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Abstract

Previous work from our laboratory has shown that the ability of estradiol to enhance object memory
consolidation in young ovariectomized mice is dependent on dorsal hippocampal activation of the
extracellular signal-regulated kinase/mitogen activated protein kinase (ERK/MAPK) signaling
pathway (Fernandez et al., 2008). However, it is unclear if estradiol modulates memory or ERK
activation similarly in the presence of progesterone. Therefore, the present study investigated effects
of combined estradiol and progesterone treatment on object memory consolidation and dorsal
hippocampal ERK activation in young ovariectomized C57BL/6 mice. Object memory was tested
in a novel object recognition task. Immediately after training, mice received intraperitoneal (i.p.)
injections of vehicle, 17p-estradiol (Ep; 0.2 mg/kg), or E, plus 5, 10, or 20 mg/kg progesterone (P).
Forty-eight hours later, mice receiving E, alone or E; plus 10 or 20 mg/kg P exhibited significantly
enhanced memory for the novel object relative to chance, whereas those receiving vehicle or E; plus
5 mg/kg P spent no more time than chance with the novel object. Two weeks later, ERK
phosphorylation was measured in the dorsal hippocampus 1 hour after i.p. injection of vehicle, Ey,
or E, plus P. Consistent with our previous work (Fernandez et al., 2008), E, alone significantly
increased phospho-p42 ERK protein levels in the dorsal hippocampus relative to vehicle controls.
In contrast, no combination of E, and P affected dorsal hippocampal phosphoERK levels. These data
indicate that, unlike E, alone, the beneficial effects of combined E, plus P treatment on memory are
not associated with ERK activation in the dorsal hippocampus 1 hour after treatment, and suggest
that E, alone and combined E, plus P may influence ERK activation in different timeframes or
enhance memory through different mechanisms.
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Introduction

Understanding the effects of combined estrogen and progestin treatment on the brain and
behavior has become critically important as questions have been raised about the effectiveness
of hormone therapy to reduce cognitive decline in menopausal women (Rapp et al., 2003,
Shumaker et al., 2003, Espeland et al., 2004, Shumaker et al., 2004). Numerous studies in
rodents have demonstrated beneficial effects of the most potent estrogen, 17p-estradiol, on
memory and hippocampal function (for recent reviews see (Daniel, 2006, Woolley, 2007,
Frick, 2009)). In contrast to estradiol, far less is known about the effects of progestins, such as
progesterone, on hippocampal memory and physiology. Some studies suggest that
progesterone can reduce the beneficial effects of estradiol in the hippocampus; for example,
progesterone blocks estradiol’s neuroprotective effects in the hippocampus (Rosario et al.,
2006) and on brain-derived neurotrophic factor (BDNF) levels in the entorhinal cortex
(Bimonte-Nelson et al., 2004). Also in the hippocampus, two estradiol injections followed 48
hrs later by a progesterone injection initially increases CA1 dendritic spine density in young
ovariectomized rats, but then decreases spine density more than if estradiol was administered
alone (Woolley and McEwen, 1993). Consistent with this biphasic effect on spines, when this
same hormone regimen is administered to rats prior to Morris water maze training, spatial
memory is improved 90 min, but not 24 hrs, after the progesterone injection (Sandstrom and
Williams, 2001). Similarly, chronic estradiol plus progesterone treatment given prior to
training impairs spatial memory in the Morris water maze in rats (Bimonte-Nelson et al.,
2006) and footshock avoidance learning in mice (Farr etal., 1995) relative to estradiol treatment
alone.

Interestingly, estradiol plus progesterone treatment administered immediately after training
(i.e. post-training) reportedly enhances spatial and non-spatial object memory in young
ovariectomized rats (Walf et al., 2006, Frye et al., 2007). In a post-training paradigm, rodents
are trained in a single day and then are given hormone treatment immediately after training.
Retention is then tested after several hours or days. Although this treatment does not simulate
the chronic treatment given to menopausal women, it permits the direct observation of
mnemonic effects of hormones in the absence of non-mnemonic performance confounds. Many
such studies use water-soluble cyclodextrin encapsulated versions of estradiol and
progesterone that can be metabolized within 24 hrs (Pitha et al., 1986). Beacause these
hormones are not in the circulation during training or testing, hormones can only affect the
consolidation phase of memory. Eliminating performance confounds is particularly important
for progesterone, which has been shown to influence anxiety (Bitran et al., 1991).

