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The mTOR and Canonical Wnt Signaling Pathways Mediate the
Mnemonic Effects of Progesterone in the Dorsal Hippocampus
Ashley M. Fortress, John D. Heisler, and Karyn M. Frick*

ABSTRACT: Although much is known about the neural mechanisms
responsible for the mnemonic effects of 17b-estradiol (E2), very little is
understood about the mechanisms through which progesterone (P4) regulates memory. We previously showed that intrahippocampal infusion of
P4 in ovariectomized female mice enhances object recognition (OR)
memory consolidation in a manner dependent on activation of dorsal
hippocampal ERK and mTOR signaling. However, the role of specific progesterone receptors (PRs) in mediating the effects of progesterone on
memory consolidation and hippocampal cell signaling are unknown.
Therefore, the goals of this study were to investigate the roles of
membrane-associated and intracellular PRs in mediating hippocampal
memory consolidation, and identify downstream cell signaling pathways
activated by PRs. Membrane-associated PRs were targeted using bovine
serum albumin-conjugated progesterone (BSA-P), and intracellular PRs
(PR-A, PR-B) were targeted using the intracellular PR agonist R5020.
Immediately after OR training, ovariectomized mice received bilateral
dorsal hippocampal infusion of vehicle, P4, BSA-P, or R5020. OR memory
consolidation was enhanced by P4, BSA-P, and R5020. However, only P4
and BSA-P activated ERK and mTOR signaling. Furthermore, dorsal hippocampal infusion of the ERK inhibitor U0126 blocked the memoryenhancing effects of BSA-P, but not R5020. The intracellular PR antagonist RU486 blocked the memory-enhancing effects of R5020, but not
BSA-P. Interestingly, P4 robustly activated canonical Wnt signaling in the
dorsal hippocampus, which is consistent with our recent findings that
canonical Wnt signaling is necessary for OR memory consolidation.
R5020, but not BSA-P, also elicited a modest increase in canonical Wnt
signaling. Collectively, these data suggest that activation of ERK signaling
is necessary for membrane-associated PRs to enhance OR, and indicate a
role for canonical Wnt signaling in the memory-enhancing effects of
intracellular PRs. This study provides the first evidence that membrane
and intracellular PRs may employ different molecular mechanisms to
C 2014 Wiley Periodicals, Inc.
enhance hippocampal memory. V
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INTRODUCTION
The role of sex steroid hormones in regulating hippocampal function
has received much attention in recent years, in part, because steep drops
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in estrogen and progesterone levels during menopause
are associated with memory impairments (Bove et al.,
2014). Indeed, both 17b-estradiol (E2) and progesterone (P4) regulate hippocampal synaptogenesis, neurogenesis, and synaptic plasticity (Zhang et al., 2010;
Foy, 2011; Kato et al., 2013). Although numerous
studies have investigated the effects on hippocampal
memory of E2 alone or E2 combined with P4 (Luine
et al., 2003; Walf et al., 2006; Frye et al., 2007; Harburger et al., 2009; Barron and Pike, 2012; Phan
et al., 2012; Boulware et al., 2013; Fortress and Frick,
2014; Tuscher et al., in press), far fewer studies have
investigated the effects of P4 alone on hippocampal
memory, perhaps because elevated levels of ovarianderived P4 are not typically observed in the absence of
elevated E2. However, P4 itself is a potent neurosteroid, and P4 alone is neuroprotective for hippocampal
neurons in numerous animal models of brain injury,
including stroke (Guennoun et al., in press; Yousuf
et al., 2014). P4 treatment has been tested in clinical
trials for traumatic brain injury (Wright et al., 2007;
Xiao et al., 2008), and so its therapeutic potential has
already been recognized. Based on its effects on hippocampal neurons (e.g., Woolley and McEwen
(1993)), P4 is likely to affect memory function in
patients receiving treatment, so it is important to
understand the effects of this hormone on memory
processes.
The effects of P4 alone on hippocampal memory
depend on timing, dose, duration of treatment, and
type of memory tested (Farr et al., 1995; Chesler and
Juraska, 2000; Bimonte-Nelson et al., 2004; He et al.,
2011). However, post-training administration of P4 consistently enhances the consolidation of hippocampaldependent object recognition (Walf et al., 2006; Frye
and Walf, 2008; Harburger et al., 2008; Orr et al.,
2009; Orr et al., 2012) and object placement (Frye
et al., 2007; Frye et al., 2013) memories in ovariectomized rats and mice. The memory-enhancing effects of
P4 have been observed after either systemic injection or
dorsal hippocampal infusion, and are restricted to a 1
to 2 h window after treatment, suggesting that P4 specifically enhances memory consolidation (Walf et al.,
2006; Frye et al., 2007; Orr et al., 2009). Our laboratory has found that post-training infusions of P4
enhance object recognition memory consolidation in a
manner dependent on rapid activation of the extracellular signal regulated kinase (ERK) and mammalian target
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of rapamycin (mTOR) signaling cascades in the dorsal hippocampus (Orr et al., 2009; Orr et al., 2012). However, it is
unknown which progesterone receptors (PRs) trigger the rapid
ERK and mTOR cell signaling activation necessary for P4 to
enhance object recognition memory consolidation.
P4 binds to PRs located both at the membrane and within
the cytoplasm. Because cell-signaling cascades are typically triggered near the plasma membrane, membrane-associated PRs
are natural candidates to mediate the effects of P4 on hippocampal cell signaling and memory consolidation. Two types of
membrane-associated PRs have been identified: mPRs and
PGRMCs (Singh et al., 2013). Post-training systemic injection
of P4 enhances object recognition, spatial memory, and contextual fear conditioning in mice lacking intracellular PRs (Frye
and Walf, 2010), suggesting a role for membrane-associated
PRs in the memory-enhancing effects of P4. However, the
molecular mechanisms through which membrane-associated
PRs may contribute to hippocampal memory are not known.
Phosphorylation of ERK downstream from PGRMC1/2 is necessary for P4 to promote adult hippocampal neurogenesis in rat
neural precursor cells (Liu et al., 2009). Because ERK activation is critical for long-term memory consolidation in the hippocampus (Sweatt, 2004), this finding suggests a potential role
for membrane-associated PRs in the P4-induced facilitation of
hippocampal ERK and mTOR activation, as well as object recognition memory consolidation (Orr et al., 2012). ERK phosphorylation activates the mTOR cell-signaling pathway, which
then triggers local protein synthesis in hippocampal dendrites
(Tsokas et al., 2007). Activation of both pathways is critical for
hippocampal spine remodeling and memory formation (Sweatt,
2004; Hoeffer and Klann, 2010). Within 5 min of dorsal hippocampal infusion, P4 increases phosphorylation of p42 ERK
and the downstream mTOR pathway kinase p70S6K (Orr
et al., 2012). Given the important role of ERK activation in
hippocampal neurogenesis induced by PGRMC1/2 (Liu et al.,
2009), we hypothesized that membrane-associated PRs would
facilitate object recognition memory consolidation by activating
ERK-mediated mTOR signaling in the dorsal hippocampus.
However, intracellular PRs may also mediate the rapid
effects of P4 on hippocampal cell signaling and memory consolidation. The two ligand-sensitive cytoplasmic PR isoforms,
PR-A and PR-B, are expressed throughout hippocampal neurons in rats (Kato et al., 1994; Camacho-Arroyo et al., 1998;
Guerra-Araiza et al., 2002, 2003; Mitterling et al., 2010). A
role for PR-A and PR-B in memory is supported by rodent
data showing that the ability of P4 to enhance spatial memory
in the Morris water maze is blocked by the intracellular PR
antagonist RU486 (Zhang et al., 2010). Traditionally, PR-A
and PR-B are thought to bind to P4 in the cytoplasm and
form homo- or heterodimers which either translocate to the
nucleus to bind to progesterone response elements in promoter
regions of target genes (Moore et al., 1997) or indirectly alter
transcription of target genes by interacting with transcriptional
machinery (Proietti et al., 2005). Although the nuclear actions
of intracellular PRs do not lend themselves to rapid regulation
of hippocampal cell signaling, PR-A and PR-B regulate uterine

