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Estradiol-Induced Enhancement of Object Memory
Consolidation Involves Hippocampal Extracellular Signal-
Regulated Kinase Activation and Membrane-Bound
Estrogen Receptors
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The extracellular signal-regulated kinase (ERK) pathway is critical for various forms of learning and memory, and is activated by the
potent estrogen 17�-estradiol (E2 ). Here, we asked whether E2 modulates memory via ERK activation and putative membrane-bound
estrogen receptors (ERs). Using ovariectomized mice, we first demonstrate that intraperitoneal injection of 0.2 mg/kg E2 significantly
increases dorsal hippocampal levels of phosphorylated ERK protein 1 h after injection. Second, we show that E2 administered intraperi-
toneally (0.2 mg/kg) or via intrahippocampal infusion (5.0 �g/side) immediately after training in an object recognition task significantly
enhances memory retention, and that the beneficial effect of intraperitoneal E2 is blocked by dorsal hippocampal inhibition of ERK
activation. Third, using bovine serum albumin-conjugated 17�-estradiol (BSA-E2 ), we demonstrate that E2 binding at membrane-bound
ERs can increase dorsal hippocampal ERK activation and enhance object memory consolidation in an ERK-dependent manner. Fourth,
we show that this effect is independent of nuclear ERs, but is dependent on the dorsal hippocampus. By demonstrating that E2 enhances
memory consolidation via dorsal hippocampal ERK activation, this study is the first to identify a specific molecular pathway by which E2

modulates memory and to demonstrate a novel role for membrane-bound ERs in mediating E2-induced improvements in hippocampal
memory consolidation.
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Introduction
Although estrogens can influence memory and hippocampal
function, the molecular mechanisms underlying estrogen-
induced effects on memory remain mostly unknown. Such
mechanisms are difficult to discern using experimental designs in
which estrogens are given before training because circulating es-
trogens can affect nonmnemonic aspects of task performance
such as motivation, anxiety, and motor function. As such, exper-
iments that administer a rapidly metabolized form of the potent
estrogen, 17�-estradiol (E2), immediately after training (“post-
training”) and test retention after E2 is metabolized, allow for
effects on memory consolidation to be measured in the absence
of such nonmnemonic confounds. In female rodents, posttrain-

ing E2 enhances memory consolidation in spatial Morris water
maze and object recognition tasks (Packard and Teather,
1997a,b; Gresack and Frick, 2006).

The effects of posttraining E2 on memory may be mediated via
multiple estrogen receptor (ER) mechanisms in the brain. Tradi-
tional “genomic” mechanisms involve E2 binding to nuclear es-
trogen receptors (ER� and ER�) and subsequent binding of the
ER complex to estrogen response elements on DNA, which ini-
tiates gene transcription. E2 may also bind to postulated
membrane-bound ERs (Razandi et al., 1999; Watson et al.,
1999b), including one referred to as ER-X (Toran-Allerand,
2005), to produce rapid “nongenomic” effects, including activa-
tion of cytoplasmic signaling cascades. Importantly, E2 can affect
memory consolidation within 2 h after training (Luine et al.,
2003), suggesting that E2 effects involve rapid membrane-bound
ER-mediated activation of intracellular signaling cascades.

Activation of the extracellular signal-regulated kinase/
mitogen-activated protein kinase (ERK/MAPK) signaling cas-
cade in the hippocampus is critical for several types of memory
consolidation (Atkins et al., 1998; Blum et al., 1999; Schafe et al.,
2000; Kelly et al., 2003; Runyan et al., 2004), and blocking hip-
pocampal ERK activation by inhibiting mitogen-activated pro-
tein kinase kinase (MEK) (the kinase that activates ERK) impairs
memory consolidation in several tasks (Blum et al., 1999; Walz et
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al., 2000; Runyan et al., 2004; Zhang et al., 2004). In particular,
intracerebroventricular MEK inhibition also disrupts object
memory consolidation (Bozon et al., 2003; Kelly et al., 2003). E2

increases ERK activation in the hippocampus in vivo and in vitro,
and this effect is blocked by MEK inhibition (Kuroki et al., 2000;
Nilsen and Brinton, 2003; Yokomaku et al., 2003). However, no
study has examined whether the ability of E2 to facilitate memory
consolidation is dependent on ERK activation.

Therefore, the goals of this study were to determine (1)
whether hippocampal ERK activation is necessary for E2 to en-
hance hippocampal memory consolidation, and (2) whether
membrane-bound ERs are involved in estrogenic modulation of
hippocampal memory consolidation and ERK activation. We
first show that E2 increases dorsal hippocampal ERK activation.
Using an object recognition task in which hippocampal involve-
ment has been demonstrated (Clark et al., 2000; Baker and Kim,
2002), we next show that E2-induced enhancement of object
memory consolidation is dependent on dorsal hippocampal ERK
activation, and can involve membrane-bound ERs. This study is
the first to identify a specific molecular pathway underlying the
beneficial effects of E2 on memory and demonstrate involvement
of membrane-bound ERs in E2-induced enhancement of hip-
pocampal memory consolidation.

Materials and Methods
Subjects. Female C57BL/6 mice were obtained from Taconic Farms or
The Jackson Laboratory at 9 –12 weeks of age. Mice were handled briefly
before use. Five mice per cage were housed in a room with a 12 h light/
dark cycle. Food and water were provided ad libitum. Procedures fol-
lowed the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Yale University Animal
Care and Use Committee.

