-PI3K, and total-JNK, 1:1000;
!-actin, 1:5000; Cell Signaling Technology) for protein normalization.
Data were represented as percentage immunoreactivity relative to vehicle
controls. Treatment effects were measured within single gels (n $ 5– 8/
group).

Statistics. For OR and OP data, one-sample t tests were conducted
using SPSS (IBM) to determine whether each group spent more time
than chance (15 s) exploring the novel or moved object (Gresack and
Frick, 2003; Gervais et al., 2013; Pereira et al., 2014). This analysis is
essential to determine whether learning occurred within each group. For
between-group comparisons within each behavioral experiment, one-
way ANOVAs were conducted followed by Fisher’s LSD post hoc tests
using GraphPad Prism 6. Western blot data were also analyzed using
one-way ANOVAs followed by Fisher’s LSD post hoc tests and selected t
tests. Significance was determined at p # 0.05.

Kim et al. • GPER in Hippocampal Memory J. Neurosci., March 16, 2016 • 36(11):3309 –3321 • 3311



Results
GPER regulates hippocampal memory
We first infused the GPER agonist G-1 into the DH to determine
whether activation of GPER in the DH enhances OR and OP
memory. Mice received bilateral DH infusion of vehicle (16%
DMSO) or one of two doses of G-1 (2 or 4 ng/hemisphere) im-
mediately after OR training. Forty-eight hours later, mice infused
with vehicle or 2 ng G-1 spent no more time with the novel object
than chance (15 s). In contrast, mice infused with 4 ng/hemi-

sphere G-1 spent more time exploring the novel object than
chance (t(10) $ 3.4, p $ 0.007; Fig. 2A), suggesting that 4 ng G-1
enhanced OR memory. One-way ANOVA indicated a significant
main effect of treatment (F(2,30) $ 3.4, p $ 0.047) and post hoc
tests revealed that mice infused with 4 ng, but not 2 ng, G-1 spent
significantly more time with the novel object than mice infused
with vehicle (p $ 0.014). Elapsed time to accumulate 30 s of
exploration did not differ among the groups (F(2,30) $ 1.26, p %
0.05; vehicle $ 721.4 " 95.24; 2 ng G-1 $ 807.5 " 87.59; 4 ng

Figure 2. GPER activation enhances OR and OP memory. A, Mice receiving DH infusion of 4 ng/hemisphere G-1 (but not vehicle or 2 ng/hemisphere G-1) spent more time than chance (dashed line
at 15 s) with the novel object 48 h after training. This group also spent more time with the novel object than vehicle, indicating enhanced memory for the familiar object (vehicle, n $ 11; 2 ng G-1,
n $ 11; 4 ng G-1, n $ 11). B, Similarly, mice infused with 4 ng G-1, but not vehicle or 2 ng G-1, spent significantly more time with the moved object than the vehicle group or than chance 24 h after
OP training, indicating enhanced spatial memory (vehicle, n $ 11; 2 ng G-1, n $ 9; 4 ng G-1, n $ 10). C, Mice receiving 7.4 ng G-15 exhibited impaired OR memory relative to vehicle and chance
24 h after DH infusion, whereas mice receiving vehicle, 1.85 ng G-15, or 3.7 ng G-15 did not (vehicle, n $ 13; 1.85 ng G-15, n $ 10; 3.7 ng G-15, n $ 11; 7.4 ng G-15, n $ 10). D, In OP, 7.4 ng G-15
impaired spatial memory relative to vehicle and chance 4 h after DH infusion, but no other dose of G-15 affected memory (vehicle, n $ 16; 1.85 ng G-15, n $ 13; 3.7 ng G-15, n $ 13; 7.4 ng G-15,
n $ 14). E, Intracerebroventricular infusion of 8 ng G-1 significantly enhanced 48 h OR relative to vehicle (Veh) and chance, and DH infusion of 1.85 ng G-15 abolished this effect (Veh&Veh, n $
12; G-1&Veh, n $ 11; G-1&G-15, n $ 10). F, Similarly, G-15 prevented G-1 from enhancing OP relative to vehicle and chance (Veh&Veh, n $ 15; G-1&Veh, n $ 13; G-1&G-15, n $ 12). Each
bar represents the mean " SEM time spent with the novel or moved object (*p # 0.05, **p # 0.01,***p # 0.001 relative to chance; #p # 0.05, ##p # 0.01 relative to vehicle). n.s.,
Non-significant.
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G-1 $ 613.1 " 75.98). Mice also received bilateral DH infusion of
vehicle, 2 ng G-1, or 4 ng G-1 immediately after OP training.
Twenty-four hours later, mice infused with vehicle or 2 ng G-1
did not exhibit a preference for the moved object. However, as in
OR, mice receiving 4 ng/hemisphere of G-1 spent significantly
more time than chance with the moved object (t(9) $ 3.81, p $
0.004; Fig. 2B), demonstrating enhanced spatial memory. One-
way ANOVA revealed a significant main effect of treatment
(F(2,27) $ 4.08, p $ 0.028), driven by the fact that the 4 ng G-1
group spent significantly more time with the moved object than
the vehicle group (p $ 0.009). Elapsed time to accumulate 30 s of
exploration did not differ among the groups (F(2,27) $ 1.62, p %
0.05; vehicle $ 419.6 " 47.8; 2 ng G-1 $ 506.0 " 72.76; 4 ng
G-1 $ 371.1 " 33.61).