617

and mammary gland development by activating the canonical
Wnt/b-catenin signaling pathway (Robinson et al., 2000; Satterfield et al., 2008; Hagan et al., 2012; Boras-Granic and
Hamel, 2013; Cooke et al., 2013), thus, raising the possibility
that these intracellular receptors may regulate some types of
cell signaling in the hippocampus. Canonical Wnt/b-catenin
signaling regulates hippocampal plasticity, is activated in the
hippocampus by object recognition and spatial learning, and is
necessary for object recognition memory consolidation (Chen
et al., 2006; Tabatadze et al., 2012; Fortress et al., 2013a; Vargas et al., 2014). Furthermore, canonical Wnt/b-catenin signaling is regulated by endogenous E2 levels in the hippocampus
(Zhang et al., 2008; Varea et al., 2009; Scott and Brann,
2013), suggesting that this pathway could mediate effects of P4
in the hippocampus. Canonical Wnt signaling is initiated by
the binding of a Wnt ligand (e.g., Wnt7a) to a frizzled receptor, thereby inactivating GSK3b and increasing levels of the
transcription regulator b-catenin, which then translocates to
the nucleus to upregulate downstream target genes such as
Cyclin D1 (CCND1) and c-myc (myc) (Zhang et al., 2011).
Cyclin D1 and c-myc are both regulated by P4 in non-neural
tissues (Moore et al., 1997; Gregory et al., 2001), supporting
the notion that P4 may regulate canonical Wnt signaling in the
hippocampus through PR-A and PR-B. Given that canonical
Wnt signaling is necessary for memory consolidation (Fortress
et al., 2013a) and can be regulated by E2 in the hippocampus
and by P4 in non-neural tissues, we hypothesized that activation of PR-A and PR-B may facilitate object recognition memory consolidation by activating canonical Wnt signaling in the
dorsal hippocampus.
The goals of the this study were to determine the extent to
which intracellular and membrane-associated PRs mediate the
effects of P4 on object recognition memory consolidation, and
to identify downstream cell signaling pathways activated by
these PRs. We found that activation of either intracellular or
membrane-associated PRs facilitated object recognition memory consolidation, however, each type of receptor did so via a
different cell signaling mechanism in the dorsal hippocampus.
Specifically, membrane-associated PRs required dorsal hippocampal ERK activation to enhance memory consolidation and
activate mTOR cell signaling, whereas intracellular PRs signaled independent of ERK and activated canonical Wnt signaling. Our findings are the first to demonstrate an independent
role of membrane-associated and intracellular PRs in regulating
P4-induced memory enhancement, and to identify specific cell
signaling mechanisms in the dorsal hippocampus through
which each class of receptors may do so.

METHODS
Subjects
Female C57BL/6 mice were obtained from Taconic (Cambridge City, Indiana) at 8 to 10 weeks of age. Mice were
Hippocampus
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housed four to five per cage before surgery and then singlyhoused thereafter. All mice were provided standard rodent
chow and water ad libitum, and were housed with a standard
12:12 light/dark cycle (lights on at 7:00 a.m.). All procedures
followed the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee at the University of
Wisconsin-Milwaukee.

Surgery
Mice were ovariectomized and implanted with guide cannulae in the same surgical session as described previously (Fernandez et al., 2008; Zhao et al., 2012; Fortress et al., 2013b).
Using a stereotaxic apparatus (Kopf Instruments, Tujunga,
CA), mice were implanted with either bilateral or triple stainless steel guide cannulae (C232GC, 22 gauge; Plastics One,
Roanoke, VA). Double guide cannulae aimed bilaterally at the
center of the dorsal hippocampus (21.7 mm AP, 61.5 mm
ML, 22.3 mm DV [injection site]) were used in the experiments depicted in Figures 1A,B. Triple guide cannulae aimed
bilaterally at the dorsal hippocampus and the dorsal third ventricle (intracerebroventricular (ICV); 20.9 mm AP, 60.0 mm
ML, 22.8 mm DV) were used in all other studies. All guide
cannulae were fitted with a dummy cannula (C232DC) and
dental cement was used to affix the guide cannulae to the skull
and close the wound. All surgical procedures were performed
under isofluorane gas anesthesia (5% for induction and 2% for
maintenance). Mice recovered 7 days before the start of behavioral testing. Ibuprofen (20 mg/ml) in the drinking water provided postoperative analgesia.

Drugs and Infusions
Infusions were conducted as described previously (Fernandez
et al., 2008; Zhao et al., 2012; Boulware et al., 2013). The
fact that P4 enhances memory when given immediately after
training suggests that the anxiolytic and analgesic effects of P4
(Bitran et al., 1991a,1991b) given before training may interfere with performance during training or testing. This potential confound is minimized by the use of post-training
treatments and a form of P4 (cyclodextrin-encapsulated and
water-soluble) that is rapidly metabolized within hours (Pitha
et al., 1986).
For all infusions, mice were gently restrained and dummy
cannulae were replaced with infusion cannulae (313I, intrahippocampal: 28 gauge, extending 0.8 mm beyond the 1.5 mm
guide cannulae; ICV: 28 gauge, extending 1.0 mm beyond the
1.8 mm guide cannulae; Plastics One). Infusions were conducted with a microinfusion pump (KD Scientific, Holliston,
MA) using 10 ll Hamilton syringes attached to PE50 tubing.
Infusions were delivered at a rate of 0.5 ll/min for 1 min to
yield a final total volume of 0.5 ll per hemisphere for dorsal
hippocampal infusions and 1.0 ll for ICV infusions. Infusion
cannulae were left in place for an additional 1 min to prevent
drug diffusion up the cannula track. Dorsal hippocampal infusions were always delivered immediately before ICV infusions.
Hippocampus