Drugs and infusions. Cyclodextrin-encapsulated E2 (Sigma-Aldrich) at
a dose of 0.2 mg/kg was dissolved in physiological saline in a volume of 4
ml/kg, and injected intraperitoneally. This dose in mice facilitates object
memory consolidation in the task used here (Gresack and Frick, 2004,
2006). The vehicle, hydroxypropyl-�-cyclodextrin (HBC), was dissolved
in an equal volume of saline and contained the same amount of cyclo-
dextrin as E2. The MEK inhibitor �-[amino[(4-aminophenyl)thio]-
methylene]-2-(trifluoromethyl)benzeneacetonitrile (SL327) (Sigma-
Aldrich), at a dose of 30 mg/kg, was dissolved in 100% dimethyl sulfoxide
(DMSO) and injected intraperitoneally in a volume of 2.0 ml/kg. Vehicle
controls received HBC or both HBC and DMSO. For intrahippocam-
pal infusions, physiological saline or cyclodextrin-encapsulated E2

dissolved in physiological saline (5.0 �g/0.5 �l) was infused at 0.5
�l/min for 1 min.

To demonstrate that E2-induced increases in object recognition were
dependent on dorsal hippocampal ERK activation, other mice received
intrahippocampal infusions of vehicle or the MEK inhibitor 1,4-diamino-
2,3-dicyano-1,4-bis(o-aminophenylmercapto)butadiene (U0126) (2.0
�g/�l; Sigma-Aldrich) concurrently with intraperitoneal E2 injection or
intracerebroventricular infusion of bovine serum albumin-conjugated
17�-estradiol (see below) into the dorsal third ventricle. U0126 was dis-
solved in 100% DMSO to 4 �g/�l as a stock solution and then serially
diluted in physiological saline for infusion of various doses. U0126 or
vehicle (50% DMSO) were infused at a rate of 0.50 �l/min and a volume
of 0.50 �l/side. Other mice received intracerebroventricular infusions of
vehicle or bovine serum albumin-conjugated 17�-estradiol [�-estradiol
6-(O-carboxy-methyl)oxime] (BSA-E2) (Sigma-Aldrich). The covalent
conjugation of E2 to the large BSA molecule prevents E2 from passing
through the cell membrane and binding to intracellular ERs (Taguchi et
al., 2004). Thus, effects of BSA-E2 should be mediated by membrane-
bound ERs. BSA-E2 was dissolved in Tris-HCl to a concentration of 5.0
�M. Either 5.0 �M BSA-E2 or vehicle (Tris-HCl) was infused at a rate of
0.5 �l/min at a volume of 1.0 �l.

To demonstrate that the effects of BSA-E2 on memory and ERK acti-

vation were independent of nuclear estrogen receptors, other mice re-
ceived intracerebroventricular infusions of BSA-E2 conducted as de-
scribed above concurrently with intrahippocampal infusions of the
nuclear estrogen receptor antagonist (7a,17b)-7-[9[(4,4,5,5,5-
pentafluoropentyl)sulfinyl]nonyl]estra-1,3,5(10)-triene-3,17-diol (ICI
182,780) (10 �g/�l; Sigma-Aldrich). ICI 182,780 is an antagonist of ER�
and ER� that impairs E2-induced ER dimerization (Weatherman et al.,
2002) and translocation of ERs into the cell nucleus (Dauvois et al.,
1993). If ICI 182,780 does not block the effects of BSA-E2 on memory and
ERK activation, then this would indicate that these effects are mediated
by membrane-associated estrogen receptors rather than nuclear recep-
tors. Intrahippocampal infusions of ICI 182,780 were conducted at a rate
of 0.5 �l/min and a volume of 0.5 �l/side, resulting in a dose of 5.0
�g/side. In other mice, ICI 182,780 was infused intrahippocampally
without concurrent intracerebroventricular infusion as a control because
of a report that this compound in female rats can act as an estrogen
receptor agonist to enhance place learning when administered in the
absence of E2 (Zurkovsky et al., 2006). To compare effects of ICI 182,780
with those of traditional E2, 0.2 mg/kg E2 was administered intraperito-
neally either alone or with ICI 182,780 infused intrahippocampally. The
E2 plus intrahippocampal ICI 182,780 group also served as a control for
the effectiveness of the ICI compound in blocking the effects of tradi-
tional, non-BSA-conjugated E2 on object memory consolidation and
ERK activation. Vehicle controls for the aforementioned groups received
intracerebroventricular and intrahippocampal infusions of saline or BSA
dissolved in saline.

Finally, to demonstrate that the effects of BSA-E2 on memory and ERK
activation involved the dorsal hippocampus, BSA-E2 was infused bilat-
erally into the dorsal hippocampus of another set of mice. Intrahip-
pocampal infusions were conducted at a rate of 0.5 �l/min and at a
volume of 0.5 �l/side, resulting in doses of 5.0 �M per side. As a control,
these mice also received intracerebroventricular infusions of vehicle
(BSA dissolved in saline). Additional mice received intracerebroventric-
ular BSA-E2 plus intrahippocampal vehicle as a control to replicate the
effects of intracerebroventricular BSA-E2 observed above. As an addi-
tional method of demonstrating hippocampal involvement in the
BSA-E2 effect, other mice received intracerebroventricular infusions of
BSA-E2 conducted as described above concurrently with intrahippocam-
pal infusions of the GABAA receptor agonist 3-hydroxy-5-aminomethyl-
isoxazole (muscimol) (0.50 �g/�l dissolved in saline; Sigma-Aldrich).
Muscimol temporarily inactivates a brain region of interest by increasing
GABAergic inhibition without permanently damaging the tissue (Mar-
tin, 1991). Therefore, if muscimol interferes with the beneficial effects of
intracerebroventricular BSA-E2 on memory, then this would suggest
critical involvement of the dorsal hippocampus in this effect. Intrahip-
pocampal infusions of muscimol were conducted at the same rate and
volume as above. Vehicle controls for all of the aforementioned groups
received intracerebroventricular and intrahippocampal infusions of sa-
line or BSA dissolved in saline.