We have previously demonstrated that post-training intraperitoneal (i.p.) injections or
intrahippocampal infusions of cyclodextrin encapsulated estradiol (Gresack and Frick, 2004,
Gresack and Frick, 2006, Fernandez et al., 2008) or progesterone (Harburger et al., 2008, Orr
et al., submitted) enhance hippocampal-dependent object memory consolidation in young
ovariectomized mice. However, it is unclear whether combined estradiol plus progesterone
treatment would also enhance hippocampal object memory in young ovariectomized mice. In
young ovariectomized rats, post-training subcutaneous (s.c.) injections of estradiol plus
progesterone improved spatial and non-spatial object memory (Walf et al., 2006, Frye et al.,
2007). However, these studies injected hormones dissolved in oil and tested memory 4 hrs
later, when hormones were likely not fully metabolized. Therefore, potential effects of each
hormone on non-mnemonic performance factors may have influenced behavior during testing.
In addition, these prior studies examined only a single hormone combination (0.9 mg/kg
estradiol plus 4 mg/kg progesterone) (Walf et al., 2006, Frye et al., 2007), leaving open the
question of whether other dose combinations would have affected memory differently. Indeed,
we have shown that the mnemonic effects of estradiol and progesterone alone are dose-
dependent (Gresack and Frick, 2006, Harburger et al., 2008). Further, we recently showed in

Neuroscience. Author manuscript; available in PMC 2010 April 21.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Harburger et al.

Page 3

aged ovariectomized mice that 20 mg/kg, but not 5 or 10 mg/kg, progesterone completely
blocked estradiol’s beneficial effects on spatial memory (Harburger et al., 2007), suggesting
that different dose combinations of estradiol plus progesterone may have discrepant effects on
memory. Thus, determining an effective range of hormone treatments is important to
establishing cognitively effective doses for clinical hormone therapies.

Identifying molecular mechanisms underlying the mnemonic benefits of effective estradiol
plus progesterone treatments is also critical to the development of safe and effective hormone
therapies (Frick, 2009). One important signaling pathway linked to learning and memory is
the ERK/MAPK pathway (for review see (Sweatt, 2001)). ERK is activated (i.e.,
phosphorylated) in the hippocampus after training in hippocampal-dependent tasks (Atkins et
al., 1998, Blum et al., 1999, Cammarota et al., 2000) and is necessary for long-term memory
formation (Walz et al., 1999, Schafe et al., 2000, Kelly et al., 2003). Estradiol enhances ERK
activation in hippocampal neurons (Kuroki et al., 2000, Nilsen and Brinton, 2002, Wade and
Dorsa, 2003), and our laboratory has shown that dorsal hippocampal ERK activation is
necessary for estradiol to enhance object memory consolidation in young ovariectomized mice
(Fernandez et al., 2008). Although, progesterone, with and without estradiol, has been shown
to activate hippocampal ERK in rats in vitro (Nilsen and Brinton, 2002, Nilsen and Brinton,
2003), and progesterone alone also increases hippocampal ERK in rats in vivo (Guerra-Araiza
et al., 2008), no study has examined the effects of combined estradiol plus progesterone
treatment on hippocampal ERK activation in vivo.

