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Estradiol-Induced Enhancement of Object Memory Consolidation Involves
NMDA Receptors and Protein Kinase A in the Dorsal Hippocampus of
Female C57BL/6 Mice
Michael C. Lewis, Kristin M. Kerr, Patrick T. Orr, and Karyn M. Frick
Yale University

This study examined the role of dorsal hippocampal NMDA receptors and PKA activation in 17!estradiol (E2)-induced enhancement of object memory consolidation. Mice explored two identical objects
during training, after which they immediately received intraperitoneal injections of 0.2 mg/kg E2, and
bilateral dorsal hippocampal infusions of Vehicle, the NMDA receptor antagonist APV (2.5 "g/side), or
the cAMP inhibitor Rp-cAMPS (18.0 "g/side). Retention was tested 48 hours later. The enhanced object
memory and increased ERK phosphorylation observed with E2 alone was reduced by APV and
Rp-cAMPS, suggesting that estrogenic enhancement of object memory involves NMDA receptors and
PKA activation within the dorsal hippocampus.
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estradiol’s effects on hippocampal cellular function is limited.
Shingo and Kito (2005), demonstrated that 17!-estradiol (E2)
conjugated to bovine serum albumin (BSA), a molecule that cannot penetrate the cell membrane, activated PKA 45 seconds after
bath application, in vitro. A role for PKA in E2-induced differentiation in dopaminergic neurons, and in cerebellar granule cells,
has also been reported (Belcher, Le, Spurling, & Wong, 2005;
Beyer & Karolczak, 2000). To date, no published studies have
examined the involvement of PKA in the effects of E2 on
hippocampal-dependent memory.
PKA phosphorylation can lead to the activation of extracellular
signal-regulated kinase (ERK), which is a proposed link between
PKA and the transcription factor cyclic-AMP response element
binding protein (CREB). The importance of ERK to the mediation
of estrogen action within the hippocampus has been demonstrated
previously in rats. For example, Kuroki, Fukushima, Kanda, Mizuno, and Watanabe (2002), reported a threefold increase in levels
of phosphorylated ERK (pERK) 5 minutes after intrahippocampal
infusion of BSA-conjugated E2 within the dorsal hippocampus. In
addition, our lab has demonstrated that the enhancement of object
memory induced in female mice by a single posttraining intraperitoneal injection of E2 is dependent on ERK activation in the dorsal
hippocampus (Fernandez et al., submitted). Given the importance
suggested by these data of ERK in mediating estrogenic enhancement of object memory, we hypothesized that this enhancement
might also depend on NMDA and PKA-induced activation of ERK
within dorsal hippocampus. The present data suggest that NMDA
and PKA activation are necessary for E2 to enhance ERK activation and object memory consolidation.

Estradiol improves several different types of hippocampaldependent memory in young female rodents, including spatial
reference memory in the Morris water maze (El-Bakri et al., 2004;
Gresack & Frick, 2006; Harburger, Bennett, & Frick, 2007; Packard & Teather, 1997), spatial working memory in the radial-arm
maze and T maze (Bohacek & Daniel, 2007; Gibbs, 2002; Gresack
& Frick, 2004), contextual fear (Jasnow, Schulkin, & Pfaff, 2006),
and object recognition (Gresack & Frick, 2006; Luine, Jacome, &
Maclusky, 2003). Further, estradiol promotes structural changes
and modifications in synaptic strength within the hippocampus that
may underlie the formation of lasting memories. For example,
estrogen increases CA1 dendritic spine synapse density (Frick,
Fernandez, Bennett, Prange-Kiel, MacLusky, & Leranth, 2004;
Woolley & McEwen, 1992), and enhances long-term potentiation
(LTP) of hippocampal cells in vitro (Smith & McMahon, 2006).
However, these alterations have yet to be directly linked with
improvements in hippocampal-dependent memory. Thus, the molecular mechanisms underlying estrogen—induced improvements
in memory remain unknown.
Estradiol-induced increases in hippocampal spines and LTP are
dependent on the activation of NMDA receptors (Smith & McMahon, 2006; Woolley & McEwen, 1994). The activation of
NMDA receptors leads to an increase in intracellular calcium and
activates calcium-sensitive second messengers, including protein
kinase A (PKA). Although PKA can have a wide-array of effects
on hippocampal-dependent memory and physiology (Nguyen &
Woo, 2003), information about the role of PKA in mediating
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Method
Subjects
Female C57BL/6 mice (N # 18 –19/group) were obtained from
Taconic (Germantown, NY) at 12 weeks of age. The mice were
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group housed, until surgical procedures, in the Department of
Psychology’s animal colony at Yale University and maintained on
a 12:12 light/dark cycle. Mice acclimated to our colony for 1 week
and were handled daily (5 min/day). All behavioral procedures
were performed during the light cycle. Food and water were
available ad libitum. All procedures followed the National Institutes of Health Guide for the Care and Use of Laboratory Animals
and were approved by the Yale University Institutional Animal
Care and Use Committee.