Injection cannulas for intrahippocampal and intracerebroventricular
infusions remained in place for 1 min after infusion to prevent drug
diffusion up the injection track. For behaviorally tested mice, all solu-
tions were administered immediately after the sample phase of object
recognition training.

Surgery. Mice were ovariectomized and implanted with intracranial
guide cannulas as described previously (Lewis et al., 2008). Mice receiv-
ing intracranial infusions were implanted with stainless-steel guide can-
nulas (Plastics One) aimed at the dorsal hippocampus (bilaterally), dor-
sal third ventricle, or both loci. Mice were anesthetized with isoflurane
gas (5% for induction, 2% for maintenance). Using a stereotaxic appa-
ratus (Kopf Instruments), guide cannulas (C232GC; 26 gauge; Plastics
One) with inserted dummy cannulas (C232DC) were directed toward
the hippocampus [�1.7 mm posterior to bregma, �1.5 mm lateral to
midline, �2.3 mm (injection site) ventral to skull surface], dorsal third
ventricle [�0.5 mm posterior to bregma, �0.0 lateral to the midline,
�3.0 (injection site) ventral to the skull surface], or both the hippocam-
pus and dorsal third ventricle (triple guide; same coordinates as above for
both regions) (Paxinos and Franklin, 2001). Each cannula was fixed to
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the skull with dental cement that also served to close the wound. Mice
recovered for at least 5 d before testing.

During drug infusions, mice were gently restrained. Dummy cannulas
were replaced with injection cannulas (C232I; intrahippocampal: 26
gauge, extending 0.8 mm beyond the 1.5 mm guide; intracerebroventric-
ular: 28 gauge, extending 1.0 mm beyond the 2.0 mm guide) attached to
polyethylene tubing (PE50) connected to a 10 �l Hamilton syringe. In-
fusions were controlled by a microinfusion pump (KDS 100; KD
Scientific).

Histology. Behaviorally tested mice receiving intracranial infusions
were cervically dislocated. Brains were immediately removed and stored
in 10% formalin until sectioning. Coronal sections (60-�m-thick col-
lected proximal to cannula tracts) were cut on a cryostat (�18°C), slides
were stained with cresyl violet, and injection sites were verified by light
microscope. Only mice with correct placements (supplemental Figs. 1–3,
available at www.jneurosci.org as supplemental material) were included
in statistical analyses.

Western blotting. One hour after systemic injection or 5 min after
intracranial infusion, mice were decapitated and the dorsal hippocampus
was immediately dissected bilaterally on ice. For some mice (see Fig. 4b),
tissue punches of the CA1 region of the dorsal hippocampus, rather than
the entire dorsal hippocampus, were taken to focus analysis on a hip-
pocampal subregion that is extremely sensitive to the effects of E2 (for
review, see Woolley, 2007). CA1 tissue punches (1 mm; Fine Science
Tools) were taken from 480-�m-thick fresh frozen sections cut on a
microtome. All tissue samples were resuspended 1:50 w/v in lysis buffer
and homogenized with a probe sonicator. Western blotting was con-
ducted as previously described (Lewis et al., 2008). Blots were incubated
with anti-phospho-p44/42 MAPK (Thr202/Tyr204) (1:1000; Cell Signal-
ing Technology) or an anti-total p44/42 MAPK antibody (1:2000; Cell
Signaling Technology) overnight. Densitometry was conducted using
Kodak 1D 3.6 software on the Kodak Image Station 440 CF. Phospho-
p42/p44 ERK levels were normalized to total p42/p44 ERK levels.

Object recognition. The object recognition task, conducted as previ-
ously reported (Fernandez and Frick, 2004), assessed nonspatial
hippocampal-dependent memory (Clark et al., 2000; Baker and Kim,
2002). Mice were habituated by allowing them to freely explore an empty
white box for 5 min. No data were recorded. Twenty-four hours later,
mice were rehabituated for 1 min, and then placed in a holding cage while
two identical objects were placed in the left and right corners of the box,
�5 cm from the walls. Mice were then returned to the box for the sample
phase and allowed to freely investigate until they accumulated a total of
30 s exploring the objects (exploration recorded when the front paws or
nose contacted the object). Mice were then removed, immediately in-
jected or infused, and returned to their home cages.

After 24 or 48 h, object recognition was tested in the choice phase, in
which a novel object was substituted for one of the familiar sample phase
objects. Novel object location was counterbalanced across mice. Time
spent with each object was recorded. Mice inherently prefer to explore
novel objects; thus, a preference for the novel object [more time than
chance (15 s) with the novel object] indicates intact memory for the
familiar object. Using 30 s of total exploration time rather than a fixed
trial duration minimizes confounding influences of group differences in
activity. Memory retention is delay dependent; mice show memory re-
tention after 24, but not 48, hours (Gresack and Frick, 2004, 2006).
Elapsed time to accumulate 30 s of exploration was recorded to control
for group differences in activity levels, but none were observed in any
experiment (supplemental Table 1, available at www.jneurosci.org as
supplemental material).

Statistical analyses. Separate one-sample t tests were performed for
each group to determine whether the time spent with the novel object
differed from 15 s. This analysis was used because time spent with the
objects is not independent; time spent with one object reduces time spent
with the other object (Gresack and Frick, 2003, 2004, 2006). For Western
blotting, separate two-tailed unpaired t tests were performed between
estradiol-treated groups and their vehicle-treated controls for each ERK
isoform. For the Western blotting data shown in Figure 4b, a one-way
ANOVA was performed including all groups, and Tukey’s post hoc com-
parisons were performed between treatment groups and vehicle controls.