Cyclodextrin-encapsulated P4 (Sigma, St. Louis, MO) was
dissolved in physiological saline to a concentration of 0.2 lg/
ll, resulting in doses of 0.1 lg/side for the dorsal hippocampus
and 0.2 lg for the dorsal third ventricle. The 0.1 lg/side dose
of P4 enhances hippocampal-dependent object recognition
memory in young ovariectomized mice (Orr et al., 2009,
2012). This form of P4 is used because it is metabolized within
hours and, therefore, is not present in the hippocampus during
object recognition testing. The vehicle for P4, 2-hydroxypropylb-cyclodextrin (HBC; Sigma), was dissolved in physiological
saline to contain the same concentration of cyclodextrin present
in the cyclodextrin encapsulated-P4 solution.
To determine the extent to which membrane-associated PRs
are responsible for the mnemonic effects of P4, we used bovine
serum albumin-conjugated progesterone (BSA-P, Sigma) (Karteris et al., 2006; Josefsberg Ben-Yehoshua et al., 2007). BSA-P
was reconstituted as a 1003 stock solution in physiological
saline. To eliminate any free P4 in solution, a centrifugal filter
unit (Ultracel 10K Membrane, Millipore) was used to concentrate BSA-P to 243 (according to manufacturer’s protocol)
before being diluted to a 13 stock solution that was further
diluted to 73.4 pg/ll. The final concentration of 36.7 pg/0.5
ll dissolved in physiological saline was used for all infusions,
and thus, physiological saline was used as the vehicle control.
To examine the role of intracellular PRs in mediating the
mnemonic effects of P4 in the dorsal hippocampus, we used
the intracellular PR agonist R5020 (Promegestone, Perkin
Elmer). R5020 was reconstituted to a 5 mg/ml stock solution
in 100% ethanol (EtOH) and diluted 1:25 to obtain 0.2 ng/ll
in 50% EtOH, which was then diluted 1:10 to obtain 0.002
ng/ll (2.0 pg/ll) in 50% EtOH. The final concentration of
1.0 pg/0.5 ll in 50% EtOH was used for all studies. The vehicle control was 50% EtOH in physiological saline.
We have previously used the MEK/ERK inhibitor 1,4-diamino-2,3-dicyano-1,4-bis(o-aminophenylmercapto)butadiene
(U0126, Promega, Madison, WI) to show that p42 ERK phosphorylation is necessary for P4 to facilitate hippocampaldependent object recognition memory (Orr et al., 2012).
Therefore, U0126 was infused into the dorsal hippocampus to
determine if the effects of BSA-P and R5020 were dependent
on ERK activation. U0126 was infused bilaterally at a concentration of 1.0 lg/ll in 50% dimethylsulfoxide (DMSO), which
resulted in a dose of 0.5 lg/0.5 ll. We have previously shown
in ovariectomized mice that this dose of U0126 does not
impair object recognition memory on its own (Fernandez
et al., 2008; Boulware et al., 2013; Fortress et al., 2013b). The
vehicle control was 50% DMSO in physiological saline.
To demonstrate the specificity of R5020 for intracellular
PRs, we infused the PR antagonist RU486 (Mifepristone,
Sigma) bilaterally into the dorsal hippocampus immediately
before ICV infusion of R5020 or BSA-P. We first determined a
dose of RU486 that did not impair memory on its own so
that it could be later used in conjunction with R5020 and
BSA-P. RU486 was reconstituted to a stock concentration of
10 lg/ll in 20% DMSO in physiological saline and then further diluted to concentrations of 2.0 lg/ll, 1.0 lg/ll, and 0.2
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lg/ll (Dong et al., 2006). The final concentration of 1.0 lg/
0.5 ll in 20% DMSO in physiological saline was used for all
inhibitor studies. The vehicle control was 20% DMSO in
physiological saline.
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Object Recognition
Object recognition (OR) testing was conducted as we have
described previously (Boulware et al., 2013; Fortress et al.,
2013a). Sample sizes for all groups tested in object recognition
were 8 to 11/group, except for the R5020 groups shown in
Figure 1A (n 5 5/group). The OR task was developed to assess
episodic memory in rodents (Ennaceur and Delacour, 1988).
In our laboratory, OR assesses nonspatial hippocampaldependent memory (Baker and Kim, 2002; Fernandez et al.,
2008; Cohen et al., 2013). OR testing consisted of three
phases conducted over multiple days: habituation (days 1–2),
training (day 3), and testing (day 4 or 5). All phases were carried out in a white box (60 cm W 3 60 cm L 3 47 cm H) in
a dimly lit room. For habituation, mice were allowed to
explore the empty white box for 5 min/day for 2 days, during
which time no data were recorded. Twenty-four hours later,
mice were rehabituated in the same box for 2 min, and then
placed in a holding cage while two identical objects were
placed in the left and right corners (about 5 cm from the
walls) of the box. Mice were then placed immediately back
into the testing box where they had a maximum of 20 min to
FIGURE 1.
Activation of membrane-associated or intracellular
PRs enhances object recognition (OR) memory consolidation. (A)
P4, the membrane-restricted BSA-P, and the intracellular PR agonist R5020 enhance OR memory consolidation, as suggested by
the fact that mice receiving bilateral dorsal hippocampal infusions
of P4 (0.1 lg/hemisphere), BSA-P (36.7 pg/hemisphere), or R5020
(1 pg or 0.1 ng/hemisphere) immediately after training spent significantly more time than chance (dashed line at 15 sec) with the
novel object 48 h after training. In contrast, vehicle-infused mice
spent similar amounts of time with the novel and familiar objects.
Inset shows a Nissl stain of representative cannula placements in
the dorsal hippocampus. (B) Mice receiving bilateral dorsal hippocampal infusion of vehicle or one of three doses (0.1, 0.5, or 1.0
lg/hemisphere) of RU486 spent significantly more time than
chance exploring the novel object 24 h after training, suggesting
that these doses of RU486 did not impair OR memory consolidation on their own. (C) Immediately following OR training, mice
received bilateral dorsal hippocampal infusion of vehicle, the ERK
activation inhibitor U0126, or the intracellular PR antagonist
RU486, followed by an intracerebroventricular (ICV) infusion of
vehicle, BSA-P, or R5020. Memory was tested 48 h later. As in
(A), vehicle-infused mice did not spend more time than chance
with the novel object during testing. Mice receiving ICV infusion
of BSA-P (73.4 pg) and DH infusion of either vehicle or RU486
(1.0 lg/hemisphere) spent significantly more time with the novel
object than chance, suggesting that the effects of BSA-P on memory were independent of intracellular PRs. In contrast, mice
infused with BSA-P and U0126 (0.5 lg/hemisphere) did not display a significant preference for the novel object, suggesting that
the memory-enhancing effects of BSA-P require ERK activation.
As in (A), mice infused with R5020 (2.0 pg) spent significantly
more time than chance exploring the novel object, and this effect
was blocked by RU486 (1.0 mg/hemisphere), but not U0126, suggesting that the memory-enhancing effects of intracellular PRs do
not require ERK activation. These data also indicate that activation of intracellular PRs is necessary for R5020 to enhance OR
memory. Each bar represents the mean 6 SEM amount of time
spent with each object. ***P  0.001, **P  0.01, and *P  0.05,
relative to chance in one-sample t-tests.
Hippocampus
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accumulate 30 sec of time exploring the objects. Time spent
exploring an object was recorded when either the front paws or
nose made contact with either object. Once 30 sec of exploration was accumulated, the mouse was removed from the box,
gently restrained, and immediately infused. After 24 or 48 h,
object recognition was tested, using the same procedure as in
training except that a novel object was substituted for one of
the familiar training objects. The novel object was placed in
the corner where the mouse spent the least amount of time to
avoid any effect of preference for a particular side of the testing
box. Time spent with each object was recorded using ANYmaze software (Stoelting, Wood Dale, IL). Because mice inherently prefer to explore novel objects, more time than chance
(15 sec) spent exploring the novel object indicated intact memory for the familiar object. Young ovariectomized mice remember the familiar object after 24 h but not after 48 h (Gresack
et al., 2007), allowing impairing effects of drugs to be observed
using the 24-h delay and enhancing effects of drugs to be
observed using the 48-h delay.