Therefore, the present study investigated the effects of post-training i.p. injections of
cyclodextrin encapsulated estradiol and progesterone on non-spatial object memory
consolidation in ovariectomized mice. Following the completion of behavioral testing, dorsal
hippocampal ERK activation was examined 1 hr after i.p. hormone injections. Object memory
was assessed using a version of the object recognition task in which total exploration time is
fixed, and in which hippocampal involvement has been demonstrated (Clark et al., 2000, Baker
and Kim, 2002, Fernandez et al., 2008). We have previously shown in young ovariectomized
mice that 0.2 mg/kg estradiol, 10 or 20 mg/kg progesterone, but not 5 mg/kg progesterone,
enhance object recognition in this task (Gresack and Frick, 2004, Gresack and Frick, 2006,
Fernandez etal., 2008, Harburger et al., 2008). Therefore, mice in the present study were treated
with an effective dose of estradiol (0.2 mg/kg) combined with progesterone doses of varying
effectiveness (5, 10, or 20 mg/kg). Although they effectively enhance memory on their own,
it was hypothesized that the 10 or 20 mg/kg doses of progesterone might reduce the beneficial
effects of estradiol on memory, given that 20 mg/kg progesterone previously reduced the
beneficial effects of 0.2 mg/kg estradiol on spatial memory consolidation in aged
ovariectomized mice (Harburger et al., 2007).

Materials and Methods

Subjects

Subjects were 67 C57BL/6 female mice ovariectomized by Taconic (Germantown, NY)) at 8
weeks and shipped to Yale at 9 weeks of age. Mice were housed up to 5 per shoebox cage in
aroom with a 12:12 light/dark cycle (lights on at 07:00). All behavioral testing took place
during the light phase. Mice had ad libitum access to food and water in their cages. Upon
arrival, mice were handled 5 times for 5 min to habituate them to being picked up by the
experimenter. All procedures were approved by the Institutional Animal Care and Use
Committee of Yale University, and conformed to the guidelines established by the National
Institute of Health Guide for the Care and Use of Laboratory Animals.

Neuroscience. Author manuscript; available in PMC 2010 April 21.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Harburger et al. Page 4

Hormone treatment

Mice were randomly assigned to treatment groups that would receive vehicle, 0.2 mg/kg 17p-
estradiol (E>), or 0.2 mg/kg E, combined with 5, 10, or 20 mg/kg progesterone (P). These
treatments will hereafter be referred to as follows: vehicle (n = 15); 0.2 E, (n = 13), 0.2 E, +
5P(n=13),0.2E,+10P (n=14),and 0.2 E, + 20 P (n = 12). Vehicle-treated mice received
acute intraperitoneal (i.p.) injections of 2-hydroxypropyl-p-cyclodextrin (HBC) dissolved in
physiological saline (Sigma, St. Louis, MO). Hormone-treated mice received injections of an
estradiol-HBC inclusion complex and a progesterone-HBC inclusion complex (Sigma, St.
Louis, MO), both dissolved in physiological saline. HBC enhances the solubility for
hydrophobic steroid hormones and does not alter the bioefficacy of the hormones (Pitha,
1985).

Object recognition task

The object recognition task tested non-spatial object memory and was conducted as previously
described (Frick and Gresack, 2003, Harburger et al., 2008). Mice were habituated in an empty
white open field box for 5 min during which no data were collected. Twenty-four hours later,
mice were rehabituated in the empty open field for 1 min. They were then placed in a holding
cage while two identical objects were placed in the northeast and northwest corners of the box,
approximately 5 cm from the wall. Mice were then returned to the box and allowed to freely
explore the two identical objects until they accumulated 30 s of time exploring the objects,
after which they were removed from the box, immediately injected, and then returned to their
homecage.

Retention was tested 48 hrs later. Mice were placed in the open field with one of the same
objects presented on the first day (familiar object) and a new (novel) object and were allowed
to accumulate 30 s exploring the objects. Object exploration was recorded when the front paws
or nose were in direct contact with the object. Because mice have a natural affinity for novelty,
an increase in the time spent exploring the novel object relative to chance (15 s) demonstrates
memory for the familiar object (Frick and Gresack, 2003). The location of the novel object
was counterbalanced across mice in each group. Time spent exploring the objects (s) and
elapsed time to accumulate 30 sec of exploration were recorded during testing using a custom-
written computer program.