Because these data suggested that activation of GPER facili-
tates hippocampal memory, we next examined effects of GPER
antagonism on memory. Immediately after OR or OP training,
mice received bilateral DH infusion of vehicle (2% DMSO) or
one of three doses of G-15 (1.85, 3.7, or 7.4 ng/hemisphere).
Memory was tested 24 h later for OR and 4 h later for OP because
vehicle-infused ovariectomized female mice remember the famil-
iar and moved objects at these delays (Boulware et al., 2013).
Mice receiving vehicle (t(12) $ 5.28, p $ 0.0002), 1.85 ng G-15
(t(9) $ 4.46, p $ 0.002), or 3.7 ng G-15 (t(10) $ 2.44, p $ 0.035)
spent significantly more time than chance (15 s) with the novel
object 24 h after OR training (Fig. 2C), suggesting intact OR
memory after treatment with a low dose of G-15. In contrast,
mice receiving 7.4 ng G-15 did not prefer the novel object (t(9) $
0.006, p $ 0.996; Fig. 1C), suggesting that this dose impaired OR
memory. This conclusion was supported by a significant main
effect of treatment (F(3,40) $ 3.13, p $ 0.036) and post hoc tests
showing that mice infused with 7.4 ng G-15 spent significantly
less time with the novel object than mice infused with vehicle
(p $ 0.006) or 1.85 ng G-15 (p $ 0.04). No other groups differed
from each other. The main effect of treatment was not significant
for elapsed time to accumulate 30 s of exploration (F(3,40) $ 2.35,
p % 0.05; vehicle $ 456.4 " 43.56; 1.85 ng G-15 $ 645.1 " 62.11;
3.7 ng G-15 $ 568.5 " 57.09; 7.4 ng G-15 $ 520.7 " 45.84). In
OP, mice receiving DH infusion of vehicle (t(15) $ 3.72, p $
0.002), 1.85 ng G-15 (t(12) $ 7.08, p # 0.0001), or 3.7 ng G-15
(t(12) $ 2.84, p $ 0.015) spent significantly more time than
chance with the moved object, whereas mice infused with 7.4 ng
G-15 did not (t(9) $ 0.2, p $ 0.84; Fig. 2D). The main effect of
treatment was significant (F(3,52) $ 7.61, p $ 0.0003), due in part
to the fact that the 7.4 ng G-15 group spent significantly less time
with the moved object than the vehicle (p $ 0.009) and 1.85 ng
G-1 (p # 0.0001) groups. These data suggest that 7.4 ng G-15
impaired OP, as was seen with OR. The 1.85 ng G-15 group spent
significantly more time with the moved object than the vehicle
(p $ 0.039) or 3.7 ng G-15 (p $ 0.003) groups. Elapsed time to
accumulate 30 s of exploration did not differ among the groups
(F(3,52) $ 1.1, p % 0.05; vehicle $ 539.4 " 41.76; 1.85 ng G-15 $
605.7 " 57.83; 3.7 ng G-15 $ 663.2 " 56.18; 7.4 ng G-15 $
566.9 " 54.04).

Finally, to confirm that G-15 antagonizes the effects of G-1, we
examined whether G-15 could block G-1-induced memory-
enhancement. To this end, we infused G-1 into the dorsal third
ventricle and G-15 bilaterally into the DH. A dose of 8 ng G-1 was
infused into the dorsal third ventricle because bilateral DH infu-
sion of 4 ng/hemisphere G-1 enhanced memory in both tasks
(Fig. 2A,B). A dose of 1.85 ng/ hemisphere G-15 was used be-
cause this dose had no detrimental effects on memory in both
tasks and the 3.7 ng G-15 group did not differ from the 7.4 ng

G-15 group in either task (Fig. 2C,D). Immediately after training
in each task, mice received a DH infusion of vehicle (2% DMSO)
or G-15 (1.85 ng/hemisphere) followed immediately by an intra-
cerebroventricular infusion of vehicle (16% DMSO) or G-1 (8
ng). OR and OP retention were tested 48 and 24 h later, respec-
tively. In both tasks, G-15 blocked the memory enhancing effects
of G-1 (Fig. 2E,F). Only mice receiving G-1 & vehicle showed a
significant preference for the novel object (t(10) $ 5.17, p $
0.0004; Fig. 2E) and moved object (t(12) $ 3.38, p $ 0.005; Fig.
2F). The memory-enhancing effects of G-1 were also reflected in
significant main effects of treatment for OR (F(2,30) $ 5.57, p $
0.009) and OP (F(2,37) $ 3.54, p $ 0.039). Post hoc tests revealed
that the G-1&Veh group spent significantly more time with the
novel object (p $ 0.026) and moved object (p $ 0.019) than the
vehicle group. In contrast, DH infusion of G-15 abolished
the memory-enhancing effects of G-1, as illustrated by the fact
that the G-1&G-15 group significantly differed from the
G-1&Veh group, but not the Veh&Veh group, in OR (p $ 0.003)
and OP (p $ 0.04). Elapsed time to accumulate 30 s of explora-
tion did not differ among the groups for either OR (F(2,30) $ 0.9,
p % 0.05; Veh&Veh $ 456.4 " 31.49; G-1&Veh $ 539.3 "
65.77; G-1&G-15 $ 448.4 " 59.14) or OP (F(2,37) $ 1.55, p %
0.05; Veh&Veh $ 657.9 " 80.64; G-1&Veh $ 541.1 " 63.0;
G-1&G-15 $ 487.6 " 61.42). Collectively, these results demon-
strate that GPER activation is necessary for G-1 to enhance hip-
pocampal memory in female mice, and suggest that GPER
regulates both OR and spatial memory.

