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Estradiol-induced object recognition memory
consolidation is dependent on activation of mTOR
signaling in the dorsal hippocampus
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The mammalian target of rapamycin (mTOR) signaling pathway is an important regulator of protein synthesis and is
essential for various forms of hippocampal memory. Here, we asked whether the enhancement of object recognition
memory consolidation produced by dorsal hippocampal infusion of 17B-estradiol (E;) is dependent on mTOR signaling
in the dorsal hippocampus, and whether Ex-induced mTOR signaling is dependent on dorsal hippocampal phosphatidyli-
nositol 3-kinase (PI3K) and extracellular signal-regulated kinase (ERK) activation. We first demonstrated that the enhance-
ment of object recognition induced by E, was blocked by dorsal hippocampal inhibition of ERK, PI3K, or mTOR activation.
We then showed that an increase in dorsal hippocampal ERK phosphorylation 5 min after intracerebroventricular (ICV) E,
infusion was also blocked by dorsal hippocampal infusion of the three cell signaling inhibitors. Next, we found that ICV
infusion of E, increased phosphorylation of the downstream mTOR targets S6K (Thr-421) and 4E-BPI in the dorsal hippo-
campus 5 min after infusion, and that this phosphorylation was blocked by dorsal hippocampal infusion of inhibitors of
ERK, PI3K, and mTOR. Collectively, these data demonstrate for the first time that activation of the dorsal hippocampal
mTOR signaling pathway is necessary for E; to enhance object recognition memory consolidation and that Ep-induced

mTOR activation is dependent on upstream activation of ERK and PI3K signaling.

The potent estrogen 17B-estradiol (E,) is a critical regulator of hip-
pocampal synaptic morphology. In rodents and nonhuman pri-
mates, E, increases hippocampal levels of synaptic proteins,
including the presynaptic proteins synaptophysin and syntaxin,
and the postsynaptic proteins spinophilin and PSD-95 (Brake
et al. 2001; Frick et al. 2002; Choi et al. 2003; Spencer et al.
2008; Waters et al. 2009). E, also significantly increases hippo-
campal CA1 dendritic spine density in rodents and nonhuman
primates (Woolley and McEwen 1992, 1993; Hao et al. 2003;
Frick et al. 2004). Interestingly, an increase in CA1 spine synapse
formation in the rodent hippocampus can be observed within
30 min of treatment (MacLusky et al. 2005), suggesting that E,
may rapidly regulate protein synthesis. Indeed, in vitro studies
have demonstrated that E, rapidly increases new protein synthe-
sis of the cell signaling molecule a-CaMKII and the postsynaptic
scaffolding protein PSD-95 (Akama and McEwen 2003; Sarkar
etal. 2010). Despite the fact that long-term hippocampal memory
consolidation requires new protein synthesis (for review, see
Klann and Sweatt 2008), the extent to which protein synthesis
is involved in the ability of E, to enhance hippocampal memory
has not yet been tested.
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Much recent attention has focused on the role of the mam-
malian target of rapamycin (mTOR) signaling pathway in regulat-
ing hippocampal memory consolidation (Ehninger et al. 2009;
Richter and Klann 2009; Hoeffer and Klann 2010). mTOR is a
289-kD serine/threonine protein kinase that regulates numerous
cellular processes, including cell proliferation and survival, pro-
tein synthesis, and autophagy (Laplante and Sabatini 2012).
mTOR complexes with two groups of proteins to affect different
cellular processes. In the mTOR complex 1 (mTORC1), mTOR
complexes with Raptor (regulatory associated protein of mTOR),
PRAS40, and LSTS8. This mTORC1 complex regulates translation
initiation by phosphorylating core components of the protein
synthesis machinery, including p70 ribosomal S6 kinase (S6K)
and eukaryotic initiation factor 4E-binding proteins (4E-BPs)
(Hoeffer and Klann 2010). mTORCI1 signaling is blocked by rapa-
mycin, an inhibitor that prevents mTOR from complexing with
other proteins and phosphorylating S6K and 4E-BP1 (Hoeffer
and Klann 2010). In addition to protein synthesis, mTORC1
also regulates organismic longevity (Hoeffer and Klann 2010;
Lamming et al. 2010). In the mTOR complex 2 (mTORC2),
mTOR complexes with Rictor (rapamycin-insensitive companion
of mTOR), Sin1, and LST8 to regulate proteins involved in cyto-
skeletal structure, signal transduction, and glucose homeostasis
(Hoeffer and Klann 2010; Lamming et al. 2010). mTORC2 is
thought to be insensitive to rapamycin (Hoeffer and Klann
2010), but work from cancer cells and genetically altered mice sug-
gests this is not necessarily the case (Kelleher et al. 2004; Chen
et al. 2010). mTOR signaling is activated in hippocampal den-
drites in response to stimuli that induce long-term potentiation
(LTP) and is necessary for the formation of stable hippocampal
LTP (Cammalleri et al. 2003; Tsokas et al. 2005). Hippocampal
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learning also increases phosphorylation of mTOR and down-
stream substrates such as S6K, presumably through the actions
of mTORC1 (Parsons et al. 2006; Bekinschtein et al. 2007). The ne-
cessity of such activation for hippocampal memory consolidation
has been demonstrated through the use of rapamycin. Hippocam-
pal infusions of rapamycin prevent long-term consolidation of
contextual fear, spatial, and object recognition memories (Dash
et al. 2006; Parsons et al. 2006; Bekinschtein et al. 2007; Myskiw
etal. 2008), suggesting a general involvement of mTOR in the pri-
mary types of memory regulated by the hippocampus.