Surgical Procedures
Mice were ovariectomized 1 week before the start of treatment
as described previously (Fernandez & Frick, 2004). Mice were
first anesthetized with isoflurane (5% for induction, 2% for maintenance) in 100% oxygen and then were placed in a stereotaxic
apparatus (Kopf Instruments, Tujunga, CA) for subsequent cannula implantation (see below). The ovaries, oviducts, and tips of
the uterine horn were bilaterally removed via two dorsal incisions
just above the tips of the pelvis. Immediately after ovariectomy,
mice were implanted with stainless steel guide cannulae (Plastics
One, Roanoke, VA) aimed at the dorsal hippocampus. The scalp
was incised and retracted to expose the skull, and Bregma and
Lambda were aligned in the same horizontal plane. Small holes (1
mm in diameter) were drilled bilaterally for placement of dorsal
hippocampal guide cannulae (C232GC, 22 gauge, Plastics One).
Each guide cannula with inserted dummy cannula (C232DC; Plastics One) was directed toward the dorsal hippocampus ($1.7 mm
posterior to bregma, %1.5 mm lateral to midline, and $2.3 mm
(injection site) ventral to the skull surface), based on Paxinos and
Franklin (1997). Each cannula was fixed to the skull with dental
cement that also served to close the wound. Mice were allowed to
recover for at least 5 days before behavioral testing.

Drugs and Infusions
17!-Estradiol (2-hydroxypropyl-!-Cyclodextrin (HBC)encapsulated 17!-estradiol; 0.2 mg/kg), APV (D-2-Amino-5phosphonovaleric acid; NMDA receptor antagonist; 5.0 mg/ml),
Rp-cAMPS (Rp-Cyclic 3&,5&-hydrogen phosphorothioate adenosine triethylammonium salt; inhibitor of cAMP; 36 mg/ml), and
HBC Vehicle were obtained from Sigma Chem. Co. (St. Louis,
MO). For intraperitoneal injections, HBC dissolved in saline was
used as the Vehicle. For intrahippocampal infusions, physiological
saline was used as the Vehicle and all drugs were dissolved in
saline. It is important to note that this form of E2 is metabolized
within 24 hours (Pitha & Pitha, 1985). Therefore, it is not in
circulation during either phase of testing, which ensures that
nonmnemonic effects of E2 (e.g., on motivation or anxiety) cannot
influence performance in this task. Further, previous studies have
demonstrated that posttraining E2 administration must occur
within 2 hours of training to observe enhancement in both the
Morris water maze and object recognition tasks (Luine et al., 2003;
Packard & Teather, 1997), thus warranting the immediate posttraining administration of E2.
Immediately after the sample phase, mice were restrained and
dummy cannulae were replaced with injection cannulae (22 gauge;
extending 0.8 mm beyond the tip of the 1.5 mm guide) attached to
polyethylene tubing (PE50; Plastics One). The PE50 tubing was
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connected to a 10 "l Hamilton syringe that was controlled by a
microinfusion pump (KDS 100, KD Scientific; New Hope, PA).
Estradiol or saline were administered intraperitoneally (ip). The
0.2 mg/kg dose of E2 enhanced object memory in our previous
studies (Gresack & Frick, 2004, 2006). Saline, APV, or RpcAMPS were infused into the hippocampus at 0.5 "l/min at a
volume of 0.5 "l/side, resulting in doses of 2.5 and 18.0 "g/side of
APV or Rp-cAMP, respectively. A previous study demonstrated
that this infusion protocol results in approximately 1 mm3 of drug
diffusion (Lewis & Gould, 2007) and, given the site of infusion
within the dorsal hippocampus, suggests that the effects of APV or
Rp-cAMPS were likely restricted to the dorsal hippocampus. Intraamygdala doses of these drugs have been shown to disrupt cued
and contextual fear conditioning (Lee & Kim, 1998; Schafe,
Nadel, Sullivan, Harris, & LeDoux, 1999).