G-1 does not activate ERK or PI3K/Akt signaling in the DH
We have shown previously that the enhanced OR and spatial
memory induced by DH infusion of E2 or intracellular ER ago-
nists requires phosphorylation of p42 ERK and PI3K/Akt in the
DH (Fernandez et al., 2008; Fan et al., 2010; Boulware et al., 2013;
Fortress et al., 2013). To determine whether GPER also enhances
memory by activating these cell-signaling pathways, we first mea-
sured the effects of GPER activation on ERK phosphorylation.
Mice received bilateral DH infusion of 4 ng G-1 and the DH was
dissected bilaterally 5, 15, or 30 min later. In contrast to E2 (Fer-
nandez et al., 2008; Boulware et al., 2013), G-1 infusion did not
significantly increase levels of phospho-p42 ERK (F(3,16) $ 0.72,
p % 0.05) at any time point examined (Fig. 3A). G-1 also did not
affect levels of phospho-p44 ERK (F(3,16) $ 3.07, p # 0.05; Fig.
3A). We next examined activation of the PI3K/Akt signaling
pathway. G-1 did not affect levels of phospho-PI3K (F(3,16) $
0.68; p % 0.05; Fig. 3B), but did have a significant effect on
phospho-Akt (F(3,16) $ 3.94, p # 0.05; Fig. 3C) such that levels of
phospho-Akt were significantly decreased relative to vehicle 30
min after infusion (p # 0.05; Fig. 3C). These data are not consis-
tent with the increase in PI3K and Akt phosphorylation we have
observed 5 min after DH infusion of E2 (Fan et al., 2010). Collec-
tively, these data indicate that GPER activation does not activate
ERK or PI3K/Akt signaling in the DH, and suggest that the effects
of GPER activation on DH cell signaling differ from those of E2 or
classical ER agonists.

G-1 rapidly activates JNK signaling in the DH
We next investigated whether GPER activation could phos-
phorylate JNK in the DH. As a seven transmembrane domain
receptor, GPER is comprised of heterotrimeric G-protein sub-
units G"!$ (Filardo and Thomas, 2005), and the G!$-
subunit plays a role in activating protein kinase cascades, such
as ERK and JNK (Luttrell et al., 1999; Filardo and Thomas,
2005; Goldsmith and Dhanasekaran, 2007). Moreover, JNK is
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known to play an important role in synaptic plasticity, neuro-
nal regeneration, and brain development (Tararuk et al., 2006;
Waetzig et al., 2006). Therefore, we hypothesized that GPER
might phosphorylate one or both of the two JNK isoforms
(p46 and p54). Mice were bilaterally infused into the DH with
vehicle or 4 ng G-1 and phosphorylation of the JNK isoforms
was measured 5, 15, and 30 min later. G-1 significantly altered
the phosphorylation of both the p46 (F(3,16) $ 13.46, p #

0.0001; Fig. 4A) and p54 (F(3,16) $ 6.34, p # 0.005; Fig. 4B)
isoforms of JNK, such that phospho-protein levels were sig-
nificantly higher than vehicle 5 min after infusion ( p # 0.05).
These effects were transient, as levels of both phosphorylated
isoforms returned to baseline 15 min after infusion. We next
examined phosphorylation of the downstream JNK transcrip-
tion factor, activating transcription factor 2 (ATF2; Antoniou
and Borsello, 2012). G-1 infusion also significantly altered

Figure 3. GPER does not activate the ERK or PI3K/Akt signaling pathways. A, G-1 (4 ng/hemisphere) infusion did not increase DH p42 and p44 ERK phosphorylation relative to vehicle 5, 15, or 30
min after DH infusion (n $ 5/group). B, G-1 infusion significantly reduced Akt phosphorylation levels relative to vehicle in the DH 30 min after infusion (n $ 5/group). C, G-1 infusion did not alter
PI3K phosphorylation relative to vehicle 5, 15, or 30 min after DH infusion (n $ 5/group). Each bar represents the mean " SEM percentage change from vehicle controls (*p # 0.05). Insets,
Representative Western blots.

Figure 4. GPER activation increases JNK phosphorylation in the DH. A, B, DH infusion of G-1 (4 ng/hemisphere) significantly increased phosphorylation of the JNK p46 isoform (A) and p54 isoform
(B) relative to vehicle within 5 min. Levels returned to baseline 15 min later (n $ 5/group). C, G-1 infusion significantly increased phosphorylation of the downstream JNK transcription factor ATF2
relative to vehicle in the DH 5 min after infusion (n $ 6/group). D, E, Intracerebroventricular infusion of 8 ng G-1 significantly increased levels of phosphorylated p46 JNK (D) and p54 JNK (E) relative
to vehicle 5 min after infusion (n $ 6/group). These effects were blocked by DH infusion of G-15, indicating that GPER activation is necessary for G-1 to activate JNK signaling (n $ 6/group). F,
Neither G-1 nor G-15 altered phosphorylation of either ERK isoform (n $ 6/group). Each bar represents the mean " SEM percentage change from vehicle (*p # 0.05, **p # 0.01, ***p # 0.001).
Insets, Representative Western blots.
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levels of phospho-ATF2 (F(3,20) $ 3.3, p # 0.05; Fig. 4C).
Similar to both JNK isoforms, phospho-ATF2 levels were sig-
nificantly increased relative to vehicle 5 min after DH infusion
( p # 0.05), but not 15 or 30 min later.