mTOR is regulated by numerous upstream kinases, includ-
ing extracellular signal-regulated kinase (ERK) and phosphatidy-
linositol 3-kinase (PI3K) (for reviews, see Richter and Klann
2009; Hoeffer and Klann 2010; Laplante and Sabatini 2012). In
the canonical mTOR pathway, PI3K, which can be activated by
G-protein-coupled receptors, receptor tyrosine kinases, and ion
channels, phosphorylates Akt, which inhibits the tuberous sclero-
sis complex 2 (TSC2) (Tsokas et al. 2005). TSC2 inhibits the small
GTPase Ras homologue enriched in brain (Rheb), which activates
mTOR (Lietal. 2004). Therefore, activation of PI3K/Aktleads to ac-
tivation of mTOR through disinhibition of Rheb. The PI3K/Akt
pathway regulates hippocampal dendritic size and complexity
(Kumar et al. 2005), and is critical for hippocampal LTP and the for-
mation of object recognition and fear memories (Chen et al. 2005;
Horwood et al. 2006; Cui et al. 2010). An essential role of PI3K in
regulating mTOR signaling has been shown using the PI3K inhib-
itor LY294002, which decreases dendritic spine number, prevents
the phosphorylation of Akt and S6K, and reduces hippocampal
mTOR phosphorylation after LTP induction and morphine treat-
ment (Chen et al. 2005; Horwood et al. 2006; Cui et al. 2010).
Like PI3K, ERK activation is critical for hippocampal LTP and sev-
eral types of hippocampal memory, including object recognition
(Atkins et al. 1998; Blum et al. 1999; Kelly et al. 2003). ERK can
be activated by numerous mechanisms, including PI3K activation
(Adams et al. 2000), and ERK activation can both directly and
indirectly phosphorylate mTOR (Ser-2481) and S6K (Thr-421)
(Kelleher et al. 2004; Pende et al. 2004; Tsokas et al. 2005;
Winter et al. 2011). ERK promotes this mTORCI signaling by in-
hibiting TSC2 (Winter et al. 2011) and activating S6K (Tsokas
et al. 2005). Both ERK and mTOR must phosphorylate S6K for
S6K to be optimally activated (Kumar et al. 2005), and ERK is nec-
essary for activation of S6K in hippocampal dendrites (Tsokas et al.
2005). Importantly for memory, ERK-induced regulation of the
mTOR pathway in the hippocampus is critical for dendritic mor-
phogenesis (Kumar et al. 2005) and for the up-regulation of trans-
lational proteins during LTP (Tsokas et al. 2005). Interestingly,
reciprocal interactions have been reported between ERK and
PI3K in the control of mTOR-mediated translation (Tsokas et al.
2005; Winter et al. 2011), and data from hippocampal slices sup-
port the notion of mTOR as a point of convergence for PI3K and
ERK in regulating dendritic spine morphology (Kumar et al.
2005). Therefore, neural modulators, like E,, that affect the PI3K
and ERK pathways are likely to influence mTOR signaling.

In female rodents, a single systemic injection or direct dorsal
hippocampal infusion of E, immediately after training (i.e., post-
training) in an object recognition task significantly enhances ob-
ject recognition memory consolidation (Luine et al. 2003; Walf
et al. 2006, 2008; Fernandez et al. 2008; Lewis et al. 2008; Fan
etal. 2010; Zhao et al. 2010, 2012). Using the ERK activation inhib-
itors U0126 and SL327, we recently demonstrated that activation
of ERK in the dorsal hippocampus is necessary for E, to enhance
object recognition memory in young or middle-aged ovariecto-
mized mice (Fernandez et al. 2008; Fan et al. 2010). In further stud-
ies with the PI3K inhibitor LY294002 in middle-aged female mice,
we demonstrated that the beneficial effect of E, on object recogni-
tion was also dependent on PI3K activation, as was the E,-induced
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phosphorylation of p42 ERK (Fan et al. 2010). Importantly, E, was
shown to activate PI3K prior to activating ERK, as illustrated by
the fact that LY294002 prevented E, from activating ERK, whereas
U0126 had no effect on the ability of E, to activate PI3K (Fan et al.
2010). Given that both PI3K and ERK are critically involved in
mTOR signaling, mTOR activation may be necessary for E, to en-
hance object recognition memory. This hypothesis is supported
by recent evidence from hippocampal cell culture showing that
E, rapidly increases dendritic mRNA translation and phosphory-
lation of S6K and 4E-BP1 in an ERK-dependent manner (Sarkar
et al. 2010). Therefore, the present study tested whether post-
training dorsal hippocampal infusion of the mTOR inhibitor rapa-
mycin could prevent intracerebroventricularly infused E, from
enhancing object recognition memory consolidation in young
ovariectomized mice. Because the role of PI3K in mediating E,’s
effects on object recognition has not yet been tested in young
mice, separate groups of mice were treated with E, plus LY294002
or UO126 (as a positive control). Finally, effects of E,, with or with-
out rapamycin, LY294002, or U0126, on phosphorylation of
mTOR, S6K, and 4E-BP1 in the dorsal hippocampus were mea-
sured to assess estrogenic regulation of mTOR signaling. The data
provide the first evidence that dorsal hippocampal mTOR signal-
ing is necessary for E, to enhance object memory consolidation.