The same analyses were performed for the Western blotting data shown
in supplemental Figure 4 (available at www.jneurosci.org as supplemen-
tal material).

Results
Estradiol increases ERK activation in dorsal hippocampus
To determine whether acute E2 treatment affected dorsal hip-
pocampal ERK activation, mice were injected intraperitoneally
with vehicle, 0.2 mg/kg E2 (n � 6), or 30 mg/kg SL327 plus 0.2
mg/kg E2 (n � 9). Each treatment group was compared with its
own vehicle controls (n � 7 and 8, respectively). Mice were killed
1 h later, and the dorsal hippocampus was immediately removed.
Western blotting (Fig. 1) of phosphorylated p42 and p44 ERK
protein levels showed that E2 significantly increased dorsal hip-
pocampal phospho-p42 ERK levels relative to vehicle controls
(t(11) � 5.82; p � 0.001), and slightly, but not significantly, in-
creased phospho-p44 levels. E2-induced increases in phospho-
ERK levels were completely blocked by SL327; phospho-p42 and
phospho-p44 ERK levels were significantly reduced relative to
controls (t(15) � �2.71 and �3.76, respectively; p � 0.05) (Fig.
1b).

Estradiol-induced enhancement of object recognition is
dependent on dorsal hippocampal ERK activation
The beneficial effect of E2 on object recognition was first demon-
strated by injecting mice immediately after the sample phase with
vehicle (n � 9) or 0.2 mg/kg E2 (n � 9) intraperitoneally and
testing retention after 48 h. During the choice phase (Fig. 2a),
mice receiving E2 spent significantly more time than chance (15 s)
with the novel object (t(8) � 2.63; p � 0.05). This preference for
the novel object indicates that E2 enhanced novel object recogni-
tion. Vehicle-treated mice did not prefer either object.

To determine whether the effect of E2 on object recognition
was dependent on dorsal hippocampal ERK activation, we in-
fused the MEK inhibitor U0126 bilaterally into dorsal hippocam-
pus immediately after intraperitoneal 0.2 mg/kg E2. To first dem-
onstrate that effects of MEK inhibition on E2-induced
enhancement of 48 h object recognition did not result from gen-
eral prevention of memory formation after the sample phase, we
identified doses of U0126 that did not interfere with object rec-
ognition at a shorter 24 h delay. Mice received intrahippocampal

Figure 1. a, Representative Western blots showing phosphorylated p42 and p44 ERK pro-
tein levels. a, b, E2 (0.2 mg/kg, i.p.) significantly increased phospho-p42 ERK levels in dorsal
hippocampus 1 h after injection, and 30 mg/kg SL327 completely blocked this increase. Each bar
represents mean (�SEM) percentage change from vehicle (Veh) controls (*p �0.05 relative to
controls).
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vehicle (n � 6), 0.1 �g of U0126 (n � 7), 0.5 �g of U0126 (n � 7),
or 1.0 �g of U0126 (n � 6) immediately after the sample phase.
Twenty-four hours later (Fig. 2b), mice receiving intrahippocam-
pal vehicle, 0.1 �g of U0126, and 0.5 �g of U0126 exhibited a
significant preference for the novel object (values of t(5– 6) � 2.5–
4.4; p � 0.05), whereas mice receiving 1.0 �g of U0126 did not,
indicating that 0.1 and 0.5 �g of U0126 did not generally prevent
memory formation in this task. We then paired 0.2 mg/kg E2

injections with intrahippocampal infusion of vehicle (n � 7) or
the highest ineffective U0126 dose (0.5 �g/side; n � 7) immedi-
ately after the sample phase, and tested memory retention after
48 h. Mice receiving E2 plus intrahippocampal vehicle exhibited a
significant preference for the novel object (t(9) � 3.83; p � 0.05)
(Fig. 2c), whereas the E2 plus intrahippocampal U0126 group did
not, demonstrating that E2-induced facilitation of object recog-
nition is dependent on dorsal hippocampal ERK activation.

Intrahippocampal infusion of estradiol enhances
object recognition
To further emphasize the role of the hippocampus in mediating
effects of E2 object memory, we next asked whether intrahip-
pocampal E2 infusion could enhance object recognition. Imme-
diately after the sample phase, mice received bilateral intrahip-
pocampal infusions of vehicle (n � 10) or 5.0 �g/side E2 (n � 9)
(Packard and Teather, 1997a). Forty-eight hours later (Fig. 2d),
mice receiving intrahippocampal E2 exhibited a significant pref-
erence for the novel object (t(8) � 4.52; p � 0.01), whereas vehicle
controls did not, suggesting that the dorsal hippocampus can

mediate effects of E2 on object recognition. To demonstrate that
this effect occurs within hours of infusion, mice received intra-
hippocampal infusions of 5.0 �g/side E2 (n � 5) 3 h after the
sample phase. These mice did not exhibit a preference for the
novel object after 48 h (Fig. 2d), indicating that beneficial effects
of E2 occur within 3 h of injection.