To confirm that the G-1-mediated JNK activation observed
occurred via GPER activation, we next examined whether G-15
could block the effects of G-1 on JNK activation. Mice received
DH infusion of vehicle or G-15 plus intracerebroventricular in-
fusion of vehicle or G-1; DH tissue was collected 5 min later.
Consistent with the effects of DH G-1 infusion (Fig. 4A,B),
intracerebroventricular infusion of G-1 increased phosphoryla-
tion of both the p46 (F(2,15) $ 4.96, p # 0.05; Fig. 4D) and p54
(F(2,15) $ 7.89, p # 0.005; Fig. 4E) isoforms of JNK 5 min after
infusion (p # 0.05 relative to vehicle). Infusion of G-15 into the
DH completely blocked these effects (Fig. 4D,E), suggesting that
GPER activation induces JNK phosphorylation in the DH. In
contrast, neither G-1 alone nor G-1&G-15 significantly altered
ERK phosphorylation (p42, F(2,15) $ 0.58, p % 0.05; p44, F(2,15) $
0.65, p % 0.05; Fig. 4F), consistent with the lack of effect of DH
G-1 infusion on ERK (Fig. 3A).

Activation of JNK is necessary for GPER to regulate
hippocampal memory
Given the rapid activation of JNK by G-1, we next examined
whether this activation is necessary for G-1 to enhance memory.
To do so, we used the JNK activation inhibitor, SP600125. We
first needed to determine a dose of SP600125 that did not block
memory on its own to ensure that any effects of this drug resulted
from an interaction with G-1 rather than a general impairing
effect on memory. Therefore, we infused mice with vehicle (2%
DMSO) or one of two doses of SP600125 (0.55 or 2.75 ng/hemi-
sphere) immediately after OR or OP training. Mice receiving
vehicle (t(6) $ 3.27, p $ 0.02) or either dose of SP600125 (0.55 ng,
t(5) $ 2.7, p $ 0.043; 2.75 ng, t(7) $ 3.46, p $ 0.01) spent signif-
icantly more time than chance with the novel object 24 h after OR
training (Fig. 5A), suggesting that neither dose of SP600125 im-
paired OR memory. Similarly, mice infused with vehicle (t(8) $
3.87, p $ 0.005) or either dose of SP600125 (0.55 ng, t(9) $ 3.45,
p $ 0.007; 2.75 ng, t(7) $ 3.7, p $ 0.008) spent significantly more
time than chance with the moved object 4 h after OP training
(Fig. 5B), indicating that neither dose impaired OP memory. The

Figure 5. JNK inhibition, but not ERK inhibition, blocks GPER-mediated memory enhancement. A, Twenty-four hours after training, mice receiving DH infusion of vehicle or either dose of
SP600125 spent more time with the novel object than the vehicle group or than chance, suggesting that neither dose of SP600125 impaired OR memory (vehicle, n $ 7; 0.55 ng SP600125, n $ 6;
2.75 ng SP600125, n $ 8). B, Similarly, neither dose of SP600125 impaired OP memory, as indicated by the fact that all groups spent more time with the moved object than chance and that neither
SP600125 group differed from vehicle (vehicle, n $ 9; 0.55 ng SP600125, n $ 10; 2.75 ng SP600125, n $ 8). C, Immediately after OR training, mice received DH infusion of vehicle, SP600125 (1.85
ng/hemisphere), or U0126 (0.5 #g/hemisphere) followed by intracerebroventricular infusion of vehicle or G-1 (8 ng). Intracerebroventricular infusion of G-1 significantly enhanced OR memory
relative to vehicle and chance. SP600125 infusion blocked this effect, but U0126 did not (vehicle, n $11; G-1&Veh, n $8; G-1&SP, n $9; G-1&U0126, n $11). D, Immediately after OP training,
mice received DH and intracerebroventricular infusions as described in C. As with OR, G-1 enhanced OP memory relative to vehicle and chance, an effect that was blocked by SP600125 but not U0126
(Veh&Veh, n $ 14; G-1&Veh, n $ 13; G-1&SP, n $ 13; G-1&U0126, n $ 16). Each bar represents the mean " SEM time spent with the novel or moved object (*p # 0.05, **p # 0.01, ***p #
0.001 relative to chance; #p # 0.05, ##p # 0.01 relative to vehicle). n.s., Non-significant.
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lack of difference among the groups in both tasks was confirmed
by one-way ANOVAs in which the main effects of treatment were
not significant for OR (F(2,18) $ 0.998, p % 0.05) or OP (F(2,24) $
0.65, p % 0.05). Elapsed time to accumulate 30 s of object
exploration did not differ among the groups for either OR
(F(2,37) $ 1.5, p % 0.05; vehicle $ 916.6 " 67.6; 0.55 ng
SP600125 $ 823.5 " 147.7; 2.75 ng SP600125 $ 701.7 " 69.8) or
OP (F(2,24) $ 0.92, p % 0.05; vehicle $ 557.3 " 104.8; 0.55 ng
SP600125 $ 424.1 " 51.7; 2.75 ng SP600125 $ 424.1 " 79.7).
Because neither dose affected memory on its own, we selected the
highest behaviorally ineffective dose of SP600125 (2.75 ng/hemi-
sphere) for our remaining studies.

To test whether activation of JNK or ERK was necessary for
G-1 to enhance memory, we next infused mice with G-1 plus 2.75
ng SP600125 or the ERK inhibitor U0126 at a dose (0.5 #g/hemi-
sphere) that has no effect on OR or OP on its own (Fernandez et
al., 2008; Boulware et al., 2013). Mice received DH infusion of
vehicle (25% DMSO), 0.5 #g/hemisphere U0126, or 2.75 ng/
hemisphere SP600125 plus intracerebroventricular infusion of
vehicle (16% DMSO) or 8 ng G-1 immediately after OR and OP
training. Memory in OR and OP was tested 48 and 24 h later,
respectively. In both tasks, SP600125, but not U0126, blocked the
memory-enhancing effects of G-1 (Fig. 5C,D). Mice receiving
G-1&Veh showed a significant preference for the novel object
(t(7) $ 2.68, p $ 0.032) or moved object (t(12) $ 3.55, p $ 0.004),
whereas mice receiving Veh&Veh (novel object, t(8) $ 0.6, p $
0.56; moved object, t(12) $ 0.8, p $ 0.44) or G-1&SP600125 did
not (novel object, t(8) $ 1.16, p $ 0.28; moved object, t(12) $ 0.3,
p $ 0.77), suggesting that JNK activation is necessary for G-1 to
enhance memory. In contrast to the effects of SP600125, mice
infused with G-1&U0126 spent significantly more time than