Western blotting

Two weeks after the completion of behavioral testing, mice were injected with hormone or
vehicle and decapitated 1 hr later. ERK activation was examined 1 hr after injection because
we previously reported that i.p. injections of 0.2 mg/kg estradiol increase phosphorylation of
the p42, but not the p44, isoform of ERK in the dorsal hippocampus 1 hr after injection
(Fernandez et al., 2008), and because the effects of estradiol and progesterone on ERK in
vitro have also been demonstrated at the same time point (Nilsen and Brinton, 2002, Nilsen
and Brinton, 2003). Immediately after decapitation, the dorsal hippocampus was dissected
bilaterally on ice. Tissue samples were homogenized with a probe sonicator in 1:50 w/v lysis
buffer. Western blotting was conducted as previously reported (Fernandez et al., 2008, Lewis
et al., 2008a). Because all samples could not be run on the same blot, vehicle control samples
were run twice: once with the 0.2 mg/kg E, group and again withthe 0.2 E, + 5P, 0.2 E; + 10
P, and 0.2 E, + 20 P groups. Hormone samples were statistically compared only to vehicle
samples run on their blot. Blots were incubated overnight with either anti-phospho-p44/42
MAPK antibody (Thr202/Tyr204) (1:1000; Cell Signaling Technology; Danvers, MA, USA)
or anti-total p44/42 MAPK antibody (1:2000; Cell Signaling Technology). A Kodak Image
Station 440CF was used to detect the signal and Kodak 1D 3.6 software was used to conduct
densitometry.
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Data analysis

Results

For the object recognition task, separate one-sample t-tests were performed to determine if the
time spent with each object differed from chance (15 s) (SPSS, SPSS Inc., Chicago, IL). These
analyses were used because the time spent with each object to accumulate 30 s is not
independent (time exploring one object necessarily reduces exploration time of the other)
(Frick and Gresack, 2003). Elapsed time to accumulate 30 s was analyzed using one-way
ANOVAs with Treatment as the independent variable and Elapsed Time as the dependent
variable. Fisher’s Protected Least Significant Difference (PLSD) post-hocs were performed
on all significant main effects of Treatment. An alpha level of 0.05 was used to reject the null
hypothesis.

Phosphorylated p42 and p44 ERK levels were normalized to total p42 and p44 ERK levels and
then the percent change from vehicle controls was calculated. These values were analyzed
using separate independent samples t-tests to compare each treatment group to the vehicle
controls run on their blot. As an additional control, independent samples t-tests were also used
to compare total p42/p44 ERK levels of each hormone treatment group to that of vehicle
controls run on their blot. An alpha level of 0.05 was used to reject the null hypothesis.

Object recognition

Mice inthe 0.2 E», 0.2 E» + 10 P, or 0.2 E, + 20 P groups demonstrated intact memory for the
familiar object 48 hrs after training (see Figure 1). These groups spent significantly more time
than the chance value of 15 s with the novel object (0.2 E», t(12) = 7.30, P = 0.0001, 0.2 E, +
10 P, t(13) = 3.47, P =0.004, 0.2 E5 + 20 P, t(11) = 2.81, P = 0.02). However, groups treated
with vehicle or 0.2 E; + 5 P spent no more time than chance with the novel object (vehicle, t
(14)=1.10,P =0.29; 0.2 E» + 5P, t(12) = 1.18, P=0.26), indicating that these groups did not
remember the familiar object. The main effect of Treatment for elapsed time was not significant
(F(4, 62) = 1.28, P = 0.29). Mean (£ standard error of the mean; S.E.M.) elapsed times (s) for
each group were as follows: vehicle =291.6 +42.9,0.2 E, =353.1+92.3,0.2 E, + 5P =260.9
+35.8,02E,+10P=2315+22.2,and 0.2 E, + 20 P = 205.3 + 18.3.