Estradiol binding to membrane-bound ERs can enhance
object recognition and hippocampal ERK activation
To determine whether membrane-bound ERs can mediate E2-
induced alterations of object recognition, we next asked whether
the effects of E2 on object recognition and dorsal hippocampal
ERK activation could be duplicated by membrane-impermeable
BSA-E2. Immediately after the sample phase, mice received an
intracerebroventricular infusion of vehicle (n � 9) or 5.0 �M

BSA-E2 (n � 10) (Kuroki et al., 2000). As a control for effects of
trace amounts of E2 that may have come unbound from the BSA
molecule, another group was infused with 850 pg/�l 17�-
estradiol (n � 10), the amount of free E2 calculated in our prep-
aration based on previous work (Stevis et al., 1999). BSA-E2 mice
exhibited a significant preference for the novel object after 48 h
(Fig. 3a) (t(9) � 4.88; p � 0.01), whereas vehicle and free E2

groups did not. Other mice (n � 9) received intracerebroventric-
ular infusion of 5.0 �M BSA-E2 plus intrahippocampal infusion
of U0126 (0.5 �g/side) immediately after the sample phase; this
group did not spend significantly more time than chance with the
novel object (Fig. 3a). Together, these data suggest that activation
of membrane-bound ERs by BSA-E2 can enhance object recog-

Figure 2. Object recognition data. a, Mice treated with 0.2 mg/kg E2, but not vehicle, spent
significantly more time with the novel object than chance (dashed line at 15 s) after 48 h,
demonstrating memory for the familiar object. b, In mice tested 24 h posttraining, all but those
receiving intrahippocampal (IH) 1.0 �g of U0126 spent significantly more time than chance
with the novel object, demonstrating that the 0.1 and 0.5 �g doses of U0126 did not impair
memory at this delay. c, Mice receiving 0.2 mg/kg E2 plus intrahippocampal vehicle exhibited a
significant preference for the novel object. This effect was blocked by intrahippocampal 0.5 �g
of U0126. d, Mice receiving intrahippocampal E2 (5 �g) spent significantly more time with the
novel object than chance, whereas mice receiving intrahippocampal vehicle or intrahippocam-
pal E2 after a 3 h delay did not. Each bar represents the mean (�SEM) time spent with each
object (*p � 0.05 relative to chance).

Figure 3. a, Mice receiving intracerebroventricular (ICV) BSA-E2 spent significantly more
time with the novel object than chance (dashed line at 15 s), thus demonstrating memory for
the familiar object. This effect was blocked by intrahippocampal 0.5 �g U0126. Controls receiv-
ing intracerebroventricular vehicle or intracerebroventricular 850 pg/�l free E2 also did not
prefer the novel object. Each bar represents the mean (�SEM) time spent with each object
(*p � 0.05 relative to chance). b, Intracerebroventricular BSA-E2 significantly increased
phospho-p42, but not phospho-p44, ERK levels in the dorsal hippocampus 5 min after infusion.
Each bar represents mean (�SEM) percentage change from vehicle controls (*p � 0.05 rela-
tive to controls). Inset, Representative Western blots showing phosphorylated p42 and p44 ERK
protein levels.
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nition and that this effect is dependent on dorsal hippocampal
ERK activation. To demonstrate that BSA-E2 can increase dorsal
hippocampal ERK activation, other mice received intracerebro-
ventricular infusion of vehicle (n � 3) or 5.0 �M BSA-E2 (n � 5)
and were killed 5 min later. BSA-E2 significantly increased dorsal
hippocampal phospho-p42 ERK levels 5 min after infusion (t(6)

� �6.51; p � 0.001), but did not affect phospho-p44 ERK levels
(Fig. 3b).

Effects of BSA-E2 on object recognition are independent of
nuclear ERs
Although mice infused intracerebroventricularly with free E2 did
not show a significant preference for the novel object, it remains
possible that this control does not adequately account for the
dissociation of E2 from the BSA molecule within the hippocam-
pus. Thus, to ensure that the beneficial effects of BSA-E2 on object
memory consolidation and phospho-p42 ERK activation were
not attributable to free E2 binding to nuclear ERs, a new set of
mice received infusions of vehicle (both intrahippocampal and
intracerebroventricular; n � 9) or intracerebroventricular infu-
sion of BSA-E2 concurrently with intrahippocampal infusion of
the nuclear ER antagonist ICI 182,780 (n � 9) immediately after
the sample phase. Forty-eight hours later, mice receiving intrace-
rebroventricular BSA-E2 plus intrahippocampal ICI 182,780, but
not those receiving vehicle, spent significantly more time with the
novel object than chance (t(8) � 2.99; p � 0.05) (Fig. 4a), suggest-
ing that an ER�/� antagonist does not prevent BSA-E2 from en-
hancing object memory consolidation. Effects on ERK activation
in the CA1 subregion of the dorsal hippocampus were measured
in other mice using separate one-way ANOVAs for each ERK
isoform conducted on all groups shown in Figure 4b. The main
effect of treatment was significant for phospho-p42 ERK levels
(F(7,30) � 2.77; p � 0.05) (Fig. 4b), and thus, effects of Tukey’s
post hoc tests performed subsequent to this ANOVA will be de-
scribed in the paragraphs below. In contrast to phopho-p42 ERK,
the main effect of treatment was not significant for phospho-p44
ERK levels (supplemental Fig. 4, available at www.jneurosci.org
as supplemental material); as such, the paragraphs below describe
effects on phospho-p42 ERK levels only. For mice receiving in-
tracerebroventricular BSA-E2 plus intrahippocampal ICI 182,780
(n � 5), Tukey’s post hoc tests revealed that dorsal CA1 levels of
phospho-p42 ERK 5 min after infusion were not significantly
different from either vehicle controls (n � 4) or mice receiving
intracerebroventricular BSA-E2 plus intrahippocampal vehicle
(n � 5) (Fig. 4b). This intermediate effect on phopho-p42 ERK
suggests that ICI 182,780 only partially blocked the beneficial
effects of intracerebroventricular BSA-E2. The residual phospho-
p42 ERK activation still present after ICI 182,780 administration
may have been sufficient to produce enhanced memory consoli-
dation, because this group demonstrated a significant preference
for the novel object.