Western Blotting
Two weeks after the completion of OR training, mice
received bilateral dorsal hippocampal and ICV infusions as
described above. Sample sizes were 8 to 11/group except for
the vehicle group (n 5 19), which combined vehicle controls
from the BSA-P and R5020 groups. Five minutes after infusion, brains were removed, the overlying cortex was dissected
away to expose the hippocampus, and a cut was made at a 45
angle at the level of the superior colliculus to isolate the dorsal
hippocampus. Tissue samples were immediately frozen on dry
ice and stored at 280 C until use. Western blotting was performed once for each sample as described previously (Boulware
et al., 2013; Fortress et al., 2013a,b). Briefly, all tissues were
homogenized in 1:25 w/v lysis buffer containing 0.1 M Tris
pH 7.5, 10 mM EDTA, 10 mM Na3VO4, 50.3 lM NaPyroPO4, 7.05 lM b-glyceroPO4, 10% v/v Igepal, 1 mM PMSF,
and 13 Protease Inhibitor Cocktail (Thermo Scientific) with a
probe sonicator (Branson Sonifier 250, Danbury, CT). Twenty
micrograms of each sample was electrophoresed on various gradients of Tris-HCl gels (Bio-Rad, Hercules, CA) and transferred to polyvinyldene fluoride (PVDF) membranes using the
Trans Blot Turbo system (Bio-Rad). Once transferred, membranes were blocked in 5% milk in tris buffered saline (TBS)
for 1 h at room temperature before incubation with the primary antibodies (anti-phospho-ERK [1:2,000], anti-phosphop70S6k [Thr-421] [1:1,000], anti-phospho-4EBP1 [Thr-37/
46] [1:1,000], anti-b-catenin [1:1,000], anti-Cyclin D1
[1:1,000], anti-C-myc [1:1,000], Cell Signaling Technology,
Danvers, MA and anti-Wnt7a [1:1,500], Abcam, Cambridge,
MA) in 5% bovine serum albumin in TBS-Tween overnight at
4 C. The following day, membranes were incubated with goat
anti-rabbit conjugated to horseradish peroxidase (Cell Signaling
Technology) for 1 h at room temperature in 5% milk in TBSTween. Membranes were incubated in the chemiluminescent
substrate West Dura (Thermo Scientific Pierce, Rockford, IL)
Hippocampus

before imaging, and then imaged on a Bio-Rad ChemiDoc
MP. Blots were then stripped and reprobed for the total
isoform of the protein (anti-total-ERK [1:2,000], anti-totalp70S6k [1:1,000]) or b-actin (1:5,000) (Cell Signaling Technology). Densitometry was conducted using Molecular Imaging
software version 5.3.2 (Carestream Healthcare, Rochester, NY).
All proteins were first normalized to their total isoform or bactin, and then normalized to vehicle and represented as percent of control (100%).

Statistics
For object recognition data, separate one-sample t-tests were
performed for each group to determine whether the time spent
with the novel object differed from chance (15 sec). 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 (Frick and Gresack, 2003). To further demonstrate between group differences, one-way ANOVA was conducted on the time spent with the novel object, followed by
Fisher’s LSD post hoc tests. Western blot data were analyzed
using one-way ANOVA, followed by Fisher’s LSD post hoc or
a priori t-tests compared with vehicle to examine differences
between treatment groups and vehicle control.

RESULTS
Progesterone and PR Agonists Facilitate OR
Memory Consolidation
To determine the extent to which intracellular and
membrane-associated PRs mediate the memory-enhancing
effects of P4, mice were trained in the OR task and then
immediately received bilateral dorsal hippocampal infusions of
vehicle (n 5 13, HBC Vehicle or 50% EtOH), P4 (0.1 lg/
hemisphere, n 5 9), BSA-P (36.7 pg/hemisphere, n 5 10), or
one of two doses of R5020 (1 pg or 0.1 ng/hemisphere, n 5 5
each). Forty-eight hours later, vehicle-infused mice did not
spend more time than chance (15 sec) with the novel object
(t(12) 5 0.47, P 5 0.64; Fig. 1A), indicating impaired OR
memory consolidation. In contrast, mice infused with P4 spent
significantly more time than chance exploring the novel object
(t(8) 5 5.39, P 5 0.0007; Fig. 1A), thereby replicating our previous findings that P4 facilitates OR memory consolidation
(Orr et al., 2009, 2012). Furthermore, both BSA-P and R5020
mimicked the memory-enhancing effects of P4; mice receiving
BSA-P (t(9) 5 4.29, P 5 0.002), 1 pg/hemisphere R5020
(t(4) 5 3.44, P 5 0.026), or 0.1 ng/hemisphere R5020
(t(4) 5 2.75, P 5 0.05) spent significantly more time exploring
the novel object than chance (15 sec; Fig. 1A). Additionally, a
one-way ANOVA revealed a significant main effect of treatment (F(4,37) 5 3.83, P 5 0.01), such that mice infused with
P4 (P 5 0.0009), BSA-P (P 5 0.04), 1 pg/hemisphere R5020
(P 5 0.03), or 0.1 ng/hemisphere R5020 (P 5 0.02) spent
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significantly more time with the novel object than vehicleinfused controls. These data suggest that intracellular or
membrane-associated PRs can independently mediate the mnemonic effects of P4 in the dorsal hippocampus.