Results

Estradiol-induced enhancement of object recognition

is dependent on dorsal hippocampal PI3K, ERK,

and mTOR activation in young female mice

We previously demonstrated that a single bilateral post-training
infusion of 5 pg E, into the dorsal hippocampus enhances ob-
ject recognition in young (3-mo-old) and middle-aged (17-mo-
old) ovariectomized mice (Fernandez et al. 2008; Fan et al. 2010;
Zhao et al. 2010, 2012). In middle-aged females, we found that
the Ey-induced enhancement of object recognition was depen-
dent on dorsal hippocampal ERK and PI3K activation (Fan et al.
2010), but in young females we have thus far only demonstrated
the critical involvement of ERK (Fernandez et al. 2008; Lewis
et al. 2008; Zhao et al. 2010). Therefore, in the present study we
sought to determine whether PI3K is also necessary for the
E;-induced enhancement of object recognition in young females
using the PI3K inhibitor LY294002. To demonstrate that the ef-
fects of PI3K inhibition on E,-induced enhancement object rec-
ognition did not result from a general prevention of object
memory formation by LY294002, we needed to identify a dose
of LY294002 that did not interfere with object recognition.
During training, mice explored two identical objects until they
had accumulated 30 sec exploring both objects. Immediately
after training, young females received bilateral dorsal hippocam-
pal infusions of vehicle (n = 7), 0.05 wng/side LY294002 (n=7),
or 0.005 pg/side LY294002 (n = 7). Twenty-four hours later, ob-
ject recognition was tested by allowing the mice to accumulate
30 sec exploring an object identical to those from training (i.e.,
familiar) and a novel object. We have previously demonstrated
that vehicle-infused mice spend more time with the novel object
than chance (15 sec) 24 h after training, indicating intact memory
for the familiar object (Gresack et al. 2007). As such, this 24-h
delay between training and testing was optimal to test the poten-
tial memory-impairing effects of LY294002. Mice receiving 0.05
pg/side LY294002 did not spend more time than chance with
the novel object () = 0.69, P> 0.05; Fig. 1A), indicating that
this dose impaired object recognition, and suggesting that PI3K
activation is necessary for 24-h object recognition in young ovari-
ectomized mice. In contrast, mice receiving vehicle or 0.005 pg/
side LY294002 spent significantly more time than chance with
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Figure 1. Object recognition in young ovariectomized mice. (A) Mice
receiving bilateral dorsal hippocampal infusions of vehicle, LY294002
(LY) (0.005 g/side), or Rapamycin (Rap) (0.025 ng/side) immediately
after training spent significantly more time than chance (dashed line at
15 sec) with the novel object 24 h later, demonstrating that these inhibi-
tor doses did not impair object recognition at this delay. However, mice
receiving 0.05 pg/side LY or 0.25 ng/side rapamycin spent no more
time than chance with the novel object, suggesting that higher doses
reveal a critical involvement of PI3K and mTOR signaling in object recog-
nition memory formation. (B) Mice receiving immediate post-training in-
fusions of E; (5 ng/side), but not vehicle, spent significantly more time
with the novel object than chance (15 sec) 48 h after training, demon-
strating that E; enhanced memory for the familiar object. Mice receiving
E, plus U0126 (0.5 pg/side), LY (0.005 pg/side), or Rap (0.025 ng/side)
showed no preference for the novel object, suggesting that activation of
ERK, PI3K, and mTOR are necessary for E, to enhance object recognition.
Infusion of Rap alone had no significant effect on object recognition. Each
bar represents the mean (£ SEM) time spent with the novel object. (*) P <
0.05, (**) P < 0.01 relative to chance.

the novel object (f) = 3.66, P < 0.05 and f = 2.65, P < 0.05, re-
spectively; Fig. 1A), suggesting that the 0.005 pg/side dose does
not impair object recognition. Because 0.005 pg/side LY294002
did not prevent general object memory formation, this dose was
used for all subsequent studies with E,.

We next used the mTOR inhibitor rapamycin to determine
whether the E,-induced enhancement of object recognition was
dependent on mTOR activation in the dorsal hippocampus. As
with LY294002, we first determined that the effects of mTOR inhi-
bition on E,-induced enhancement of object recognition did not
result from general prevention of object memory formation by
identifyinga dose of rapamycin that did not interfere with 24-h ob-
ject recognition. Immediately after training, a new set of young
ovariectomized females received bilateral dorsal hippocampal in-
fusions of rapamycin at doses of 0.25 ng/side (n = 5) or 0.025 ng/
side (n=35). Twenty-four hours later, mice receiving vehicle or
0.025 ng/side spent significantly more time with the novel object
relative to chance (f) = 3.66,P < 0.05and t4) = 6.12, P < 0.01, re-
spectively), suggesting that the 0.025 ng/side dose does not impair
object recognition. Because 0.025 ng/side rapamycin did not pre-
vent general object memory formation, this dose was used for all
subsequent studies with E,. Mice receiving 0.25 ng/side rapamycin
did not spend more time with the novel object than chance (¢4, =
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2.00, P > 0.05; Fig. 1A), indicating that this dose impaired object
recognition. These data suggest that mTOR activation is necessary
for object recognition in young ovariectomized mice.