To address the possibility that ICI 182,780 acts as an agonist in
the absence of BSA-E2 or E2 (Zhao et al., 2005; Zurkovsky et al.,
2006), we then infused ICI 182,780 intrahippocampally (without
concurrent intracerebroventricular infusion) immediately after
training and found that this treatment had no significant effect on
object memory consolidation tested 48 h later (n � 9) (Fig. 4a) or
on dorsal CA1 levels of phospho-p42 ERK measured 5 min after
infusion (n � 4) (Fig. 4b). This finding suggests that ICI 182,780
does not act as an agonist in the context of this experimental
design and that the beneficial effect of intracerebroventricular
BSA-E2 plus intrahippocampal ICI 182,780 on object recognition
was not attributable to memory- or ERK-enhancing effects of ICI

182,780. To ensure that the dose of ICI 182,780 used in combi-
nation with BSA-E2 was sufficient to block the effects of tradi-
tional E2, ICI 182,780 was infused intrahippocampally 55 min
after an intraperitoneal injection of 0.2 mg/kg E2. ICI 182,780

Figure 4. a, Time spent with the novel object 48 h after intracerebroventricular (ICV), intra-
hippocampal (IH), or intraperitoneal drug administration (bars for the familiar object are omit-
ted for simplicity). Mice treated with intracerebroventricular 5 �M BSA-E2 plus intrahippocam-
pal 5 �g of ICI 182,780, 0.2 mg/kg E2 (intraperitoneal), intracerebroventricular 5 �M BSA-E2

plus intrahippocampal vehicle, and intracerebroventricular vehicle plus intrahippocampal 5 �M

BSA-E2 spent significantly more time with the novel object than chance (dashed line at 15 s)
after 48 h, demonstrating memory for the familiar object. All other groups failed to exhibit a
significant preference for the novel object relative to chance. In brief, these data show that 0.2
mg/kg E2 and BSA-E2 administered into either the dorsal third ventricle or dorsal hippocampus
enhance object recognition, and that ICI 182,780 can block the effects of E2, but not of BSA-E2,
on object recognition. The data also show that ICI 182,780 does not act as an agonist in this task,
and that dorsal hippocampal inactivation with muscimol reduces the beneficial effects of
BSA-E2 on object memory. Each bar represents the mean (�SEM) time spent with each object
(*p � 0.05 relative to chance). b, Phospho-p42 ERK levels in dorsal CA1 were measured 5 min
after infusion in all groups but those receiving 0.2 mg/kg E2, in which mice were killed 60 min
after E2 injection (5 min after ICI 182,780 infusion in the E2 plus ICI 182,780 group). Phospho-
p42 ERK levels in dorsal CA1 were significantly increased relative to intracerebroventricular
vehicle plus intrahippocampal vehicle controls in groups receiving 0.2 mg/kg E2, intracerebro-
ventricular BSA-E2 plus intrahippocampal vehicle, and intracerebroventricular vehicle plus in-
trahippocampal BSA-E2 (*p � 0.05 relative to vehicle controls). Thus, administration of E2 or
BSA-E2 alone significantly increased phospho-p42 ERK levels in dorsal CA1. Phospho-p42 ERK
levels in other groups did not differ significantly from controls. Of note, levels in the intracere-
broventricular BSA-E2 plus intrahippocampal ICI 182,780 group were not significantly different
from vehicle controls or from the group receiving intracerebroventricular BSA-E2 plus intrahip-
pocampal vehicle ( �p � 0.05 relative to both groups), suggesting a partial blockade of the
effects of BSA-E2 by ICI 182,780. Each bar represents mean (�SEM) percentage change from
intracerebroventricular vehicle plus intrahippocampal vehicle controls. Inset, Representative
Western blots showing phosphorylated p42 ERK protein levels (note that the order of the bands
matches the order of the bars in the figure; group names are abbreviated for simplicity).
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completely blocked the beneficial effect of systemic E2 on novel
object recognition (n � 9), such that exploration of the novel
object in the E2 plus intrahippocampal ICI 182,780 group was not
significantly greater than chance (Fig. 4a) (0.2 mg/kg E2 data
reprinted from Fig. 2a). For analysis of dorsal CA1 ERK activity,
a separate set of mice was killed 60 min after injection of E2, either
alone or in combination with ICI 182,780 (which was infused
intrahippocampally 5 min before mice were killed). Tukey’s post
hoc tests revealed that 0.2 mg/kg E2 significantly increased dorsal
CA1 phopho-p42 ERK activation, whereas ICI 182,780 blocked
this effect (E2, n � 5; E2 plus ICI 182,780, n � 5) (Fig. 4b). These
data suggest that the dose of ICI 182,780 used in this study was
sufficient to block both the behavioral and biochemical effects of
traditional E2, but not of BSA-E2. Together with the BSA-E2 data,
these findings indicate that membrane-associated ERs can medi-
ate the effects of E2 on object memory consolidation and dorsal
hippocampal ERK activation, but suggest that nuclear ERs may
also be involved in these effects, possibly via a nongenomic
mechanism.