Intracellular and Membrane-Associated PRs
Enhance OR Memory Consolidation Using Different Cellular Mechanisms
We next sought to determine the neural mechanisms underlying the memory-enhancements produced by activation of intracellular and membrane-associated PRs. To do so, we attempted
to block the memory-enhancing effects of BSA-P and R5020.
Because no available compounds can block activation of all
membrane-associated PRs, we opted to block the presumed intracellular effects of membrane-associated PR activation using
the ERK activation inhibitor U0126. We hypothesized that
membrane-associated PRs enhance memory by rapidly activating
ERK-dependent mTOR signaling. We found previously that the
0.1 mg dose of P4 used above activates p42 ERK and p70S6K (a
downstream effector of ERK and mTOR) 5 min after infusion,
and that dorsal hippocampal infusion of U0126 prevented ICVinfused 0.1 mg P4 from enhancing OR memory consolidation
(Orr et al., 2012). Therefore, if BSA-P or R5020 enhance memory by binding membrane-associated PRs and rapidly activating
ERK and/or mTOR signaling, then U0126 should block these
effects. To block activation of intracellular PRs, we used the
intracellular PR antagonist RU486 (Brogden et al., 1993). However, we first needed to identify a dose of RU486 that did not
prevent OR memory consolidation on its own. Therefore, a new
set of mice was cannulated and trained in the OR task. Immediately after training, mice received bilateral dorsal hippocampal
infusions of vehicle (20% DMSO, n 5 8) or RU486 in doses of
0.1 lg, 0.5 lg, or 1.0 lg/hemisphere (n 5 8 each). Memory for
the familiar object was tested 24 h later, a time point at which
vehicle-infused mice show a preference for the novel object (Gresack et al., 2007; Boulware et al., 2013; Fortress et al., 2013b).
As in our previous work, vehicle-infused mice spent significantly
more time than chance with the novel object (t(7) 5 4.85, P 5
0.002; Fig. 1B), demonstrating a preference for the novel object.
No dose of RU486 impaired OR memory consolidation, as mice
infused with 0.1 lg (t(7) 5 4.66, P 5 0.002), 0.5 lg (t(7) 5 2.46,
P 5 0.04), and 1.0 lg (t(7) 5 2.66, P 5 0.03) demonstrated a
significant preference for the novel object relative to chance (15
sec; Fig. 1B). The fact that all groups showed a significant preference for the novel object was also reflected in the one-way
ANOVA, in which the main effect of treatment was not significant (F(3,28) 5 2.085, P 5 0.1248). As such, the highest ineffective dose (1.0 lg) of RU486 was infused in conjunction with
BSA-P and R5020 in the next study.
Next, a new set of mice was implanted with triple cannulae
targeting the dorsal hippocampus and the dorsal third ventricle.
BSA-P or R5020 was infused into the dorsal third ventricle to
deliver the progestins into the brain, and U0126 or RU486 was
infused into the dorsal hippocampus to block ERK-related signaling or intracellular PR activation within this structure (Orr
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et al., 2012). This is the same approach taken in our previous
work which showed that ICV infusion of P4 enhances OR
memory consolidation in a manner dependent on dorsal hippocampal ERK and mTOR activation (Orr et al., 2012). Immediately after OR training, mice were infused into the dorsal
hippocampus and dorsal third ventricle, respectively, with vehicle 1 vehicle (n 5 9), vehicle 1 BSA-P (36.7 pg, n 5 9), U0126
(0.5 lg/hemisphere) 1 BSA-P (73.4 pg, n 5 10), RU486 (1.0
lg/hemisphere) 1 BSA-P (n 5 10), vehicle 1 R5020 (2.0 pg,
n 5 7), U0126 1 R5020 (n 5 7), or RU486 1 R5020 (n 5 8).
Memory was tested 48 h later. As in Figure 1A, vehicle-infused
mice did not spend significantly more time than chance with
the novel object after 48 h (t(8) 5 2.04, P 5 0.84; Fig. 1C),
demonstrating impaired memory consolidation. Mice infused
with BSA-P (t(8) 5 2.68, P 5 0.03) or BSA-P 1 RU486
(t(9) 5 2.43, P 5 0.04) exhibited a significant preference for the
novel object relative to chance (Fig. 1C), indicating that blocking intracellular PRs did not prevent BSA-P from enhancing
OR. However, mice infused with BSA-P 1 U0126 did not
exhibit a significant preference for the novel object (t(9) 5 0.57,
P 5 0.582; Fig. 1C), suggesting that the memory-enhancing
effects of membrane-associated PRs require ERK activation. As
in Figure 1A, mice infused with R5020 1 vehicle spent significantly more time than chance with the novel object (t(5) 5 4.48,
P 5 0.007), and this effect was not blocked by U0126, as suggested by the fact that mice infused with R5020 1 U0126 also
exhibited a significant preference for the novel object
(t(6) 5 2.73, P 5 0.03; Fig. 1B). These data indicate that the
memory-enhancing effects of intracellular PRs do not require
ERK activation. In contrast, mice infused with R5020 1 RU486
did not exhibit a significant preference for the novel object
(t(7) 5 0.09, P 5 0.93; Fig. 1C), suggesting that the memoryenhancing effects of R5020 depend on activation of PR-A and
PR-B. Collectively, these data suggest that the memoryenhancing effects of BSA-P require ERK activation, whereas the
memory-enhancing effects of R5020 require intracellular PRs.
Overall, these findings are supported by results from a one-way
ANOVA conducted including all groups, which revealed a significant main effect of treatment (F(6,52) 5 3.5, P 5 0.001). Relative to mice receiving vehicle 1 vehicle, mice infused with BSAP 1 vehicle (P 5 0.02), R5020 1 vehicle (P 5 0.01), or
R5020 1 U0126 (P 5 0.03) demonstrated a significant preference for the novel object. In addition, mice infused with BSAP 1 U0126 spent significantly less time with the novel object
than mice infused with BSA-P 1 vehicle (P 5 0.01). Similarly,
mice infused with R5020 1 RU486 spent significantly less time
with the novel object than mice infused with R5020 1 vehicle
(P 5 0.01). These findings support the conclusion that intracellular and membrane-associated PRs employ different cellular
mechanisms to facilitate memory consolidation.

Membrane-Associated, but not Intracellular, PRs
Promote Dorsal Hippocampal ERK Activation
We next examined effects of P4, BSA-P, and R5020 on rapid
activation of ERK in the dorsal hippocampus. A new set of
Hippocampus
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mice was infused into the dorsal hippocampus and dorsal third
ventricle, respectively, with: vehicle 1 vehicle, vehicle 1 P4,
vehicle 1 BSA-P, U0126 1 BSA-P, or RU486 1 BSA-P. Dorsal
hippocampal tissue was collected 5 min later to measure phos-

phorylation of the two ERK isoforms (p42 and p44). We previously found that P4 increases phosphorylation of p42 ERK in
the dorsal hippocampus 5 min after dorsal hippocampal infusion
(Orr et al., 2012). Similarly, phospho-p42 ERK levels in the
present study significantly differed among the groups 5 min after
infusion, (F(4,52) 5 3.08, P 5 0.03; Fig. 1A). As before (Orr
et al., 2012), P4 significantly increased phospho-p42 ERK levels
relative to vehicle 5 min after infusion (P 5 0.03). BSA-P also
significantly increased phospho-p42 ERK levels relative to vehicle (P 5 0.02), and this effect was blocked by U0126 (P >
0.05), but not RU486 (P < 0.01). These data suggest that
membrane-associated PRs activate p42 ERK independent of
intracellular PRs. The effects of P4 and BSA-P were restricted to
the p42 isoform of ERK, as phospho-p44 ERK was unaffected
by any treatment (F(4,53) 5 0.73, P 5 0.58, data not shown).
Next, effects of intracellular PR activation on phospho-ERK
levels were measured. Additional groups of mice were infused
into the dorsal hippocampus and dorsal third ventricle, respectively,
with:
vehicle 1 R5020,
RU486 1 R5020,
or
U0126 1 R5020. As described above, dorsal hippocampal tissues were collected 5 min after infusion, and statistical comparisons were made relative to the vehicle 1 vehicle group
described above. There was no effect of drug treatment on
phospho-p42 ERK (F(3,42) 5 2.72, P 5 0.09; Fig. 2A) or
phospho-p44 ERK (F(3,43) 5 0.4, P 5 0.75, data not shown),
suggesting that R5020 does not activate dorsal hippocampal
ERK. These data are consistent with the behavioral data in Figure 1C showing that blocking ERK activation does not prevent
R5020 from enhancing OR memory consolidation.