Having identified doses of LY294002 and rapamycin that do
not impair general memory formation, we then used these doses
to determine whether PI3K and mTOR activation are necessary
for E, to enhance object recognition tested 48 h after training (a
delay at which vehicle-infused mice forget the familiar object
[Fernandez et al. 2008; Fan et al. 2010]). As a control, we also test-
ed whether the ERK activation inhibitor U0126, at a dose (0.5 pg/
side) that does not impair object recognition in young female
mice, would also block the beneficial effects of E, on object recog-
nition, as in our previous studies (Fernandez et al. 2008; Fan et al.
2010; Zhao et al. 2010). A new set of young ovariectomized fe-
males received a post-training bilateral infusion of vehicle (50%
DMSO in saline), U0126, LY294002, or rapamycin into the dorsal
hippocampus, followed immediately by a dorsal third ventricle
(intracerebroventricular, ICV) infusion of vehicle (2-hydroxy-
propyl-B-cyclodextrin, HBC) or 10 pg E, dissolved in saline. This
infusion protocol allowed us to both infuse E, into the brain
and inhibit the effects of E, in the dorsal hippocampus without
risking tissue damage in the dorsal hippocampus due to repeated
infusions in this structure (Fernandez et al. 2008; Fan et al.
2010). Thus, immediately after object recognition training, each
group received an ICV and dorsal hippocampal infusion, re-
spectively, as follows: vehicle (50% DMSO in saline followed by
HBC in saline; n = 10), E, + DMSO vehicle (n=8), E, + U0126
(0.5 pg/side; n=7), E, + LY294002 (0.005 pg/side; n=6), E; +
rapamycin (0.025 ng/side; n=8), or HBC vehicle + rapamycin
(0.025 ng/side; n= 7). Memory was tested 48 h later. Although
vehicle-infused mice did not exhibit a preference for the novel ob-
ject (toy = —0.25, P> 0.05 relative to chance), E-infused mice
spent significantly more time with the novel object relative to
chance (f) = 3.47, P = 0.01; Fig. 1B), suggesting that E; enhanced
object recognition memory consolidation. This E,-induced mem-
ory enhancement was completely blocked by U0126 (t¢) = 1.1,
P > 0.05 relative to chance), LY294002 (f), = 0.42, P > 0.05 rela-
tive to chance). and rapamycin (t7) = —0.86, P > 0.05 relative
to chance; Fig. 1B). Consistent with its effects at the 24-h delay,
rapamycin alone had no effect on object recognition memory
consolidation (fs) = —0.59, P> 0.05 relative to chance). These
data suggest that the beneficial effects of E, on object recognition
are dependent on dorsal hippocampal activation of PI3K, ERK,
and mTOR in young females.

The estradiol-induced increase in dorsal hippocampal
p42 ERK activation is dependent on PI3K

and mTOR activation

We previously showed that a single dorsal hippocampal infusion
of E, increased ERK activation in the dorsal hippocampus after
5 min in young female mice and after 15 min in middle-aged fe-
male mice (Fernandez et al. 2008; Lewis et al. 2008; Fan et al.
2010; Zhao et al. 2010). In middle-aged females, this increase
was dependent on PI3K activation (Fan et al. 2010). Therefore,
we next determined whether U0126, LY294002, or rapamycin
could block the E-induced increase in p42 ERK phosphorylation.
Mice received ICV and dorsal hippocampal infusions, respective-
ly, as follows: HBC + DMSO vehicles (n = 5), E; + DMSO vehicle
(n=35), E2+U0126 (n=15), E; +LY294002 (n=35), E,+ rapa-
mycin (n=235), or HBC vehicle 4 rapamycin (n =S5). The dorsal
hippocampus was dissected bilaterally 5 min after dorsal hippo-
campal infusion. Phospho-p42 ERK levels differed significantly
among the groups (F24)=8.61, P < 0.001). As in our previous
studies (Fernandez et al. 2008; Lewis et al. 2008; Fan et al. 2010;
Zhao et al. 2010, 2012), E, significantly increased levels of
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Figure 2. p42 ERK and p44 ERK phosphorylation in the dorsal hippo-
campus 5 min after drug infusion. Levels of phospho-p42 ERK ([*] P <
0.001), but not of phospho-p44 ERK, were significantly increased in the
dorsal hippocampus after E; infusion relative to vehicle. All three inhibitors
(U0126, LY, and Rap) completely blocked this effect (P < 0.01 relative to
E, alone). Rap alone had no effect on phospho-p42 ERK levels. Phospho-
p44 ERK levels were not affected by any treatment. Phosphorylated p42/
p44 protein levels were normalized to total p42/p44 protein levels. Each
bar represents the mean (+ SEM) percent change from vehicle. (Insets)
Representative Western blots show phosphorylated p42 ERK and p44
ERK protein levels.

phospho-p42 ERK, but not of phospho-p44 ERK, relative to vehi-
cle (P < 0.001; Fig. 2). The E-induced increase in phospho-p42
ERK levels was blocked by all three inhibitors (all inhibitors P <
0.01 relative to E, group; Fig. 2). Rapamycin alone had no effect
on phospho-p42 ERK levels (P > 0.05 relative to vehicle; Fig. 2),
which is not surprising given that this dose had no detrimental ef-
fects on 24-h object recognition (Fig. 1A). Consistent with our pre-
vious studies (Fernandez et al. 2008; Fan et al. 2010), E, and the
inhibitors had no effect on phospho-p44 ERK levels (F(s24) =
1.17, P> 0.05). Collectively, these data demonstrate that the
E,-induced increase in p42 ERK phosphorylation is dependent
on PI3K and mTOR activation, and suggest that LY294002 and
rapamycin may prevent the memory-enhancing effects of E, by
blocking dorsal hippocampal p42 ERK activation.

mTOR activation at Ser-2448 and Ser-248|

was not altered by estradiol

Phosphorylation of Ser-2448 and Ser-2481 on the C-terminal of
mTOR is associated with increased mTOR activity (Hoeffer and
Klann 2010). Ser-2448 can be phosphorylated by PI3K/Akt signal-
ing and by S6K; Ser-2481 is an autophosphorylation site (Hoeffer
and Klann 2010). Therefore, to determine if mTOR phosphoryla-
tion was altered by E,, and whether this effect could be blocked by
inhibitors of ERK and PI3K activation, we examined phosphoryla-
tion of mTOR at Ser-2448 and Ser-2481 5 min after ICV and dorsal
hippocampal infusion of HBC + DMSO vehicles (n=35), E, +
DMSO vehicle (n=35), E; +U0126 (n=15), E, + LY294002 (n =
5), E; 4+ rapamycin (n = 5), or HBC vehicle + rapamycin (n=3).
Phospho-mTOR levels did not significantly differ among the
groups for either Ser-2448 (Fs .3 = 1.02, P> 0.05; Fig. 3A) or
Ser-2481 (F(s,22) = 0.43, P > 0.05; Fig. 3B).