chance with the novel object (t(10) $ 3.44, p $ 0.006) or moved
object (t(15) $ 3.81, p $ 0.002), suggesting that ERK activation is
not necessary for G-1 to enhance memory. These findings were
supported by significant main effects of treatment for both
tasks (OR, F(3,35) $ 4.79, p $ 0.007; OP, F(3,52) $ 4.17, p $ 0.01)
and post hoc analyses showing that the G-1&Veh and
G-1&U0126 groups spent significantly more time with the novel
object (G-1&Veh, p $ 0.011; G-1&U0126, p $ 0.019) and
moved object (G-1&Veh, p $ 0.002; G-1&U0126, p $ 0.015)
than the Veh&Veh group, whereas the G-1&SP600125 group did
not. Elapsed time to accumulate 30 s of exploration did not differ
among the groups for OR (F(3,35) $ 2.32, p % 0.05; Veh&
Veh $ 499.8 " 62.86; G-1&Veh $ 512.3 " 89.87;
G-1&SP600125 $ 736.9 " 71.12; G-1&U0126 $ 533.8 " 66.59)
or OP (F(3,52) $ 1.57, p % 0.05; Veh&Veh $ 604.6 " 78.71;
G-1&Veh $ 499.5 " 56.65; G-1&SP600125 $ 514.1 " 51.54;
G-1&U0126 $ 661.8 " 56.84).

We next examined the effects of JNK and ERK inhibition on
G-1-mediated hippocampal cell signaling 5 min after infusion.
Drug treatment altered phosphorylation of both p46 JNK (F(2,19)

$ 6.56, p # 0.01; Fig. 6A) and p54 JNK (F(2,19) $ 6.47, p # 0.01;
Fig. 6B). Consistent with the behavioral data, intracerebroven-
tricular infusion of G-1 increased phosphorylation of both p46
JNK and p54 JNK relative to vehicle (p # 0.05; Fig. 6A,B). DH
infusion of SP600125 abolished the effects of G-1 on p46 and p54
JNK (Fig. 6A,B). In contrast, G-1 and SP600125 did not signifi-
cantly alter ERK phosphorylation (p42, F(2,18) $ 0.02, p % 0.05;
p44, F(2,18) $ 0.46, p % 0.05; Fig. 6C). Unlike SP600125, U0126
did not block the GPER-mediated JNK activation 5 min after
infusion (Fig. 6D,E). Whereas G-1 increased phosphorylation of
both p46 JNK (F(2,15) $ 4.44, p # 0.05; Fig. 6D) or p54 JNK

Figure 6. JNK inhibition, but not ERK inhibition, blocks GPER-mediated cell signaling in the DH. A, B, Intracerebroventricular infusion of 8 ng G-1 increased phosphorylation of p46 JNK (A) and p54
JNK (B) relative to vehicle 5 min later. These effects were blocked by DH SP600125 infusion (n $7/group). C, Neither G-1 nor SP600125 altered ERK phosphorylation (n $7/group). D, E, The increase
in p46 (D) and p54 (E) phosphorylation induced by intracerebroventricular infusion of 8 ng G-1 was not blocked by DH U0126 infusion (n $ 6/group). F, Neither G-1 nor the behaviorally subeffective
dose of U0126 altered ERK phosphorylation (n $ 6/group). Each bar represents the mean " SEM percentage change from vehicle (*p # 0.05, **p # 0.01). Insets, Representative Western blots.
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(F(2,15) $ 6.68, p # 0.01; Fig. 6E), U0126 did not block the effects
of G-1 on p46 JNK (t(10) $ 2.35, p # 0.05; Fig. 6D) and p54 JNK
(t(10) $ 2.34, p # 0.05; Fig. 6E). Moreover, neither G-1 nor U0126
infusion altered ERK activation (p42, F(2,15) $ 0.67, p % 0.05;
p44, F(2,15) $ 0.81, p % 0.05; Fig. 6F). These data suggest that ERK
activation does not influence G-1-induced hippocampal JNK ac-
tivation. Together, these results support the conclusion that acti-
vation of JNK, but not ERK, signaling in the DH is essential for
GPER to induce memory enhancement.

GPER and JNK activation are not necessary for E2-mediated
hippocampal memory
We have previously demonstrated that E2 enhances hippocampal
memory via ER"- or ER!-mediated ERK activation in the DH
(Fernandez et al., 2008; Boulware et al., 2013). In contrast, the
aforementioned data support the hypothesis that the G-1-
induced enhancement of hippocampal memory is dependent on
hippocampal JNK activation, rather than ERK activation. This
conclusion begs the question of whether JNK or GPER activation
is necessary for E2-induced memory enhancement. To address
this issue, we first examined the effects of E2 on JNK signaling in
the DH. Mice received bilateral DH infusion of vehicle or 5 #g/
hemisphere E2, a dose that enhances OR and spatial memory in
ovariectomized young and middle-aged mice (Fernandez et al.,
2008; Fan et al., 2010; Boulware et al., 2013; Fortress et al., 2013,
2014). The DH was dissected bilaterally 5 or 10 min after infu-
sion. DH E2 infusion did not alter DH p46 JNK (F(2,15) $ 0.35,
p % 0.05) or p54 JNK (F(2,15) $ 1.44, p % 0.05) phosphorylation

at either the 5 or 10 min time point (Fig. 7A,B), suggesting that E2

does not activate JNK in the DH. As in our previous studies
(Fernandez et al., 2008; Zhao et al., 2010; Boulware et al., 2013;
Fortress et al., 2013), DH E2 infusion increased phospho-p42
ERK (F(2,15) $ 4.7, p # 0.05; Fig. 7C) levels 5 min after infusion
(p # 0.05 relative to vehicle) but had no effect on p44 ERK (F(2,15)

$ 0.05, p % 0.05; Fig. 7C). These data suggest that E2 increases
activation of p42 ERK, but not JNK, in the DH.