Western blotting

As expected, a single i.p. injection of 0.2 mg/kg E; significantly increased phospho-p42 ERK
protein levels in the dorsal hippocampus relative to vehicle controls, see Figure 2 (t(22) =
—3.43, P =0.002). Although 0.2 E, also increased dorsal hippocampal phospho-p44 ERK
levels, this effect was not significant (t(22) = —1.87, P = 0.07). In contrast, no dose of
progesterone combined with 0.2 E, significantly increased phospho-p42 ERK levels (0.2 E»
+5P mg/kg, t(23) =-0.71, P =0.49; 0.2 E, + 10 P, (24) =0.42, P = 0.68; 0.2 E, + 20 P, t
(22) = 1.46, P = 0.16), or phospho-p44 ERK levels (0.2 E; + 5 P mg/kg, t(23) =-0.09, P =
0.93; 0.2 E, + 10 P, t(24) = 1.16, P = 0.26; 0.2E5 + 20P, t(22) = 1.29, P = 0.21) in the dorsal
hippocampus relative to vehicle controls. Hormone injections had no significant effect on total
p42 ERK (0.2 Ep, t(22) = 0.77, P = 0.45; 0.2 E, + 5 P mg/kg, t(23) = 0.33, P = 0.75; 0.2 E, +
10 P, t(24) = 0.06, P = 0.95; 0.2 E; + 20 P, t(22) = 0.27, P = 0.79) or total p44 ERK (0.2 E), t
(22) = 0.46, P = 0.65; 0.2 E, + 5 P mg/kg, t(23) =0.47, P = 0.64; 0.2 E; + 10 P, (24) = 0.12,
P=0.91; 0.2 E, + 20 P, t(22) = 1.23, P = 0.23) protein levels relative to vehicle controls.

Discussion

Results from the present study demonstrate that the beneficial effects of estradiol and
progesterone on memory consolidation are dependent on the dose of combined hormone
treatment. Previous studies from our laboratory have reported that when estradiol or
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progesterone are administered alone, 0.2 mg/kg E,, 10 mg/kg P, and 20 mg/kg P enhance object
recognition, whereas 5 mg/kg P has no effect on this type of memory (Gresack and Frick,
2004, Gresack and Frick, 2006, Gresack et al., 2007b, Gresack et al., 2007a, Fernandez et al.,
2008, Harburger et al., 2008). In the present study, post-training treatment with either effective
progesterone dose (10 or 20 mg/kg P) combined with an effective estradiol dose (0.2 mg/kg
E,) significantly enhanced object recognition after a 48-hr delay. On the other hand, treatment
with a sub-effective progesterone dose (5 mg/kg P) combined with an effective estradiol dose
(0.2 mg/kg E») had no effect on memory tested 48 hrs after training.

Together, the behavioral results from the present study and our recently published report
illustrating that 10 or 20 mg/kg P alone enhance object recognition (Harburger et al., 2008)
suggest that a progesterone dose that is beneficial on its own is necessary for estradiol plus
progesterone treatment to enhance memory consolidation in young mice. This finding is
consistent with prior studies in ovariectomized rats that reported beneficial effects on spatial
and non-spatial object memory of post-training treatment with an effective estradiol dose
combined with an effective progesterone dose (Walf et al., 2006, Frye et al., 2007).
Interestingly, 5 mg/kg P did not improve memory when administered with estradiol, despite
the fact that estradiol alone improves memory. Thus, 5 mg/kg P may not only be ineffective
in enhancing memory (Harburger et al., 2008), but also may be detrimental to memory
consolidation. Because this dose has no effect on object memaory on its own (Harburger et al.,
2008), the detrimental effects may only be observed when administered in combination with
an effective dose of estradiol.

One possible confound of the design of the present study is that the injections themselves may
have influenced performance due to factors such as increased circulating stress hormones
(Belz et al., 2003). These effects could have been altered by estradiol or progesterone
administration. However, we find it unlikely that the beneficial effects of estradiol or
progesterone are due to an interaction with stress homornes. Previous work from our laboratory
has demonstrated that estradiol administered to middle-aged female mice in the drinking water
also enhances object recognition (Fernandez and Frick, 2004). In this study, all three doses of
estradiol enhanced object recognition using the same protocol and retention delay used in the
present study. Because these improvements were observed in the absence of injections, these
data suggest that the beneficial effects of estradiol and progesterone in the present study were
not related to effects of the injection procedure.