Object Recognition
This task, described previously in Frick and Gresack, (2003),
assesses hippocampal-dependent (Baker & Kim, 2002; Clark,
Zola, & Squire, 2000) object memory and consists of habituation,
sample, and choice phases. Mice were first habituated to an empty
white box by allowing them to freely explore for 5 minutes.
Twenty-four hours later, mice were placed in the empty box for 1
minute of additional habituation. Mice were removed while two
identical objects were placed in the northeast and northwest corners of the box, approximately 5 cm from the walls. The objects
(approximately 5 cm ' 7 cm in height and width) used were a
triangular plastic prism with colored edges or a half inch threaded
brass faucet with a cast-iron handle. Mice were then placed back
in the box facing the middle of the south wall and allowed to
investigate the objects until they accumulated a total of 30 seconds
exploring the objects, at which point the sample phase was terminated. Object exploration was scored when the mouse’s nose or
front paws touched the object. Estradiol and all drugs were administered immediately after the completion of the sample phase
and then mice were returned to their home cages. The use of 30
seconds of total exploration time rather than a fixed trial duration
minimizes the effects of group differences in activity (Frick &
Gresack, 2003). Forty-eight hours later, mice were tested in the
choice phase. This timing is an important aspect of our protocol;
typically, control animals do not show a preference for the novel
object at this delay, but do show a preference when tested after 24
hours (Gresack, Kerr, & Frick, 2007). Thus, testing mice at a time
point after which OVX controls have forgotten the familiar object
allows for detection of object memory enhancement by estradiol.
The choice phase was identical to the sample phase, except that a
novel object was substituted for one of the objects used in the
sample phase. The location of the novel object (northeast or
northwest corner) was counterbalanced. Both time spent with the
novel object and elapsed time (time needed to accumulate 30
seconds of object exploration) were recorded. The observer scoring exploration was blind to the treatment groups. For both phases,
objects and the box were cleaned with 70% EtOH between mice.

Western Blotting
A separate set of behaviorally naı̈ve mice underwent similar
handling and surgery, and was used for Western blotting analysis
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of pERK levels (N # 8/group). Behaviorally naı̈ve mice were used
to specifically examine the effects of E2 on ERK. Previous studies
have demonstrated that exposure to objects and/or context can
increase ERK activation (Kelly, Laroche, & Davis, 2003). Control
mice in our paradigm typically do not demonstrate object memory
after 48 hours and, thus, any ERK activation that occurs after
object and/or context exposure is insufficient to support memory
and would simply occlude the effects of E2 on ERK. As such,
behaviorally naı̈ve mice were treated with Vehicle, E2, E2( APV,
or E2( Rp-cAMPS as described above. One hour after infusion,
the dorsal hippocampus was immediately bilaterally dissected on
ice. Western blotting was conducted according to a protocol based
on Schafe, Atkins, Swank, Bauer, Sweatt, and LeDoux (2000). On
the day of assay, tissue samples were resuspended 1:50 wt/vol in
lysis buffer and homogenized with a probe sonicator. The total
protein content of the samples was measured using a Bio-Rad
(Bio-Rad Laboratories, Hercules, CA) protein assay (Bradford,
1976). Sample buffer was added to the homogenates, and the
samples were boiled for 4 minutes. Samples were then electrophoresed on 10% SDS-polyacrylamide gels and transferred to a PVDF
membrane. Blots were blocked and then incubated with either
antiphospho-p44/42 ERK (Thr202/Tyr204) (1:1000; Cell Signaling Technology, Danvers, MA) or antitotal p44/42 ERK antibody
(1:2000; Cell Signaling Technology) overnight. Blots were then
incubated with antirabbit IgG HRP-linked secondary antibody
(1:20,000; Cell Signaling Technology) for 1 hour, and developed

using enhanced chemiluminescence (Pierce Biotechnology, Inc,
Rockford, IL). Signal was detected using a Kodak Image Station
440CF. Densitometry was conducted using accompanying Kodak
1D 3.6 software. To accurately assess differences in p42/p44 ERK
activation, phospho-ERK levels were normalized to total p42/p44
ERK levels. Data are presented as percent increase in immunoreactivity relative to Vehicle controls.

Histology
Behaviorally tested mice were checked for cannula placements.
Five percent methylene blue in 0.9% saline was infused through
the injection cannula to visualize the injection sites. Brains were
removed and stored in 10% formalin solution (Fisher Scientific,
Pittsburgh, PA) until sectioning. Coronal sections (60 "m thick
collected proximal to cannula tracts) were cut on a cryostat ($18 °C)
and mounted on PLUS slides (Fisher Scientific). After drying,
the slides were stained with Cresyl violet and cover slipped.
Injection sites were verified under a light microscope and only
those mice with correct cannula placements were included in
the data analysis. No animals were excluded because of incorrect cannula placement.