Next, we investigated the effects of GPER and JNK inhibition
on E2-mediated hippocampal cell signaling. Mice received intra-
cerebroventricular and DH infusions, respectively, of vehicle &
vehicle, E2&Veh, E2&SP600125, or E2&G-15, and DH tissue was
collected 5 min later. As in our previous work (Fernandez et al.,
2008; Zhao et al., 2010; Boulware et al., 2013; Fortress et al.,
2013), intracerebroventricular infusion of E2 increased levels of
phospho-p42 ERK (F(3,20) $ 7.6, p # 0.01; Fig. 7D), but not
phospho-p44 ERK (F(3,20) $ 0.7, p % 0.05; Fig. 7D). Phospho-p42
ERK levels were increased relative to vehicle in all groups receiv-
ing E2 (p # 0.05), suggesting that DH infusion of G-15 or
SP600125 did not prevent E2 from increasing p42 ERK activation
(G-15, p # 0.001; SP600125, p # 0.05; Fig. 7D). As with DH
infusion, intracerebroventricular infusion of E2 did not alter
phosphorylation of p46 JNK (F(3,20) $ 0.74, p % 0.05; Fig. 7E) or
p54 JNK (F(3,20) $ 0.96, p % 0.05; Fig. 7F), whether alone or in
combination with DH infusion of G-15 and SP600125. Together,
these data provide additional evidence that E2 does not rapidly
phosphorylate JNK in the DH and demonstrate that activation of

Figure 7. GPER and JNK inhibition do not affect E2-mediated cell signaling in the DH. A, B, DH infusion of E2 (5 #g/hemisphere) did not alter levels of phospho-p46 JNK (A) or phospho-p54 JNK
(B) 5 or 10 min later (n $ 6/group). C, DH infusion of E2 (5 #g/hemisphere) significantly increased phosphorylation of p42 ERK, but not p44 ERK, relative to vehicle 5 min after infusion. Levels
returned to baseline 10 min later (n$6/group). D, Intracerebroventricular infusion of E2 (10 #g) increased phospho-p42 ERK levels relative to vehicle 5 min after infusion; this effect was not blocked
by DH infusion of G-15 or SP600125. Intracerebroventricular infusion of E2 (10 #g) did not alter p44 ERK phosphorylation (n $ 6/group). E, F, Intracerebroventricular infusion of E2 did not alter p46
JNK (E) or p54 JNK (F ) phosphorylation 5 min after infusion whether infused with vehicle, G-15, or SP600125 (n $ 6/group). Each bar represents the mean " SEM percentage change from vehicle
(*p # 0.05, **p # 0.01, ***p # 0.001). Insets, Representative Western blots.
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JNK or GPER is not necessary for E2 to phosphorylate p42 ERK in
the DH.

Given these findings, the next logical step was to determine
whether JNK and GPER activation play a role in E2-mediated
hippocampal memory enhancement. To do so, we infused mice
immediately after OR and OP training with vehicle, G-15 (1.85
ng/hemisphere), or SP600125 (2.75 ng/hemisphere) into the DH
followed by infusion of vehicle or E2 (10 #g) into the dorsal third
ventricle. OR and OP retention were tested 48 and 24 h later,
respectively. In both tasks, mice receiving E2&Veh showed a sig-
nificant preference for the novel object (t(10) $ 4.12, p $ 0.002;
Fig. 8A) and moved object (t(16) $ 3.87, p $ 0.001; Fig. 8B), in
agreement with our previous work (Boulware et al., 2013; For-
tress et al., 2014). Consistent with the lack of JNK activation
observed above (Fig. 7E,F), SP600125 did not prevent E2 from
enhancing OR or OP memory (Fig. 8A,B), as mice receiving
E2&SP600125 spent significantly more time with the novel object
(t(14) $ 3.31, p $ 0.005) and moved object (t(13) $ 3.89, p $
0.002) than chance. Interestingly, G-15 also did not block E2-
induced memory enhancements in either task (Fig. 8A,B), as
demonstrated by the fact that mice receiving E2&G-15 spent sig-

nificantly more time with the novel object (t(11) $ 2.62, p $ 0.02)
and moved object (t(11) $ 5.6, p $ 0.0002) than chance. Accord-
ingly, the main effects of treatment were significant for both tasks
(OR, F(3,50) $ 3.51, p $ 0.02; OP, F(3,54) $ 4.88, p $ 0.005). Post
hoc tests revealed that all E2-treated groups differed significantly
from the vehicle group for both tasks (all p values # 0.001).
However, the E2-treated groups did not differ from each other.
Elapsed time to accumulate 30 s of exploration did not differ
among the groups for OR (F(3,49) $ 1.17, p % 0.05; Veh&Veh $
540.3 " 64.04; E2&Veh $ 639.4 " 73.66; E2&G-15 $ 468.2 "
55.25; E2&SP600125 $ 577.9 " 56.08) or OP (F(3,54) $ 0.942,
p % 0.05; Veh&Veh $ 557.7 " 44.25; E2&Veh $ 661.6 " 64.37;
E2&G-15 $ 672.4 " 38.56; E2&SP600125 $ 606.3 " 57.78).
Together, these results suggest that neither JNK nor GPER acti-
vation in the DH are necessary for E2 to enhance hippocampal
memory.