The estradiol-induced increases in phosphorylated
S6K and 4E-BPI were blocked by inhibitors
of PI3K, ERK, and mTOR activation

We next examined the downstream effectors of mTOR, S6K, and
4E-BP1. The phosphorylation of S6K is widely used as an indicator
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of mTOR activity (Dash et al. 2006; Bekinschtein et al. 2007;
Slipczuk et al. 2009). S6K is phosphorylated by ERK at Thr-421
(Zhang et al. 2001; Lehman et al. 2003), so we examined levels
of phospho-S6K (Thr-421) S min after infusion of vehicle, E,,
E, + each inhibitor, or rapamycin. Dorsal hippocampi were col-
lected 5 min after infusions of HBC + DMSO vehicles (n=135),
E, + DMSO vehicle (n=15), E; + U0126 (n=35), E, + LY294002
(n=3), E;+rapamycin (n=35), or HBC vehicle 4+ rapamycin
(n=135). Overall, there was a significant main effect of treatment
(F(s,23y = 4.48, P=0.005). E, significantly increased phospho-
S6K levels relative to vehicle (P < 0.01; Fig. 4A). This Ez-induced
increase in phospho-S6K levels was blocked by LY294002,
U0126, and rapamycin (all inhibitors P < 0.05 relative to vehicle
and E, groups; Fig. 4A), suggesting that activation of PI3K, ERK,
and mTOR is necessary for E; to increase S6K activation in the dor-
sal hippocampus.

4E-BP1 is another downstream indicator of mTOR activity
in vivo (Hay and Sonenberg 2004). Under resting conditions,
4E-BP1 is repressively bound to elF4e, which prevents the initia-
tion of translation. Phosphorylation of 4E-BP1 causes the disso-
ciation of 4E-BP1 and elF4e, which promotes translation (Hay
and Sonenberg 2004). Therefore, we next examined levels of
phospho-4E-BP1 (Thr 37/46) after ICV and dorsal hippocampal
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Figure 3. mTOR phosphorylation in the dorsal hippocampus 5 min
after drug infusion. Levels of phospho-mTOR were not significantly
altered by any treatment at the Ser-2481 (A) or Ser-2448 (B) sites.
Phosphorylated mTOR protein levels were normalized to total mTOR
protein levels. Each bar represents the mean (£ SEM) percent change
from vehicle. (Insets) Representative Western blots show phosphorylated
mTOR protein levels.
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Figure 4. S6K and 4E-BP1 phosphorylation in the dorsal hippocampus
5 min after drug infusion. (A) Levels of phospho-S6K (Thr-421) were in-
creased by E, alone relative to vehicle ([*] P < 0.01). This effect was
blocked by all three inhibitors (P < 0.05 relative to E, alone). Rap alone
had no effect on phospho-S6K levels. (B) Levels of phospho-4E-BP1
(Thr-37/46) were increased by E, alone relative to vehicle ([*] P<
0.01). This effect was blocked by all three inhibitors (P < 0.05 relative
to E, alone). Rap alone had no effect on phospho-4E-BP1 levels.
Phosphorylated S6K and 4E-BP1 protein levels were normalized to total
S6K and B-actin protein levels, respectively. Each bar represents the
mean (£ SEM) percent change from vehicle. (Insets) Representative
Western blots show phosphorylated S6K and 4E-BP1 protein levels.

infusion of HBC + DMSO vehicles (n=35), E, + DMSO vehicle
(n=23), E; +U0126 (n=15), E; + LY294002 (n = 5), E;, + rapamy-
cin (n=135), or HBC vehicle + rapamycin (n = 5). Dorsal hippo-
campi were collected bilaterally 5 min after dorsal hippocampal
infusion. Activation of 4E-BP1 was significantly altered by treat-
ment (F(s 22) = 6.19, P < 0.001). Specifically, phospho-4E-BP1 lev-
els were significantly increased by E, relative to vehicle (P < 0.01;
Fig. 4B), and this increase was blocked by all three inhibitors (all
P < 0.05 relative to vehicle and E, groups; Fig. 4B). These data sug-
gest that, like S6K, the Ex-induced activation of 4E-BP1 in the dor-
sal hippocampus is dependent on activation of PI3K, ERK, and
mTOR.

Discussion

The current study provides several novel findings with respect to
the cell signaling mechanisms that mediate E,'s effects on object
recognition memory. These data show that ICV infusion of E,
rapidly increases dorsal hippocampal S6K (Thr-421) and 4E-BP1
(Thr 37/46) phosphorylation through an ERK-dependent mecha-
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nism. The study is also the first to demonstrate that dorsal hippo-
campal PI3K and mTOR signaling are necessary for E, to enhance
object recognition memory consolidation in young adult females.
In combination with our current and previous findings that dorsal
hippocampal ERK activation is also necessary for E, to enhance
object recognition in young adult females (Fernandez et al.
2008; Zhao et al. 2010), our data indicate that PI3K, ERK, and
mTOR signaling all play critical roles in the estrogenic mediation
of hippocampal memory formation.

The present study is the first to report that activation of
mTOR signaling is necessary for E, to enhance memory. This con-
clusion is supported by the fact that the beneficial effects of E; on
object recognition were blocked by dorsal hippocampal infusion
of the mTOR inhibitor rapamycin, and is consistent with litera-
ture demonstrating that mTOR signaling is required for several
types of hippocampal memory, including object recognition
(Dash et al. 2006; Parsons et al. 2006; Bekinschtein et al. 2007;
Myskiw et al. 2008). However, it is important to note that the
dose of rapamycin used here did not block object recognition or
affect p42 ERK, mTOR, S6K, or 4E-BP1 on its own. Therefore, the
observed effects of rapamycin in this study result from a specific
interaction with the stimulatory actions of E, on dorsal hippo-
campal function. The mTOR pathway has recently emerged as a
primary regulator of hippocampal synaptic plasticity and memory
(Hoeffer and Klann 2010). E, can rapidly increase hippocampal
spine synapse formation and mTOR signaling, and promotes
new protein synthesis in hippocampal dendrites in an ERK-depen-
dent manner (MacLusky et al. 2005; Mukai et al. 2010; Sarkar et al.
2010). Together with the present data, findings to date suggest
that protein synthesis, particularly mTOR-mediated protein syn-
thesis, underlies the memory-enhancing effects of E,. Further,
the fact that inhibition of PI3K and ERK signaling also prevented
E, from enhancing object recognition implicates the critical in-
volvement of these well-known regulators of mTOR signaling
(Winter et al. 2011).