Data Analyses
Time spent with the novel object during the choice phase and
total time to complete both the sample and choice phases were

Figure 1. Time spent with the object during the choice phase. E2-Vehicle mice spent significantly more time
with the novel object than Vehicle mice. Neither the E2-APV or E2-Rp-cAMPS groups spent significantly more
time with the novel object than Vehicle controls, suggesting that dorsal hippocampal infusions of either APV or
Rp-cAMPS reduced the E2-induced enhancement of object recognition to levels observed in Vehicle controls.
The dotted line at 15 seconds represents chance performance. * # p ) .05 relative to Vehicle. Error bars
represent % SEM.
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analyzed using a one-way analysis of variance with treatment as
the independent variable, followed by Tukey post hoc comparisons. For Western blots, independent samples t tests were performed based on a priori hypotheses that E2 administration would
increase p42 ERK, and that this increase would be attenuated by
coadministration of either APV or Rp-cAMPS (Keppel & Zedeck,
1989).

Results
Object Recognition
Time spent with the novel objects in the choice phase is presented in Figure 1. The main effect of treatment was significant,
F(3, 70) # 3.1, p ) .05. Post hoc analysis revealed that the group
injected with ip E2 plus intrahippocampal Vehicle (E2 –Vehicle)
spent significantly more time with the novel object during the
choice phase than Vehicle controls ( p ) .05). Mice receiving ip E2
and either intrahippocampal APV or Rp-cAMPS were not significantly different from Vehicle controls ( ps * .05 for both comparisons), demonstrating that coadministration of either APV or
Rp-cAMPS reduced the memory enhancing effect of E2. Further,
APV-treated mice spent significantly less time with the novel
object than E2-treated mice ( p ) .05), and a trend was apparent for
Rp-cAMPS treated mice relative to E2-treated mice ( p # .086).

There was no significant main effect of treatment on elapsed time
during the sample phase (F(3, 70) # 0.63, p * .05; Vehicle:
307.3 % 32.3; E2 –Vehicle: 371.3 % 58.2; E2-APV: 362.2 % 38.7;
E2-Rp-cAMPS: 309.1 % 37.4) or the choice phase (F(3, 70) #
0.23, p * .05; Vehicle: 331.7 % 39.0; E2 –Vehicle: 353.8 % 50.2;
E2-APV: 330.8 % 41.3; E2-Rp-cAMPS: 385.0 % 74.3), suggesting
no effect of E2 or the inhibitors on the total time taken to accumulate 30 seconds of exploration.

Western Blotting
Western blotting results are presented in Figure 2. For p42,
estradiol alone (E2-Vehicle) significantly increased p42 ERK,
t(14) # 2.22, p ) .05, relative to Vehicle controls. In contrast, p42
ERK was not increased relative to Vehicle controls in the E2-APV,
t(13) # 1.00, p * .05, or Rp-cAMPS, t(13) # 1.26, p * .05
groups, suggesting that both APV and Rp-cAMP attenuated the
increase in p42 ERK observed after E2 administration. Neither
APV nor Rp-cAMP significantly decreased p42 ERK levels relative to E2-treated mice, suggesting an intermediate effect of both
inhibitors. No treatment affected p44 ERK or total ERK protein.

Discussion
The present study replicates our previous reports demonstrating
that posttraining 0.2 mg/kg 17!-estradiol enhances object memory