Discussion
The present study demonstrates that activation of GPER in the
DH enhances both OR and spatial memory in ovariectomized
mice, suggesting that hippocampal GPER can influence hip-
pocampal memory formation. Moreover, the findings provide
the first evidence that GPER, a putative membrane-associated
ER, regulates hippocampal memory in an E2-independent man-
ner. This conclusion is supported by several findings. First, unlike
E2 and intracellular ER agonists (Boulware et al., 2013), DH
GPER activation did not increase ERK phosphorylation in the
DH, but rather increased JNK phosphorylation. Second, the
memory-enhancing effects of GPER activation were blocked by
inhibition of JNK, but not ERK, in the DH. Third, E2 infusion
increased ERK, but not JNK, phosphorylation in the DH. Finally,
the memory-enhancing effects of E2 were blocked by inhibition
of ERK, but not of JNK or GPER. Together with our previous
work (Fernandez et al., 2008; Boulware et al., 2013; Fortress et al.,
2013), these data indicate that E2 enhances hippocampal memory
in female mice by activating ERK, whereas GPER does so by
activating JNK. As such, the data suggest that GPER activation in
the DH is not involved in the memory-enhancing effects of E2.

Our findings showing that G-1 enhanced OR and OP memory
are consistent with previous studies demonstrating that systemic
injections of G-1 enhanced spatial memory in ovariectomized
rats (Hammond et al., 2009; Hammond and Gibbs, 2011; Hawley
et al., 2014). These studies did not permit conclusions about the
role of hippocampal GPER in memory because systemic treat-
ments do not specifically target the hippocampus. Therefore, we
used DH infusions of G-1 to pinpoint the role of hippocampal
GPER in regulating memory. To ensure that the effects of G-1
were specific to GPER, we tested whether G-15 could antagonize
the effects of G-1, as some studies have indicated that G-1 can act
in a GPER-independent manner (Kang et al., 2010; Wang et al.,
2012). In contrast to those studies, we found that G-15 infusion
into the DH prevented G-1 from enhancing OR and OP memory,
and from increasing JNK phosphorylation. These data suggest
that the effects of G-1 on memory and JNK activation are medi-
ated by GPER in the DH. Interestingly, higher doses of G-15
impaired both OR and OP memory on their own. This finding is
consistent with previous data showing that chronic systemic
treatment with G-15 dose-dependently impaired spatial working
memory in ovariectomized rats (Hammond et al., 2012). To-
gether, these data suggest that GPER in the DH can mediate
hippocampal memory formation.

Because the molecular mechanisms through which GPER in-
fluences hippocampal memory have not been investigated previ-

Figure 8. GPER and JNK activation in the DH are not necessary for E2 to enhance memory. A,
Immediately after OR training, mice received DH infusion of vehicle, G-15 (1.85 ng/hemi-
sphere), or SP600125 (2.75 ng/hemisphere) followed by intracerebroventricular infusion of
vehicle or E2 (10 #g). Intracerebroventricular infusion of E2 significantly enhanced OR memory
relative to vehicle and chance, and these effects were not blocked by G-15 or SP600125
(Veh&Veh, n $ 16; E2&Veh, n $ 11; E2&G-15, n $ 12; E2&SP600125, n $ 15). B, Imme-
diately after OP training, mice received DH and intracerebroventricular infusions as described in
A. Similar to OR, E2 enhanced OP memory relative to vehicle and chance, an effect that was not
blocked by G-15 or SP600125 (Veh&Veh, n $ 15; E2&Veh, n $ 17; E2&G-15, n $ 12;
E2&SP600125, n $ 14). Each bar represents the mean " SEM time spent with the novel or
moved object (*p # 0.05, **p # 0.01, ***p # 0.001 relative to chance; ##p # 0.01 relative to
vehicle).
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ously, a primary goal was to pinpoint possible downstream
effectors of GPER activation in the DH. Based on our previous
findings showing that p42 ERK activation is necessary for E2 and
agonists of ER" and ER! to enhance OR and OP memory (Fer-
nandez et al., 2008; Boulware et al., 2013), we initially hypothe-
sized that p42 ERK phosphorylation would be necessary for G-1
to enhance memory. This hypothesis was supported by data
showing that systemic administration of G-1 increased p42 and
p44 ERK phosphorylation in ovariectomized female mouse hip-
pocampus (Hart et al., 2014) and bath-applied G-15 blocked an
E2-induced increase in ERK phosphorylation and excitatory syn-
aptic transmission (Kumar et al., 2015). Moreover, GPER can
activate ERK signaling in pancreatic ! cells and ERK cannot be
activated in islets of GPER knock-out mice (Maggiolini and
Picard, 2010; Sharma and Prossnitz, 2011). In contrast to these
data, we found that G-1 did not affect p42 or p44 ERK phosphor-
ylation in the DH at any time point. Although contradictory to
the aforementioned studies, this result is consistent with data
from vascular smooth muscle cells showing that E2, but not G-1,
increases ERK phosphorylation (Ortmann et al., 2011). To fur-
ther explore effects of G-1 on ERK signaling, we measured effects
of G-1 on PI3K and Akt phosphorylation, based on our previous
findings that PI3K/Akt signaling is necessary for E2 to activate DH
ERK and enhance OR memory (Fan et al., 2010; Fortress et al.,
2013). Additionally, GPER can regulate Akt signaling in numer-
ous cell lines (Moriarty et al., 2006; Maggiolini and Picard, 2010)
and in rat aorta tissue (Jang et al., 2013). However, as with ERK,
we found that DH infusion of G-1 did not increase PI3K or Akt
phosphorylation in the DH at any time point. Rather, Akt phos-
phorylation was decreased 30 min after infusion, the reason for
which is unclear. Nevertheless, the fact that G-1 did not increase
PI3K or Akt phosphorylation in the DH as was observed after E2

infusion (Fan et al., 2010; Fortress et al., 2013) indicates that
intracranial administration of G-1 in vivo does not activate mul-
tiple ERK-related signaling kinases in the female mouse DH.