The fact that the E,-induced enhancement in object recog-
nition was dependent on ERK and PI3K activity is consistent
with our previous data from young and middle-aged females
(Fernandez et al. 2008; Fan et al. 2010; Zhao et al. 2010). Notably,
young females appear less sensitive to the memory-impairing ef-
fects of the PI3K inhibitor LY294002 than middle-aged females,
as indicated by the fact that 0.005 pg/side LY294002 blocked
24-h object recognition in middle-aged females (Fan et al. 2010)
but not in young females (present study). However, consistent
with our previous data from middle-aged females, LY294002 pre-
vented E, from increasing p42 ERK phosphorylation (Fan et al.
2010). As such, the data from both young and middle-aged
females support the notion that the E,-induced activation of
p42 ERK in the dorsal hippocampus depends on initial PI3K
activation.

In the present study, E, alone significantly enhanced object
recognition and increased phosphorylation of p42 ERK. The ef-
fects of E, on object recognition and p42 ERK phosphorylation
are consistent with previous findings from our laboratory and oth-
ers (Luine et al. 2003; Walf et al. 2006, 2008; Fernandez et al. 2008;
Lewis et al. 2008; Fan et al. 2010; Zhao et al. 2010, 2012). Similar to
p42 ERK, E; also increased S6K (Thr-421) and 4E-BP1 (Thr 37/46)
5 min after infusion, but had no effect on mTOR phosphorylation
(Ser-2481 and Ser-2448). The fact that E, increased phospho-S6K
and phospho-4E-BP1 levels is consistent with a recent cell culture
study showing that E, increases hippocampal dendritic mRNA
translation and phosphorylation of S6K and 4E-BP1 (Sarkar et al.
2010). This finding is also supported by data that chronic E, atten-
uates ischemia-induced reductions of mTOR and S6K levels in the
cerebral cortex of female rats (Koh et al. 2008), and reports that the
related sex steroid hormones progesterone and testosterone can,
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respectively, increase phosphorylation of S6K in the dorsal hip-
pocampus (Orr et al. 2012) and mTOR (Ser-2481) in myoblasts
(Wu et al. 2010). It is interesting, however, that E, did not affect
mTOR phosphorylation at Ser-2481 or Ser-2448. Ser-2448 is phos-
phorylated by upstream PI3K signaling and by downstream S6K
via negative feedback (Chiang and Abraham 200S5). Thus, we ex-
pected E; to increase phosphorylation at this site. Several possible
explanations may account for the lack of effect at this site. S6K
and/or 4E-BP1 may be phosphorylated directly by PI3K and
ERK, thus bypassing mTOR entirely. We find this explanation un-
likely given that rapamycin blocks E;’s effects on object recogni-
tion and activation of S6K and 4E-BP1. However, mTOR could
be involved without being significantly increased by E, if the in-
creased ERK signaling induced by E, recruits more S6K and
4E-BP1 for permissive phosphorylation by mTOR at downstream
sites. Alternatively, the Ser-2448 site may be so rapidly phosphor-
ylated that phospho-protein levels return to baseline by 5 min
post-infusion. This would suggest that E, rapidly and transiently
activates mTOR. Interestingly, a significant increase in phospho-
S6K without a change in phosphorylation at mTOR 2448 was
recently observed in a study examining the role of local protein
synthesis in THC-mediated memory impairment (Puighermanal
etal. 2009), suggesting that our findings of downstream activation
only are not unique. The Ser-2481 site on mTOR is an autophos-
phorylation site regulated by intrinsic mTOR activity (Peterson
et al. 2000), but is not traditionally studied as an indicator of
mTOR mediated local protein synthesis. Therefore, it is less sur-
prising that we did not see an increase in phosphorylation at
this site. Recently, three additional phosphorylation sites on
mTOR have been identified (Ser-1261, Ser-2159, Thr-2164)
(Acosta-Jaquez et al. 2009; Ekim et al. 2011) and phosphorylation
of Ser-1261 has recently been implicated as the upstream factor
responsible for 4E-BP1 and S6k phosphorylation (Acosta-Jaquez
et al. 2009), suggesting other potential sites of E; modulation.
These sites should be examined in future studies to better under-
stand how E, regulates mTOR phosphorylation.