Membrane-Associated, but not Intracellular, PRs
Promote ERK-Dependent Dorsal Hippocampal
mTOR Activation
We next examined the effects of BSA-P and R5020 on
ERK-dependent mTOR activation. mTOR signaling is essential
FIGURE 2.
BSA-P, but not R5020, activates ERK and mTOR
signaling in the dorsal hippocampus 5 min after infusion. (A) Levels of phospho-p42 ERK were significantly increased relative to
vehicle in mice infused with P4. BSA-P also significantly increased
levels of phospho-p42 ERK, an effect that was blocked by U0126,
but not by RU486. R5020 had no effect on phospho-p42 ERK
levels alone or in combination with U0126 or RU486. No effects
of any drug were observed on phospho-p44 ERK levels (data not
shown). Phospho-ERK protein levels were normalized to total
ERK. (B) Levels of phospho-p70S6K were significantly increased
in the dorsal hippocampus following infusion of P4 and BSA-P.
The effect of BSA-P was blocked by U0126, but not RU486.
R5020 had no effect on levels of phospho-p70S6K. Phosphop70S6K protein levels were normalized to total p70S6K. (C)
Although P4 had no significant effect on phospho-4E-BP1, phospho-4EBP1 levels were increased following dorsal hippocampal
infusion of BSA-P. Similar to phospho-p70S6K, this effect was
blocked by U0126, but not by RU486. R5020 had no effect on
phospho-4E-BP1 levels. Phospho-4EBP1 protein levels were normalized to b-Actin. Each bar represents the mean 6 SEM percent
change from vehicle. Insets show representative Western blots.
**P  0.01 and *P  0.05, relative to vehicle.
Hippocampus
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for learning, memory, and dendritic spine morphology, and
plays a critical role in new protein synthesis in an ERKdependent manner (Hoeffer and Klann, 2010; Bhattacharya
et al., 2012; Graber et al., 2013). When mTOR becomes phosphorylated by ERK and other upstream kinases, it complexes
with other proteins to phosphorylate core components of the
protein synthesis machinery, including p70 ribosomal S6 kinase
(p70S6K) and eukaryotic initiation factor 4E-binding proteins
(4E-BPs) (Hoeffer and Klann, 2010). We have shown that dorsal hippocampal infusion of P4 increases phosphorylation of
p70S6K in the dorsal hippocampus within 5 min, and that
mTOR signaling is necessary for P4 to facilitate OR memory
consolidation in ovariectomized mice (Orr et al., 2012).
Furthermore, we have also reported that dorsal hippocampal
infusion of U0126 prevents E2 from increasing phosphorylation of p70S6K and 4E-BP1 in the dorsal hippocampus and
enhancing OR memory in ovariectomized mice (Fortress
et al., 2013b), suggesting that ERK activation triggers the
mTOR signaling that is necessary for E2, and potentially P4,
to enhance OR memory consolidation. Given that BSA-P, but
not R5020, increased p42 ERK phosphorylation and that
U0126 blocked the memory enhancing effects of BSA-P only,
we hypothesized that BSA-P, but not R5020, would increase
phosphorylation of p70S6K and 4E-BP1 in an ERKdependent manner.
Homogenates assayed for ERK above were subjected to
Western blotting for phospho-p70S6K and 4E-BP1. As above,
dorsal hippocampal tissue was collected 5 min after infusion
vehicle 1 BSA-P,
with
vehicle 1 vehicle,
vehicle 1 P4,
U0126 1 BSA-P, or RU486 1 BSA-P. Although the main effect
of treatment for phospho-p70S6K was not significant
(F(4,53) 5 2.0, P 5 0.11; Fig. 2B), a priori t-tests revealed that
mice infused with P4 (t(27) 5 2.28, P 5 0.03), BSA-P
(t(26) 5 3.08, P 5 0.005), and BSA-P 1 RU486 (t(26) 5 2.31, P
5 0.03) had significantly higher phospho-p70S6K levels than
vehicle-infused controls. Levels of phospho-p70S6K in mice
infused with BSA-P 1 U0126 did not significantly differ from
vehicle (t(28) 5 1.94, P > 0.05), suggesting that the increase in
phospho-p70S6K induced by BSA-P requires ERK activation.
For 4E-BP1, the main effect of treatment was significant
(F(4,53) 5 2.53, P 5 0.05; Fig. 2C) due to the significantly
higher phospho-4E-BP1 levels in the BSA-P (P 5 < 0.01) and
BSA-P 1 RU486 groups (P 5 0.02) relative to vehicle. As with
phospho-p70S6K, U0126 blocked the effects of BSA-P on 4EBP1, indicating that this increase also requires ERK activation.
Interestingly, P4 did not significantly increase phospho-4E-BP1
levels, which may indicate that this protein is more sensitive to
the effects of membrane-associated PR activation. The fact that
RU486 did not block the effects of BSA-P on phosphorylation
of p70S6K or 4E-BP1 indicates that these effects occur independently of intracellular PR activation.
We next turned our attention to R5020 and assayed for
phospho-p70S6K and 4E-BP1 levels in homogenates assayed for
ERK from mice infused with vehicle 1 vehicle, vehicle 1 R5020,
RU486 1 R5020, or U0126 1 R5020. There was no main effect
of treatment on phospho-p70S6K (F(3,42) 5 1.26, P 5 0.30; Fig.
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2B) or phospho-4E-BP1 (F(3,42) 5 1.27, P 5 0.30; Fig. 2C), nor
were any a priori planned comparisons with the vehicle group
significant. These data show that R5020 does not activate
mTOR signaling, which is consistent with its lack of effect on
ERK phosphorylation (Fig. 2A) and the inability of U0126 to
prevent R5020 from enhancing OR memory consolidation (Fig.
2B). As such, these data suggest that intracellular PRs do not
enhance OR memory by activating ERK or downstream mTOR
signaling. But given that the effects of intracellular PR activation
on memory are relatively rapid, we next wondered if the canonical Wnt cell-signaling pathway might instead contribute to the
memory-enhancing effects of R5020.

Intracellular PRs Activate Canonical Wnt
Signaling in the Dorsal Hippocampus
To examine the effects of P4 and PR agonists on canonical
Wnt signaling, we measured levels of Wnt 7a and b-Catenin
protein in the dorsal hippocampal samples assayed for ERK
and mTOR signaling. We first analyzed the tissues of mice
infused into the dorsal hippocampus and dorsal third ventricle
vehicle 1 BSA-P,
with
vehicle 1 vehicle,
vehicle 1 P4,
U0126 1 BSA-P, or RU486 1 BSA-P. The main effect of treatment was significant for Wnt 7a protein levels (F(4,54) 5 13.53,
P < 0.0001; Fig. 3A), reflecting a robust and significant
increase in Wnt 7a induced by P4 infusion relative to all other
groups (Ps < 0.0001). BSA-P, alone or in combination with
U0126 or RU486, had no effect on Wnt 7a levels relative to
vehicle (Ps > 0.05). Similarly, the main effect of treatment was
significant for b-Catenin (F(4,50) 5 2.85, P 5 0.03; Fig. 3B)
due to a significant increase in b-Catenin induced by P4 infusion (P < 0.01 relative to vehicle). As with Wnt 7a, b-Catenin
levels were not altered by any BSA-P treatment (Ps > 0.05).
Next, we analyzed tissue from mice receiving vehicle 1 vehicle,
vehicle 1 R5020, or RU486 1 R5020. We found a significant
main effect of treatment for Wnt 7a (F(2,34) 5 3.79, P <
0.033; Fig. 3A) and b-Catenin (F(2,33) 5 4.23, P 5 0.02; Fig.
3B), driven by a significant increase in levels of both proteins
in mice infused with R5020 compared with vehicle (P  0.01).
RU486 partially blocked these increases, as levels of both proteins in the R5020 1 RU486 groups were not significantly different from vehicle (P > 0.05). Collectively, our findings
showing that R5020, but not BSA-P, increased Wnt 7a and bCatenin levels suggest that the P4-induced increase of these
canonical Wnt proteins is due to activation of intracellular PRs
rather than membrane PRs.
When unphosphorylated, b-Catenin is free to translocate
into the nucleus and initiate gene transcription (MacDonald
et al., 2009). Therefore, to determine if the increase in total bCatenin protein was associated with an increase in protein levels associated with downstream gene targets, we also measured
protein levels of the canonical Wnt downstream target genes
c-myc and Cyclin-D1. As with Wnt 7a and b-Catenin, mice
receiving P4, but not any BSA-P treatment, displayed significantly increased c-myc (F(4,45) 5 6.74, P < 0.001; Fig. 3C)
and Cyclin D1 (F(4,54) 5 3.53, P 5 0.013; Fig. 3D) protein.
Hippocampus
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FIGURE 3.
P4 and R5020 activate canonical Wnt signaling in
the dorsal hippocampus 5 min after infusion. (A) Wnt7a and (B)
b-catenin protein levels were significantly increased 5 min after
infusion of P4 or R5020 into the dorsal hippocampus. BSA-P had
no effect on Wnt 7a or b-catenin protein expression. (C) c-myc
and (D) Cyclin D1 protein levels were significantly increased 5