Interestingly, the present finding that the combination of beneficial estradiol and progesterone
doses improves object memory in young ovariectomized mice differs from our recently
published data in aged ovariectomized mice. We have previously found in aged ovariectomized
mice that 5 and 10 mg/kg P, but not 20 mg/kg P, enhanced 48-hr object recognition (Lewis et
al., 2008b). However, when the 10 and 20 mg/kg P doses were combined in aged females with
0.2 mg/kg estradiol and administered post-training after spatial Morris water maze training,
both doses reduced the beneficial effects of estradiol, particularly 20 mg/kg P, which
completely reversed the beneficial effects of estradiol (Harburger et al., 2007). Nevertheless,
a similar experiment has not yet been conducted in aged females tested in object recognition,
so mnemonic and non-mnemonic differences between the spatial Morris water maze task and
the nonspatial object recognition task may account for our differing results. Alternatively, the
fact that these dose combinations were not beneficial to one type of hippocampal-dependent
memory in aged females suggests that the interactions between estradiol and progesterone in
the hippocampus may be considerably different in young and aging females, perhaps due to
the fact that estrogen receptor density decreases with age in the female hippocampus (Mehra
et al., 2005, Yamaguchi-Shima and Yuri, 2007). It is unknown if hippocampal progesterone
receptors are also decreased with age. In contrast to the effects of simultaneous post-training
estradiol plus progesterone treatment on spatial memory in aged mice, a previous study
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demonstrated that long-term cyclic estradiol and progesterone treatment improves spatial
memory in a delayed matching-to-position task in aged ovariectomized rats (Gibbs, 2000Db).
Therefore, estradiol and progesterone treatment may be more beneficial in young or aged
females when administered cyclically rather than simultaneously. Indeed, the beneficial effects
of estradiol and progesterone on certain measures of basal forebrain cholinergic function were
greater when these hormones were administered using a cyclic regimen compared to a
simultaneous silastic capsule regimen (Gibbs, 2000a). Future studies in aging females should
examine multiple estradiol and progesterone dose combinations in different treatment regimens
and on multiple memory tests to determine if any combination can reduce age-related memory
decline.

Treatment with 0.2 mg/kg E» alone significantly increased memory and phospho-p42 ERK
levels in the dorsal hippocampus relative to vehicle controls. This finding is consistent with
previous reports from other laboratories indicating that estradiol increases ERK activation in
rat hippocampal neurons in vitro (Nilsen and Brinton, 2002, Nilsen and Brinton, 2003) and
replicates previous work from our laboratory reporting that 0.2 mg/kg E, increases phospho-
p42 ERK levels in young ovariectomized mice (Fernandez et al., 2008, Lewis et al., 2008a).
One prior study from our laboratory also showed that dorsal hippocampal infusions of the MEK
inhibitor U0126 block the beneficial effects of estradiol on object recognition, demonstrating
that ERK activation is necessary for estradiol to enhance object memory (Fernandez et al.,
2008). Therefore, it is interestesting that estradiol plus progesterone treatments in the present
study that enhanced object memory did not increase dorsal hippocampal ERK activation 1 hr
after injection. Indeed, all doses of progesterone, whether behaviorally effective or not,
appeared to block estradiol’s effects on ERK activation. One possible explanation for these
results is that progesterone (more specifically, the progesterone metabolite 3a-5a-THP)
activates GABA neurotransmission by binding to GABA-A receptors (Wilson, 1996). Because
GABA decreases ERK phosphorylation in the hippocampus (Zheng et al., 2007), progesterone
may decrease estradiol-enhanced ERK by acting as a GABA agonist. Progesterone may also
reduce estradiol-enhanced ERK activation by binding to membrane-bound estrogen receptors
(ERs) in addition to the intracellular progesterone receptors (PRs). Toran-Allerand and
colleagues found that progesterone is capable of binding to ER-X, a putative membrane-bound
ER that may mediate estradiol-enhanced ERK activation (Toran-Allerand et al., 2002).
Therefore, if progesterone blocks estradiol-induced ERK activation by binding to ER-X, then
increasing doses of progesterone should decrease the extent to which estradiol is capable of
activating ERK. Indeed, Figure 2 suggests that increasing doses of progesterone gradually
decrease estradiol-induced activation of both p44 and p42 phospho-ERK levels in the dorsal
hippocampus. Finally, although we have interpreted the behavioral data to suggest that more
time with the novel object indicates enhanced memaory for the familiar object, an alternate
hypothesis is that the stress from injections immediately after training produced a negative
affect towards the familiar object which caused the mice to avoid that object during testing.
This response would likely be mediated by the amygdala rather than the hippocampus, which
could explain the lack of effect of progesterone on hippocampal ERK activation. However, we
find this explanation unlikely, given that avoidance learning requires hippocampal ERK
activation (Alonso et al., 2002). Thus, even if progesterone had enhanced object recognition
through avoidance learning in the present study, this effect should still have increased
hippocampal ERK activation.