The fact that rapamycin prevented the E,-induced increase in
phospho-p42 ERK was unexpected, and may be mediated by one
of the mTOR complexes, mTORC1 or mTORC2. mTORCI is sensi-
tive to rapamycin and is known to regulate protein synthesis in
the hippocampus (Klann and Dever 2004; Tsokas et al. 2005;
Hoeffer and Klann 2010). Data from cancer cells and genetically
altered mice suggest that mTORC2 may also be sensitive to rapa-
mycin (Kelleher et al. 2004; Chen et al. 2010). Particularly rele-
vant for the present study, data from breast and prostate cancer
cells illustrate that low concentrations of rapamycin activate
ERK through mTORC1, whereas higher doses inhibit ERK phos-
phorylation via mTORC2 (Chen et al. 2010). These findings sug-
gest that mTORCI1 inhibits ERK and mTORC2 activates ERK. The
mTORC1 data from cancer cells are consistent with previous
reports from glioblastoma cells (Sunayama et al. 2010) and hip-
pocampal neurons (Kelleher et al. 2004), suggesting that mTOR
inhibits ERK phosphorylation. However, the demonstration
that ERK in breast and prostate cancer cells can be activated
through mTORC2 may help shed light on the current findings.
Although it is difficult to extrapolate doses from non-neuronal
cell culture to the intact brain, the cell culture data raise the pos-
sibility that E, may increase ERK phosphorylation, in part, by
stimulating mTORC2, and that rapamycin blocks this activation.
Phosphorylation of Ser-2481 on mTOR also affects activity of
mTORC2 (Soliman et al. 2010), and the recent demonstration
that mTORC2 is sensitive to rapamycin (Lamming et al. 2010)
lends some support to this hypothesis. Alternatively, rapamycin
may fundamentally affect E, signaling in the dorsal hippocampus
in a way that alters E,’s typical effects on ERK. Evidence for this
possibility comes from a report that rapamycin in breast cancer
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cells blocks IGF-induced estrogen receptor a (ERa) phosphoryla-
tion and promoter binding in an mTORC1-dependent manner
(Becker et al. 2011). These possibilities suggest at least two intrigu-
ing ways in which mTOR might influence the E,-induced activa-
tion of ERK. Clearly, these hypotheses will need to be tested in
future studies to determine whether mTORC2 or rapamycin-
induced changes in E, signaling contribute to the effects on ERK
seen here after co-administration of E, and rapamycin.

In conclusion, the present study demonstrates for the first
time that the E,-induced enhancement of object recognition
memory consolidation in young females is dependent on PI3K
and mTOR activation in the dorsal hippocampus. These data sug-
gest that rapid protein synthesis in the dorsal hippocampus, pos-
sibly within dendritic spines, is necessary for E, to enhance object
recognition memory consolidation in young females. As such,
these data provide important new insights into the molecular
mechanisms underlying estrogenic modulation of object recogni-
tion memory consolidation.

Materials and Methods

Subjects

Eight- to 10-wk-old female C57BL/6 mice were obtained from
Taconic (Germantown, New York, and Cambridge City, Indiana).
Mice were housed four to five per cage until surgery. Mice were
maintained on a 12-h light/dark cycle and had ad libitum access
to food and water. All procedures followed the National Institutes
of Health Guide for the Care and Use of Laboratory Animals
and were approved by the University of Wisconsin-Milwaukee
Institutional Animal Care and Use Committee and the Yale
University Animal Care and Use Committee.

Surgery

Mice were ovariectomized and implanted with intracranial guide
cannulae in the same surgical session, as described previously
(Fernandez et al. 2008; Lewis et al. 2008; Fan et al. 2010). All
mice were implanted with stainless-steel triple guide cannulae
(Plastics One); two guides aimed bilaterally at the dorsal hip-
pocampus and one guide aimed at the dorsal third ventricle
(ICV). Mice were anesthetized with isoflurane gas (5% for in-
duction, 2% for maintenance). Using a stereotaxic apparatus
(Kopf Instruments), guide cannulae (C232GC, 22 gauge; Plastics
One) with inserted dummy cannulae (C232DC) were directed
toward the dorsal hippocampus (—1.7 mm posterior to bregma,
+1.5 mm lateral to midline, —2.3 mm [injection site] ventral
to skull surface) and dorsal third ventricle (—0.9 mm posterior
to bregma, £0.0 mm from midline, —2.8 mm [injection site] ven-
tral to skull surface) (Paxinos and Franklin 2003). Each cannula
was fixed to the skull with dental cement that also served to close
the wound. Mice recovered for 5-7 d before testing or drug
treatment.

Drugs and infusions
Cyclodextrin-encapsulated E, (Sigma-Aldrich) was dissolved in
physiological saline to a dose of 5.0 ng/0.5 pL. The E, vehicle,
2-hydroxypropyl-B-cyclodextrin (HBC, Sigma-Aldrich), was dis-
solved in saline to the same concentration of cyclodextrin as in
the cyclodextrin-E; solution. Vehicle or E, was infused into
the dorsal third ventricle (intracerebroventricular, ICV) at a rate
of 0.5 pL/min for 2 min, resulting in a dose of 10 ng E,. This
dose infused ICV in young ovariectomized mice facilitates object
memory consolidation (Fernandez et al. 2008; Zhao et al. 2010).
In the experiments described below in which E, was infused ICV
in conjunction with a dorsal hippocampal infusion of vehicle or
an inhibitor, the ICV infusion was administered immediately after
dorsal hippocampal infusion.

To demonstrate that E;-enhanced object recognition consol-
idation is dependent on dorsal hippocampal ERK activation, the
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MEK inhibitor 1,4-diamino-2,3-dicyano-1,4-bis(o-aminophenyl-
mercapto)butadiene (U0126, Promega) was infused at a rate of
0.5 pL/min for 1 min per side of dorsal hippocampus. The con-
centration of UO126 was 0.5 pg/0.5 pLin 50% dimethylsulfoxide
(DMSO) in saline, resulting in a dose of 0.5 wg/side of the hippo-
campus. In young ovariectomized mice, dorsal hippocampal infu-
sion of this dose of U0126 does not block object recognition tested
24 h after training (Fernandez et al. 2008). The vehicle control for
U0126 was 50% DMSO in saline.