The dorsal hippocampus is a critical locus for the effects
of BSA-E2

To determine whether the dorsal hippocampus is critical to the
effects on BSA-E2 on object memory and ERK activation, we next
asked whether BSA-E2 infused directly into the dorsal hippocam-
pus could enhance object memory and increase dorsal CA1 ERK
activation similar to intracerebroventricular BSA-E2 infusion.
Immediately after the sample phase, mice received BSA-E2 in-
fused either intracerebroventricularly (n � 10) or intrahip-
pocampally (n � 10) plus vehicle infused to the alternate site (so
that all mice received infusions in both sites). Forty-eight hours
later, mice infused with BSA-E2 into either the dorsal third ven-
tricle (t(9) � 3.16; p � 0.05) or dorsal hippocampus (t(9) � 4.21;
p � 0.05) spent significantly more time than chance with the
novel object, whereas vehicle controls did not (Fig. 4a). Tukey’s
post hoc tests conducted subsequent to the phospho-p42 ERK
ANOVA described above revealed that both BSA-E2 treatments
(n � 5 for intracerebroventricular BSA-E2 and n � 5 for intra-
hippocampal BSA-E2) significantly increased dorsal CA1
phospho-p42 ERK levels 5 min after infusion relative to vehicle
controls (n � 4; p � 0.05 for both comparisons) (Fig. 4b). These
data not only replicate the intracerebroventricular BSA-E2 data
described in Figure 3, but also suggest that the effects of BSA-E2

on object memory consolidation can be mediated by the dorsal
hippocampus.

Although these data suggest a role for the dorsal hippocampus
in BSA-E2-induced enhancement of object memory consolida-
tion, they do not address whether the dorsal hippocampus is
critical for BSA-E2-induced memory enhancement. Therefore,
other mice were infused concurrently with BSA-E2 intracere-
broventricularly and muscimol intrahippocampally. To ensure
that the dose of muscimol used did not block general memory
formation in the task regardless of BSA-E2 treatment, a different
set of mice was given posttraining intrahippocampal infusions of
vehicle (n � 8) or one of three doses of muscimol (0.1 �g/side,
n � 8; 0.25 �g/side, n � 8; 0.5 �g/side, n � 8) and tested 24 h
later. Mice receiving vehicle (t(7) � 3.17; p � 0.05), 0.1 �g/side
(t(7) � 3.63; p � 0.05), or 0.25 �g/side (t(7) � 6.40; p � 0.05)
muscimol spent significantly more time with the novel object
than chance, whereas mice receiving 0.5 �g/side muscimol did
not (supplemental Fig. 3a, available at www.jneurosci.org as sup-
plemental material). These data demonstrate that intrahip-
pocampal infusion of a high dose of muscimol can significantly

impair object recognition memory, thereby illustrating a impor-
tant role of the dorsal hippocampus in mediating object memory
consolidation in this task, and establish two subeffective doses for
use with BSA-E2 that do not disrupt object memory when admin-
istered alone. Next, the higher of the subeffective muscimol doses
(0.25 �g/side) was then infused intrahippocampally concur-
rently with intracerebroventricular BSA-E2 (n � 11) immediately
after the sample phase. Forty-eight hours later, these mice
showed no significant preference for the novel object (Fig. 4a),
suggesting that temporary inactivation of the dorsal hippocam-
pus interferes with the effects of intracerebroventricular BSA-E2

administration and indicating a critical role for the dorsal hip-
pocampus in BSA-E2-induced enhancement of object memory
consolidation. Similar to its effects on memory, muscimol also
blocked the BSA-E2-induced increase in dorsal CA1 phospho-
p42 ERK levels 5 min after infusion (n � 4), such that no signif-
icant difference in phospho-p42 ERK levels was observed be-
tween mice infused with vehicle or with intracerebroventricular
BSA-E2 plus intrahippocampal muscimol (Fig. 4b). Together,
these data indicate that reversible inactivation of the dorsal hip-
pocampus interferes with BSA-E2-induced increases in object
recognition and dorsal CA1 phospho-p42 ERK activation, and
highlight the importance of dorsal hippocampal activity to the
effects of BSA-E2.

Discussion
The E2-induced increase in dorsal hippocampal phospho-p42
ERK levels is supported by previous studies demonstrating that
E2 can increase hippocampal ERK activation in vitro and in vivo.
For example, in cultured rodent hippocampal neurons, E2 rap-
idly increased phospho-p42 and phospho-p44 ERK levels (Nilsen
and Brinton, 2003; Yokomaku et al., 2003), effects that were
blocked by U0126 (Yokomaku et al., 2003). In male rats, an in-
tracerebroventricular infusion of E2 rapidly increased ERK acti-
vation (no particular isoform specified) in hippocampal CA1 and
dentate gyrus within 5 min of administration (Kuroki et al.,
2000). Our laboratory also recently showed that 0.2 mg/kg E2

significantly increased phospho-p42 ERK levels in the dorsal hip-
pocampus 60 min after injection and that this effect was associ-
ated with enhanced object recognition (Lewis et al., 2008). The
beneficial effects of E2 on object memory and dorsal hippocampal
phospho-p42 ERK levels were linked with several signaling path-
ways upstream from ERK, because the effects of E2 on both mem-
ory and ERK activation were reduced, but not completely
blocked, by bilateral infusion into the dorsal hippocampus of the
NMDA receptor antagonist, AP5, and the protein kinase A (PKA)
inhibitor, Rp-cAMPS (Lewis et al., 2008). Thus, these data sug-
gest that E2-induced enhancements of object memory consolida-
tion and dorsal hippocampal ERK activation involve the NMDA
and PKA pathways. Although both pathways can activate ERK
(Sweatt, 2004), the fact that neither treatment completely
blocked the effects of E2 on ERK activation may suggest that other
signaling pathways upstream from ERK, such as those initiated
by receptor tyrosine kinases or phospholipase C-coupled recep-
tors (Sweatt, 2004), also contribute to estrogenic modulation of
ERK activation.