Figure 2. Effects of E2 on ERK activation. Estradiol alone significantly increased levels of phosphorylated p42
30% above Vehicle controls. Intrahippocampal infusion of the NMDA receptor antagonist APV or the cAMP
inhibitor Rp-cAMPS attenuated this increase (14% over control). It should be noted that neither APV nor
Rp-cAMP completely blocked the activation of p42. * # significant at p ) .05. Error bars represent % SEM.
Inset: Representative Western blots for phosphorylated/total p44 and p42.
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tested 48 hours after the sample phase (Gresack & Frick, 2004,
2006), and extends this work to show that this enhancement
involves the activation of NMDA receptors and PKA within the
dorsal hippocampus. To our knowledge, this is the first evidence
that estradiol-induced enhancement of memory consolidation involves these pathways.
The precise mechanisms by which NMDA receptors influence
the estrogenic mediation of object memory remain unclear. Previous research suggests that estradiol may indirectly influence
NMDA receptor activity by increasing the phosphorylation of
specific receptor subtypes. For example, Bi, Foy, Vouimba,
Thompson, and Baudry (2001), found that elevated estrogen levels
during the proestrus phase of the estrous cycle corresponded with
increased phosphorylation of the NR2B subunit of the NMDA
receptor and an increase in the magnitude of LTP. This increase in
NR2B phosphorylation was mediated by tyrosine phosphorylation
and the effect was, at least partially, mediated by ERK (Bi et al.,
2001). This finding has recently been extended to show that the
NR2B receptor is necessary for estrogen-induced facilitation of
LTP (Smith & McMahon, 2006). Thus, a possible mechanism for
the involvement of NMDA receptor activation in the effects of
estradiol on memory may be mediated by tyrosine phosphorylation
of NR2B subunits by ERK, although this possibility has yet to be
tested directly.
PKA appears to influence the estradiol-induced enhancement of
object memory by activating ERK. Previous studies have established that PKA, acting through the PKA-Rap1-B-Raf-MEK pathway (Sweatt, 2001), is involved in several types of learning and
memory (see Selcher, Weeber, Varga, Sweatt, & Swank, 2002 for
review). Our data suggest that PKA-driven activation of ERK is
involved in estradiol-induced modulation of object memory, as
inhibition of PKA both reduced the enhancement of object memory and significantly decreased phosphorylated p42 ERK levels.
Nevertheless, although ERK is activated following object recognition training (Kelly, Laroche, & Davis, 2003) the precise role of
ERK in mediating the estrogenic enhancement of object memory
has yet to be determined. As discussed above, one way could be
via phosphorylation of NR2B subunits of NMDA receptors. Another may be through activation of CREB. Previous studies have
demonstrated that CREB phosphorylation is necessary for the
formation of stable memories, and that ERK is an integral component of CREB activation (Adams & Sweatt, 2002). As such, the
enhancement of object memory observed here result from the
activation of genes containing cAMP response elements and the
subsequent production of proteins associated with long-term synaptic modifications.
One important aspect of ERK activation observed in the present
study is that neither APV nor Rp-cAMPS completely blocked the
estradiol—induced increase in ERK phosphorylation (see Figure
2), although both caused an approximately 50% reduction in
activation of the protein. One potential reason for this result may
be that the dose of the drugs used was insufficient to completely
block protein activation. Another potential explanation for the
residual ERK activation still observed after the administration of
each inhibitor may be the fact that many other upstream factors can
still actively contribute to ERK activation, for example, receptor
tyrosine kinases and PKC (for review see Sweatt, 2004). Thus,
although the present data suggest that both NMDA receptors and
PKA activation are involved in the effects of estradiol on object

memory, this modulation is likely because of complex interactions
between these and numerous other proteins. However, the fact that
object memory is completely disrupted after NMDA receptor
antagonism and PKA inhibition suggests an important role for
these proteins.
It is important to note that a previous study has demonstrated
that ERK may be involved in object memory when tested after 24
hours. Kelly et al. (2003) demonstrated a significant increase in
p44 ERK (ERK1) activation following the sample phase of an
object recognition task. Although our Vehicle-treated mice do not
demonstrate object memory when tested after 48 hours, the possibility remains that our infusions of APV or Rp-cAMP could have
simply disrupted object memory formation while having little
effect on the estradiol-induced enhancement of object memory.
However, our data suggest that estradiol administration increased
ERK2 (p42) rather than ERK1 (see Figure 2). Together, these
findings suggest that object memory formation may involve the
activation of ERK1, whereas estradiol-induced enhancement of
object memory may involve the activation of ERK2, and thus,
support the conclusion that the present findings are not due to
disrupted object memory formation, per se.
The aforementioned mechanisms of estradiol action in the dorsal hippocampus assume that estradiol influences object memory
and ERK via nongenomic mechanisms independent of the cloned
genomic estrogen receptors alpha and beta. This assumption is
based on recent evidence suggesting that estradiol may produce
rapid intracellular effects by binding to estrogen receptors located
at the cell membrane (Shingo & Kito, 2005). In support, recent
studies suggest that estradiol can enhance long-term depression
and spine density in the CA1 subregion of the hippocampus in an
ERK-dependent fashion (Ogiue-Ikeda et al., 2007). Further, both
ER+ and ER! agonists can rapidly modulate calcium dynamics in
hippocampal neurons via ERK activation, an effect that is not
blocked by the estrogen receptor antagonist ICI 182,780, suggesting a role for potential nongenomic effects of estradiol (Zhao &
Brinton, 2007). Our data support this idea, as NMDA receptor
antagonists or PKA inhibition would not be expected to interfere
with the effects of estradiol on object memory if these effects were
mediated solely by genomic mechanisms. We are currently investigating the downstream effectors that are critically involved in the
effects of estradiol at the cell membrane.
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