Consistent with these biochemical data, we found that ERK
inhibition did not prevent G-1 from enhancing OR or OP mem-
ory. These results demonstrate that ERK activation is not neces-
sary for GPER to enhance hippocampal memory in female mice.
Although this finding is novel as it relates to memory, it is con-
sistent with reports from peripheral tissues showing that the ERK
inhibitors U0126 and PD98059 do not prevent G-1 from induc-
ing endothelium-dependent vasorelaxation in the rat aorta (Jang
et al., 2013) or DNA synthesis in human epithelial cells (Holm et
al., 2011). Although these few examples do not permit general
conclusions about the role of ERK in mediating the cellular ef-
fects of GPER activation, the present data support the conclusion
that ERK is not involved GPER-mediated memory regulation.

Given the unexpected lack of a role for ERK in GPER-induced
memory enhancement, we sought to identify other signaling
pathways through which GPER may mediate memory. We
focused on JNK because this MAPK is activated by various
G-proteins (Goldsmith and Dhanasekaran, 2007) and is involved
in regulating synaptic plasticity (Tararuk et al., 2006; Waetzig et
al., 2006; Kim et al., 2007). We found that GPER activation led to
rapid phosphorylation of both JNK isoforms in the DH, an effect
that was blocked by DH infusion of the JNK inhibitor SP600125,
but not U0126. G-1 also increased phosphorylation of the
downstream JNK transcription factor ATF2, suggesting that the
G-1-induced phosphorylation of JNK also activated nuclear tran-
scription. Importantly, we found that activation of JNK, but not
ERK, in the DH is necessary for GPER to faciliate memory in both
the OR and OP tasks.

Although JNK has been studied in the context of cellular stress
and apoptosis (Kyriakis and Avruch, 2001; Reinecke et al., 2013),
it also plays an important role in synaptic plasticity, neuronal
regeneration, and development in the CNS (Tararuk et al., 2006;
Waetzig et al., 2006). However, its role in learning and memory
remains unclear, as existing data provide conflicting results. For
example, some studies suggest an important role of JNK activa-
tion in long-term inhibitory avoidance memory and in short-
term synaptic plasticity and long-term depression (Bevilaqua et
al., 2007; Li et al., 2007; Carboni et al., 2008). However, other data
indicate that JNK negatively regulates short-term memory in the
hippocampus (Bevilaqua et al., 2003). Although our findings
cannot speak directly to the inconsitencies in the JNK literature,
our results provide much needed additional information on the
role of JNK in hippocampal memory. These data suggest that
JNK is an essential mediator of GPER-induced memory
modulation.

Evidence that GPER is an estrogen receptor comes from data
collected in peripheral tissues showing that E2 binds GPER with
high affinity (Revankar et al., 2005; Moriarty et al., 2006;
Prossnitz et al., 2007). However, other evidence suggests that
GPER acts independently of E2. For example, a study using en-
dothelial cells from ER"/ER!-deficient mice found that E2 could
not activate cAMP or ERK pathways, despite the presence of
GPER (Pedram et al., 2006). Moreover, COS-7 and Chinese ham-
ster ovary cells transfected with GPER failed to signal in response
to E2 (Otto et al., 2008). Furthermore, rapid extranuclear E2 sig-
naling in breast cancer cells involved ER" and ER!, but not
GPER (Madak-Erdogan et al., 2008). Additionally, the neuropro-
tective effects of E2 in post-ischemic injury are not dependent on
GPER (Lamprecht and Morrison, 2014). Data such as these have
led some investigators to maintain that GPER is not a true ER, but
rather collaborates with ERs to mediate the biological actions of
estrogens (Levin, 2009). Such arguments have stimulated exten-
sive debate about whether GPER functions as a true ER (Langer et
al., 2010). The present study adds to the debate by showing that
GPER and E2 in the DH do not enhance memory via the same
cell-signaling mechanisms. Indeed, these data suggest that GPER
activation in the DH is not necessary for E2 to enhance object
recognition and spatial memory formation. However, this study
cannot exclude other potential interactions between E2 and
GPER in the DH and elsewhere in the brain.

Little is known about how specific ERs mediate the effects of
E2 on memory. Estrogen loss at menopause has been associated
with increased risk of age-related memory decline and dementia
(Zandi et al., 2002; Yaffe et al., 2007), yet estrogen therapies carry
health risks that preclude their use for alleviating memory dys-
function. Identifying the molecular mechanisms through which
estrogens affect memory may reveal new targets for the develop-
ment of drugs that mimic the memory-enhancing effects of es-
trogens without harmful side effects. The present study provides
the first evidence that GPER activation can enhance hippocampal
memory in a JNK-dependent manner, and that E2-mediated ob-
ject recognition and spatial memory enhancement is indepen-
dent of GPER and JNK activation in the DH. Although these
findings do not support a role for DH GPER in the memory-
enhancing effects of E2, the fact that GPER activation enhances
hippocampal memory in a manner similar to E2 may suggest
promising new avenues for the development of novel therapies
that reduce the risk of memory decline and dementia in meno-
pausal women.
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