The present data demonstrating that posttraining intraperito-
neal E2 injection enhanced object memory consolidation are con-
sistent with other reports that intraperitoneal E2 (including the
0.2 mg/kg dose) administered immediately posttraining en-
hanced object recognition and spatial memory (Packard et al.,
1996; Packard and Teather, 1997b; Gresack and Frick, 2006). Our
present finding that intrahippocampal E2 infusion enhanced ob-

Fernandez et al. • Estradiol and Memory Consolidation J. Neurosci., August 27, 2008 • 28(35):8660 – 8667 • 8665



ject memory consolidation is also consistent with a previous re-
port in ovariectomized female rats that posttraining dorsal hip-
pocampal E2 infusion enhances spatial memory consolidation
(Packard et al., 1996). Additionally, our data demonstrate that E2

enhances object memory consolidation within 3 h after training,
and our finding that systemic E2 increased dorsal hippocampal
ERK activation 60 min after injection fits well within this time
frame. As such, E2-induced increases in hippocampal ERK activ-
ity within 60 min of administration may be responsible for rapid
E2-induced improvements in memory consolidation in tasks in-
volving the hippocampus, such as object recognition (Clark et al.,
2000; Baker and Kim, 2002).

The fact that the beneficial effect of E2 on memory consolida-
tion was blocked by MEK inhibition is consistent with other re-
ports demonstrating that posttraining manipulation of ERK sig-
naling prevents long-term memory consolidation in
hippocampal-dependent tasks. For example, posttraining infu-
sion of the MEK inhibitor 2-(2-amino-3-methyoxyphenyl)-4H-
1-benzopyran-4-one (PD098059) into dorsal hippocampus dis-
rupted spatial memory consolidation in the Morris water maze
(Blum et al., 1999), and posttraining infusion of U0126 or
PD098059 into dorsal hippocampal CA1 impaired long-term
memory for inhibitory avoidance (Walz et al., 2000; Zhang et al.,
2004). The current finding that E2-induced facilitation of object
memory consolidation is dependent on ERK activation, along
with the fact that E2 only increased levels of activated p42 (but not
p44) ERK, may suggest that p42 is critical in mediating effects of
E2 on memory. This notion is consistent with evidence implicat-
ing p42 as the more important isoform in learning and memory
processes; deletion of p44 in mice has no effect on memory
(Selcher et al., 2001) or facilitates memory retention in certain
tasks (Mazzucchelli et al., 2002).

The estrogen receptor mechanisms by which E2 increases ERK
activation, and thus enhances memory, are not yet clear. Several
studies suggest involvement of nuclear ERs in E2-induced ERK
activation in the hippocampus. For example, treatment with ICI
182,780 inhibited E2-induced ERK activation in cultured mouse
hippocampal neurons (Yokomaku et al., 2003), and nuclear ER-
specific effects on E2-induced ERK activity have also been re-
ported (Singh et al., 2000; Wade et al., 2001; Abrahám et al.,
2004), implicating involvement of these receptors. Furthermore,
the fact that ICI 182,780 in the present study blocked the effects of
E2 on object recognition and dorsal CA1 phopho-p42 ERK levels
indicates that nuclear ERs act in a nongenomic manner to facili-
tate rapid effects on signal transduction and memory. This pos-
sibility is supported by the extranuclear localization of ER� and
ER� to sites throughout hippocampal pyramidal neurons, in-
cluding dendritic spines, axons, and axon terminals (Milner et al.,
2001, 2005). Furthermore, one recent study demonstrates that E2

causes ER�, but not ER�, to translocate to the plasma membrane
in primary cortical cultures, in which it can then activate ERK/
MAPK signaling (Sheldahl et al., 2008). The functional role of
nongenomic actions of ERs will need to be further elucidated in
future studies.

The present and previous (Kuroki et al., 2000) findings also
demonstrate that intracerebroventricular or intrahippocampal
infusions of BSA-E2 also elevate ERK activation in the dorsal
hippocampus and that these effects can occur in the presence of a
nuclear ER antagonist. The role of membrane-bound ERs in me-
diating memory consolidation specifically has never before been
investigated. Thus, our finding that BSA-E2 facilitated object
memory consolidation is the first to suggest a clear role for
membrane-bound ERs in E2-induced memory alterations. The

involvement of membrane-bound ERs in memory consolidation
was further supported by the present finding that the nuclear ER
antagonist ICI 182,780 did not block the beneficial effect of
BSA-E2 on object recognition. If BSA-E2 influenced object recog-
nition or dorsal hippocampal ERK activation primarily via nu-
clear ERs (e.g., by the liberation of free E2), then ICI 182,780
should have blocked the BSA-E2-induced enhancements of both
memory and ERK in a manner similar to E2. The fact that neither
object recognition nor dorsal CA1 ERK activation were com-
pletely blocked by ICI 182,780 suggests that membrane-bound
ERs alone can mediate the rapid effects of E2 on object memory
consolidation via nontraditional mechanisms such as ERK
activation.

In summary, the present study indicates that E2-induced en-
hancement of object memory consolidation is dependent on dor-
sal hippocampal ERK activation and can be mediated by
membrane-associated ERs. Given that membrane-bound recep-
tors are not yet fully characterized (Norfleet et al., 1999; Razandi
et al., 1999; Watson et al., 1999a,b; Toran-Allerand et al., 2002),
this is a particularly novel finding. The present data also support
a key role for the dorsal hippocampus in the BSA-E2 effect, as
indicated by the enhancement of object recognition and
phospho-p42 ERK levels after dorsal hippocampal infusions of
BSA-E2 and the disruption of the effects of intracerebroventricu-
lar BSA-E2 by intrahippocampal muscimol. The data, therefore,
demonstrate the involvement of a specific molecular pathway in
the dorsal hippocampus, as well as a novel ER mechanism, un-
derlying the effects of E2 on object memory consolidation.
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