Post hoc analyses revealed that c-myc and Cyclin D1 protein
levels were significantly increased by P4 relative to vehicle
(P  0.05). In the analysis of the R5020 samples, the main
effect of treatment was not significant for either protein, but
an a priori t-test indicated a significant increase in c-myc following R5020 treatment relative to vehicle (t(23) 5 1.98, P 5
0.03; Fig. 3C). Together, these data suggest that P4 activates
the transcription of canonical Wnt target genes, perhaps by
binding to intracellular PRs.
Hippocampus

min after infusion of P4 in the dorsal hippocampus. Neither BSAP nor R5020 affected Cyclin D1 protein levels at this time point,
but R5020 increased c-myc levels. Protein levels in all panels were
normalized to b-Actin. Each bar represents the mean 6 SEM percent change from vehicle. Insets show representative Western blots.
**P  0.01 and *P  0.05, relative to vehicle.

DISCUSSION
Although previous studies have demonstrated that P4 can
enhance hippocampal memory consolidation, the PR and cell
signaling mechanisms through which this facilitation occurs
have remained largely unknown. The current study is the first
to determine the roles of specific classes of PRs in mediating
hippocampal memory and to identify cell-signaling pathways
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activated by the various types of PRs in the hippocampus. Our
findings suggest that membrane-associated and intracellular
PRs in the dorsal hippocampus independently enhance object
recognition memory consolidation via different cell-signaling
mechanisms. Specifically, we found that membrane-associated
PRs enhance memory by activating ERK and mTOR signaling
pathways, whereas intracellular PRs may influence memory by
activating canonical Wnt signaling.
Our data showing that dorsal hippocampal infusion of P4
enhances object recognition memory consolidation is consistent
with previous reports that post-training administration of P4 systemically or directly into the dorsal hippocampus or dorsal third
ventricle facilitates OR memory consolidation in ovariectomized
rats and mice (Walf et al., 2006; Frye and Walf, 2008; Orr
et al., 2009; Orr et al., 2012). Here, we extend these findings to
present the first evidence that activation of membrane-associated
or intracellular PRs in the dorsal hippocampus also enhances
object recognition memory consolidation. Importantly, the
memory-enhancing effects of BSA-P and R5020 were similar
when infused into the dorsal hippocampus (Fig. 1A) or dorsal
third ventricle (Fig. 1C), demonstrating that the dorsal third ventricle infusion is an effective way to target PRs in the dorsal hippocampus while simultaneously allowing us to inhibit processes
in the dorsal hippocampus. Because compounds are not yet available to target specific PRs, we cannot more definitively pinpoint
which PRs are responsible for these effects at the present time.
Nevertheless, the data provide essential new information about
how the distinct classes of PRs influence hippocampal memory
formation. The effects of BSA-P and R5020 on object recognition, and most other forms of hippocampal-dependent memory,
have not been previously examined, so there is scant literature
with which our data can be compared. However, one study that
administered R5020 systemically before training found that both
R5020 and P4 impaired social recognition in male rats (Bychowski and Auger, 2012). Although this study would seem to contradict our findings, it is important to remember that P4 given
before training has been shown to impair memory in some tasks
(Farr et al., 1995; Bimonte-Nelson et al., 2004). Moreover, as it
did in our study, R5020 mimicked the effects of P4 on social recognition, suggesting similar effects of the hormone and its intracellular receptors on memory regardless of whether the effect
impairs or enhances memory. One potential concern about our
use of BSA-P is that some of its memory-enhancing effects could
have been caused by free P4 that came unbound from the BSA
molecule. As such, it is worth noting that our BSA-P was ultrafiltered before use, and therefore, the effects of BSA-P on memory
are unlikely to have been caused by free P4. Furthermore, free P4
would have also bound to intracellular PRs, so it is unlikely that
we would have observed such a striking dissociation in the cell
signaling pathways underlying the object recognition memory
enhancements of BSA-P and R5020. Collectively, the data support the notion that independently activating either membraneassociated or intracellular PRs in the dorsal hippocampus is
sufficient to enhance object recognition memory consolidation,
suggesting that both classes of PRs serve an important physiological role in the hippocampus.
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Activation of membrane-associated PRs in the dorsal hippocampus by BSA-P enhanced object recognition memory consolidation via an ERK-dependent mechanism, as suggested by the
fact that the effects of BSA-P on object recognition and phosphorylation of p42 ERK, p70S6K, and 4E-BP1 were blocked
by U0126. These findings are consistent with previous work
from our laboratory demonstrating that dorsal hippocampal
ERK or mTOR activation is necessary for dorsal hippocampal
infusion of P4 to enhance object recognition memory consolidation in ovariectomized mice (Orr et al., 2012). Here, the
ERK inhibitor U0126 prevented BSA-P from enhancing object
recognition and activating hippocampal ERK and mTOR signaling, which is consistent with other findings from our laboratory demonstrating that E2 requires ERK-dependent mTOR
signaling to enhance object recognition memory consolidation
(Fortress et al., 2013b). Because the mTOR pathway regulates
local protein synthesis and spine density and is a critical regulator of memory (Richter and Klann, 2009), changes in spine
density may be one mechanism by which PRs facilitate memory consolidation. Indeed, P4 increases spine density in acute
hippocampal slices (Kato et al., 2013). Although we cannot
specify a role for any particular membrane-associated PR,
PGRMC1 may be responsible for the ERK-dependent memory-enhancing effects of BSA-P. P4 requires PGRMC1 and
ERK activation in rat neural precursor cells to promote neural
progenitor cell proliferation (Liu et al., 2009), suggesting that
PGRMC1 may mediate the ERK-dependent memory enhancing effects of BSA-P by facilitating neurogenesis. This hypothesis is substantiated by a study in which P4 increased
hippocampal neurogenesis and spatial memory in male rats,
and the P4-induced increase in neurogenesis was completely
blocked by U0126 (Zhang et al., 2010). These findings suggest
a potentially important role for PGRMC1 in the memoryenhancing effects of P4. Because this study has demonstrated
that membrane-associated PRs contribute to memory consolidation in the dorsal hippocampus, future studies should extend
this work using non-pharmacological methods to further define
the role of specific PRs, such as PGRMC1, in P4-mediated
object recognition memory consolidation.
We also found that the intracellular PR agonist R5020
enhanced object recognition memory consolidation. Interestingly, P4 and R5020, but not BSA-P, increased levels of
Wnt7a, b-Catenin, and c-myc protein in the dorsal hippocampus five minutes after infusion. Unlike BSA-P, R5020 did not
increase phospho-p42 ERK levels, nor did U0126 block the
effects of R5020 on object recognition or Wnt proteins. As
such, these data provide the first evidence that activation of
intracellular PRs by P4 can rapidly activate canonical Wnt signaling, which may contribute to the memory-enhancing effects
of P4. Evidence for P4-mediated regulation of Wnt signaling
has been reported in reproductive tissues such as uterus and
breast (Robinson et al., 2000; Faivre and Lange, 2007; Lamb
et al., 2007). In cancer cells, P4 binds to intracellular PRs to
promote cell proliferation by increasing the expression of Wnt
1, which is necessary for activation of c-src/ERK signaling 6 to
72 h later (Skildum et al., 2005; Faivre and Lange, 2007). In
Hippocampus
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the current study, we did not find that activation of intracellular PRs increased ERK at the 5-min time point examined, consistent with the timing reported in cancer cells, however, we
cannot rule out an effect at later time points. Our evidence for
a P4-mediated increase in canonical Wnt signaling presents a
novel and plausible mechanism through which P4 could regulate hippocampal memory. Canonical Wnt signaling plays a
critical role nervous system development, structure, and function (Ciani and Salinas, 2005; Inestrosa and Arenas, 2010;
Oliva et al., 2013; Ortiz-Matamoros et al., 2013). In the adult
hippocampus, canonical Wnt signaling facilitates synaptogenesis (Sahores et al., 2010), neurogenesis (Qu et al., 2013), and
long-term potentiation (Chen et al., 2006). Moreover, canonical Wnt proteins are increased in the hippocampus following
environmental enrichment (Gogolla et al., 2009) and spatial
learning tasks (Tabatadze et al., 2012). Canonical Wnt signaling is dysregulated in multiple neurological and neuropsychiatric conditions in which hormones are implicated in the
disorder’s etiology or symptomatology, such as Alzheimer’s disease (Purro et al., 2014), bipolar disorder (Meffre et al., 2014),
and depression (Sani et al., 2012). We recently demonstrated
in male mice that post-training dorsal hippocampal infusions
of the endogenous canonical Wnt inhibitor Dkk-1 impairs
object recognition memory, suggesting that canonical Wnt signaling is necessary for object recognition memory consolidation
(Fortress et al., 2013a). As such, activation of canonical Wnt
signaling by P4 may play an important role in mediating object
recognition memory consolidation in females. Interestingly, this
involvement would appear to be mediated by intracellular PRs,
rather than membrane-associated PRs. The requirement for
canonical Wnt signaling in the effects of P4 will need to be
examined in future studies.
Interestingly, infusion of P4 alone activated both the mTOR
and canonical Wnt signaling pathways, suggesting the possibility that these intracellular- and membrane-initiated signaling
pathways could converge to facilitate memory consolidation.
Wnt signaling can activate the mTOR pathway in non-neural
tissues (Inoki et al., 2006), suggesting that P4-induced memory
enhancement may involve an interaction between these pathways. On the other hand, the fact that mTOR activation triggers spinogenesis (Richter and Klann, 2009) and canonical
Wnt signaling leads to neurogenesis (Varela-Nallar and Inestrosa, 2013) suggests that mTOR and canonical Wnt signaling
could act independently to facilitate the effects of P4 on memory consolidation. Unfortunately, the present data do not allow
us to differentiate between these possibilities, but this issue
should be addressed in future studies.
It is important to note that P4 may influence memory via
mechanisms other than intracellular and membrane-associated
PRs. P4 is the obligatory precursor for all corticosteroids,
androgens, and estrogens, as well as progestin neurosteroids
including 3a,5a-tetrahydroprogesterone (3a,5a-THP or allopregnanolone) (Compagnone and Mellon, 2000; Melcangi
et al., 2014). Each of these classes of steroid hormones has
their own well-documented effects on hippocampal memory
(Cherrier, 2009; de Quervain et al., 2009; Tuscher et al., in
Hippocampus