The fact that all doses of progesterone reduced the beneficial effects of E; on hippocampal
ERK activation may suggest that the combination of estradiol plus progesterone enhances
memory through a pathway other than ERK. However, progesterone alone has been shown to
significantly increase hippocampal phospho-42 and -p44 ERK protein levels in young
ovariectomized rats 24 hrs after asingle i.p. injection (Guerra-Araiza et al., 2008). It is possible
that the lack of an increase in ERK in the present study reflects a biphasic activation of ERK
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by progesterone, where the decrease observed 1 hour after injection takes place either before
or after an increase at other time points. This possibility is suggested by the biphasic effect of
combined estradiol plus progesterone treatment on CA1 dendritic spine density, such that a
combined hormone treatment initially increases spine density, but then significantly decreases
spine density (Woolley and McEwen, 1993). This intriguing possibility must be addressed with
regard to ERK activation with additional time points both before and after the 1 hr point used
in the present study. Another possible explanation for the results in the present study is that
the hormones enhance memory by activating other signaling pathways, such as the
phosphoinositide-3 kinase (P13-K) pathway. Progesterone increases phosphorylation of Akt,
a key effector of the P13-K pathway, in cerebral cortical explants (Singh, 2001) and in the
hippocampus of young ovariectomized rats (Guerra-Araiza et al., 2008). In addition,
progesterone-induced neuroprotection against glutamate toxicity has been shown to be
dependent on the P13-K pathway (Kaur et al., 2007). As such, future investigations into the
molecular mechanisms underlying the mnemonic effects of estradiol plus progesterone should
include this pathway.

In conclusion, the present study is the first to report that the beneficial effects of combined
estradiol and progesterone treatment are dependent on an effective dose of progesterone.
Results from our previous report indicate that 10 and 20 mg/kg P, but not 5 mg/kg P, enhance
memory consolidation in young ovariectomized mice (Harburger et al., 2008). This study
extends these findings and demonstrates that E, plus 10 or 20 mg/kg P, but not 5 mg/kg P,
enhances memory consolidation in young ovariectomized mice. Results from the present study
also suggest that activation of the ERK pathway may not be necessary for combined estradiol
and progesterone to enhance memory consolidation in young ovariectomized mice. Future
work in our laboratory will further investigate the role of this, and other, pathways to determine
the underlying mechanism responsible for the beneficial effects of estradiol and progesterone
on memory.
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Figure 1.

Forty-eight hrs after training, mice treated with 0.2 E», 0.2 E, + 10P,and 0.2 E» + 20 P
demonstrated memory for the familiar object by spending significantly more time with the
novel object relative to chance (dashed line at 15 s; * p < 0.05), whereas vehicle-and 0.2 E; +
5 P-treated mice did not. Each bar represents the mean (x S.E.M.) time spent with the novel
or familiar object 48 hrs after training.
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Figure 2.

(A) Representative Western blot images illustrating phosphorylated and total p42 and p44 ERK
protein levels in each group. (B) Densitometric analyses indicated that phospho-p42 ERK
levels in the dorsal hippocampus were significantly increased 1 hr after a single i.p. injection
of 0.2 E, relative to vehicle controls (* P < 0.05). (C) In contrast, none of the groups treated
with 0.2 E, + progesterone exhibited increased phospho-p42 ERK levels. Phospho-p44 ERK
protein levels were not significantly elevated by 0.2 E; alone or any combination of 0.2 E, +
progesterone. (D and E) No treatment affected total p42 or p44 ERK protein immunoreactivity.
Each bar in B-E represents the mean percent change from vehicle controls (+ S.E.M.).
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