To demonstrate that E,-enhanced object recognition consol-
idation was dependent on dorsal hippocampal PI3K activation,
the PI3K inhibitor LY294002 (Cell Signaling Technology) was dis-
solved in 100% DMSO to 3 pg/ pL as a stock solution and then
serially diluted in physiological saline for infusion of various
doses. We first determined a dose of LY294002 that did not impair
object recognition tested 24 h after training in young ovariecto-
mized mice. We previously reported that post-training dorsal hip-
pocampal infusions of 0.0005 pg/side LY294002 did not block
24-h object recognition in middle-aged mice (Fan et al. 2010).
Because our pilot work suggested that the hippocampus of young
mice was less susceptible to the memory-impairing effects of
LY294002, we infused doses of 0.05 and 0.005 pg/side into the
dorsal hippocampus of young females immediately after training
and tested object recognition 24 h later. Both doses were infused
at a rate of 0.5 pL/min and a volume of 0.5 pL/side. Only a
dose that did not impair 24-h object recognition was used in sub-
sequent studies with E,. The vehicle control for LY294002 was
50% DMSO in saline.

To demonstrate that E,-enhanced object recognition consol-
idation was dependent on dorsal hippocampal mTOR activation,
the mTOR inhibitor rapamycin (Sigma) was dissolved in 100%
DMSO to 1 pg/ pL as a stock solution and then serially diluted
in physiological saline for infusion of various doses. We first de-
termined a dose of rapamycin that did not impair 24-h object
recognition in young ovariectomized mice. Post-training dorsal
hippocampal infusions of 0.9 ng/side rapamycin impaired spa-
tial memory in the Morris water maze 48 h after training (Dash
et al. 2006). Therefore, we infused much lower doses (0.25 and
0.025 ng/side) for our dose-response study. Rapamycin was in-
fused at a rate of 0.5 pL/min and a volume of 0.5 pL/side.
Only a dose that did not impair 24-h object recognition was
used in subsequent studies with E,. The vehicle control for rapa-
mycin was 50% DMSO in saline.

Drug infusions were conducted as described previously
(Fernandez et al. 2008; Fan et al. 2010; Zhao et al. 2010, 2012).
During drug infusions, mice were gently restrained. Dummy
cannulae were replaced with injection cannulae (C2321; 26 gauge,
extending 0.8 mm beyond the 1.5 mm guide for dorsal hippo-
campus and 1.0 mm beyond for ICV infusions) attached to poly-
ethylene tubing (PE50) connected to a 5-pL. Hamilton syringe.
All inhibitors (or vehicle) were infused bilaterally into the dorsal
hippocampus, followed immediately by a single ICV infusion
to deliver E, or HBC vehicle into the dorsal third ventricle.
Infusions were controlled by a microinfusion pump (KDS 100,
KD Scientific). Infusion cannulae remained in place for 1 min af-
ter infusion to prevent diffusion back up the cannula track. For
behavioral testing, all mice were infused immediately after object
recognition training.

Object recognition

The object recognition task was conducted as described previously
(Frick and Gresack 2003; Fernandez et al. 2008), and was used to
assess nonspatial hippocampal memory (Clark et al. 2000; Baker
and Kim 2002). The task consisted of habituation, training, and
testing phases conducted on separate days. During habituation,
mice were allowed to freely explore an empty white box (60 cm
W x 60 cm L x 47 cm H) for 5 min/day for 2 d. No data were re-
corded. 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
(~5 cm from the walls) of the box. Mice were then immediately
returned to the box and allowed to freely investigate until they
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accumulated a total of 30 sec exploring the objects. Exploration
was recorded when the front paws or nose contacted either object.
Mice were then immediately infused and returned to their home
cage. After 24 or 48 h, object recognition was tested, using the
same procedure as in training except that a novel object was sub-
stituted for one of the familiar training objects. Novel object loca-
tion was counterbalanced across mice. Time spent with each
object was recorded using ANYmaze software (Stoelting). Mice in-
herently prefer to explore novel objects; thus, a preference for the
novel object (more time than chance [15 sec] with the novel ob-
ject) indicates intact memory for the familiar object. The use of
30-sec total exploration time rather than a fixed trial duration
minimizes confounding influences of group differences in activi-
ty. 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

Mice received ICV and dorsal hippocampal infusions as described
above and were then decapitated 5 min after ICV infusion. The
dorsal hippocampus was immediately dissected bilaterally on ice
and frozen at —80°C until homogenized. Western blotting was
conducted as described previously (Fernandez et al. 2008; Lewis
et al. 2008; Fan et al. 2010). Briefly, all tissue samples were resus-
pended 1:25 w/v in lysis buffer and homogenized with a probe
sonicator (Branson Sonifier 250). Homogenates were electropho-
resed on Tris-HCI gels and blotted to polyvinylidene fluoride
(PVDF) membranes using the TransBlot Turbo system (BioRad).
Western blots were blocked and incubated with primary anti-
bodies (anti-phospho-p44/42 MAPK [1:2000], anti-phospho-
mTOR [Ser-2448 or Ser-2481] [1:1000], anti-phospho-p70S6K
[Thr-421], and anti-phospho-4E-BP1 [Thr-37/46] [1:1000], Cell
Signaling Technology) overnight. Blots were then incubated
with the appropriate secondary antibody conjugated to horse-
radish peroxidase (Cell Signaling Technology) and developed
using West Dura chemiluminescent substrate (Pierce Laborato-
ries). Densitometry was conducted using Carestream Molecular
Imaging software version 5.3.2 on the Carestream Gel Logic
6000 Pro (Carestream Healthcare). Blots were then stripped and
re-probed with primary antibodies for anti-total-p44,/42 MAPK
(1:2000), anti-total-mTOR (1:1000), anti-total-S6K (1:1000), and
anti-B-actin (1:100) (Cell Signaling Technology) for phospho-
protein normalization.

Statistical analyses

For object recognition data, separate one-sample t-tests were per-
formed for each group to determine whether the time spent with
the novel object differed from 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
(Gresack and Frick 2004, 2006). Western blotting data were ana-
lyzed using one-way analysis of variance followed by Newman-—
Keuls post hoc tests to compare between groups. Significance
was determined at P < 0.05.
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