press) and, therefore, the effects on memory of P4 conversion
to these other hormones cannot be entirely ruled out here. Furthermore, it should also be mentioned that RU486 functions
as an antagonist for glucocorticoid receptors in addition to
intracellular PRs (Chen et al., 2012; Yoshiya et al., 2013).
Thus, it is possible that RU486 blocked both GRs and PRs in
our studies. However, we believe that the effects reported here
can be attributed to PRs for several reasons. First, competitive
binding assays in uterine tissue indicate that P4, R5020, and
RU486 all compete for access to intracellular PRs (Hurd and
Moudgil, 1988), suggesting some specificity and/or affinity of
R5020 and RU486 for PRs. Second, we observed effects on
protein levels five minutes after infusion, and think it unlikely
that sufficient conversion to other metabolites in this time
frame could account for these rapid effects. Third, it is doubtful
that the P4 conjugated to BSA would have been metabolized so
rapidly in the extracellular space that a neurosteroid metabolite
like allopregnanolone could have bound to its receptor (GABAA)
to regulate memory consolidation. Moreover, the BSA conjugation restricts effects of P4 to the plasma membrane, thereby
decreasing possible interactions with intracellular steroid receptors. Fourth, R5020 activates PR-A and PR-B in a manner that
is RU486- dependent (Molenda-Figueira et al., 2008), so it is
unlikely to interact with other intracellular steroid receptors.
Finally, RU486 blocked the effects of R5020, but not BSA-P,
suggesting effects specific to intracellular PRs. Nevertheless, we
cannot definitively exclude these other mechanisms here, and
will need to explore this issue in future studies with antagonists
for other steroids and neurosteroid receptors.
In sum, this study provides the first evidence that P4 can facilitate object recognition memory consolidation by activating
either intracellular PRs or membrane-associated PRs, and that
these two classes of PRs activate different cell-signaling pathways
in the dorsal hippocampus. Specifically, our findings demonstrate
that the memory-enhancing effects of membrane PRs are
dependent on ERK-dependent mTOR signaling in the dorsal
hippocampus. Moreover, activation of intracellular PRs enhances
object recognition memory consolidation in a manner independent of membrane-associated PRs via mechanisms that may
include activation of canonical Wnt signaling in the dorsal hippocampus. Our findings provide much needed insight into the
molecular mechanisms through which P4 regulates memory formation. Because P4 exerts significant neuroprotective effects in
models of brain injury, stroke, and neurodegenerative disease
(Brinton et al., 2008; Sayeed and Stein, 2009; Feeser and Loria,
2011; Yousuf et al., 2014), our data could have important implications for the development of drugs to target specific types of
PRs without the side effects of current progestin therapies.
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