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Latent Sex Differences in Molecular Signaling That Underlies
Excitatory Synaptic Potentiation in the Hippocampus
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Excitatory synapses can be potentiated by chemical neuromodulators, including 17�-estradiol (E2), or patterns of synaptic activation, as
in long-term potentiation (LTP). Here, we investigated kinases and calcium sources required for acute E2-induced synaptic potentiation
in the hippocampus of each sex and tested whether sex differences in kinase signaling extend to LTP. We recorded EPSCs from CA1
pyramidal cells in hippocampal slices from adult rats and used specific inhibitors of kinases and calcium sources. This revealed that,
although E2 potentiates synapses to the same degree in each sex, cAMP-activated protein kinase (PKA) is required to initiate potentiation
only in females. In contrast, mitogen-activated protein kinase, Src tyrosine kinase, and rho-associated kinase are required for initiation
in both sexes; similarly, Ca 2�/calmodulin-activated kinase II is required for expression/maintenance of E2-induced potentiation in both
sexes. Calcium source experiments showed that L-type calcium channels and calcium release from internal stores are both required for
E2-induced potentiation in females, whereas in males, either L-type calcium channel activation or calcium release from stores is sufficient
to permit potentiation. To investigate the generalizability of a sex difference in the requirement for PKA in synaptic potentiation, we
tested how PKA inhibition affects LTP. This showed that, although the magnitude of both high-frequency stimulation-induced and
pairing-induced LTP is the same between sexes, PKA is required for LTP in females but not males. These results demonstrate latent sex
differences in mechanisms of synaptic potentiation in which distinct molecular signaling converges to common functional endpoints in
males and females.
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Introduction
There is compelling evidence that the hippocampus can synthe-
size estrogens as neurosteroids. In vitro studies initially showed
that neural synthesis of 17�-estradiol (E2) is possible both in cell

culture (Prange-Kiel et al., 2003) and in acute hippocampal slices
(Hojo et al., 2004). More recently, studies from our lab (Sato and
Woolley, 2016) and others (Tuscher et al., 2016) have shown that
hippocampal neurosteroid E2 synthesis also occurs in vivo. These
observations motivate efforts to understand the mechanisms by
which E2 synthesized in the hippocampus could influence hip-
pocampal neurophysiology.

One likely action of neurosteroid E2 is to acutely modulate
synaptic transmission. It has been known for decades that E2 can
potentiate excitatory synapses in the hippocampus on a time scale
of minutes and in both sexes (Teyler et al., 1980; Wong and Moss,
1992; Kramár et al., 2009; Smejkalova and Woolley, 2010). E2 has
also been shown to suppress perisomatic inhibitory synapses on a
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Significance Statement

Chemical- and activity-dependent neuromodulation alters synaptic strength in both male and female brains, yet few studies have
compared mechanisms of neuromodulation between the sexes. Here, we studied molecular signaling that underlies estrogen-
induced and activity-dependent potentiation of excitatory synapses in the hippocampus. We found that, despite similar magni-
tude increases in synaptic strength in males and females, the roles of cAMP-regulated protein kinase, internal calcium stores, and
L-type calcium channels differ between the sexes. Therefore, latent sex differences in which the same outcome is achieved through
distinct underlying mechanisms in males and females include kinase and calcium signaling involved in synaptic potentiation,
demonstrating that sex is an important factor in identification of molecular targets for therapeutic development based on mech-
anisms of neuromodulation.
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similar acute time scale, although this occurs only in females
(Huang and Woolley, 2012).

The possibility that acute E2-induced excitatory synaptic po-
tentiation shares underlying mechanisms with other forms of
synaptic plasticity such as long-term potentiation (LTP) suggests
molecular signaling that could be involved in E2-induced synap-
tic potentiation. Indeed, multiple kinases known to be important
in LTP, including Src tyrosine kinase (Bi et al., 2000), mitogen-
activated protein kinase (MAPK) (Zadran et al., 2009), rho-
associated kinase (ROCK) (Kramár et al., 2009), and Ca 2�/
calmodulin-activated kinase II (CaMKII) (Hasegawa et al.,
2015), have been indicated in E2-induced synaptic potentiation
in one or the other sex. In addition, acute E2 potentiation of
kainate-evoked currents in female hippocampal neurons de-
pends on cAMP-activated protein kinase (PKA) (Gu and Moss,
1996), which is implicated in some (Blitzer et al., 1998; Otmak-
hova et al., 2000; Yasuda et al., 2003; Wu et al., 2006) but not
other (Huang and Kandel, 1994; Abel et al., 1997; Park et al.,
2014) forms of LTP. Despite this extensive literature, however, no
study has directly compared the involvement of specific kinases
in E2-induced synaptic potentiation in males versus females to
investigate the possibility of sex differences.

Therefore, the first aim of the current study was to test the
requirement for five kinases known to be involved in LTP: PKA,
MAPK, ROCK, Src, and CaMKII, in the initiation and expres-
sion/maintenance of E2-induced potentiation of excitatory syn-
aptic transmission in the hippocampus of each sex. The results
showed that each kinase is involved either in initiation or expres-
sion/maintenance. Further, whereas most of the kinases tested
were similarly required in males and females, we found that PKA
plays a sex-specific role in initiation, being required only in fe-
males. Given this sex difference, we then investigated whether
mechanisms that underlie E2-induced synaptic potentiation also
involve distinct sources of increased intracellular calcium in
males and females, namely L-type calcium channels and calcium
release from internal stores. These experiments showed that,
whereas both L-type calcium channels and calcium release from
stores are required for E2-induced potentiation in females, in
males, either of these calcium sources appears to be able to com-
pensate for the other. Finally, to test the generalizability of a sex
difference in the involvement of PKA in synaptic plasticity, we
tested how PKA inhibition affects LTP in each sex. This showed
that multiple forms of LTP require PKA specifically in females
and not in males. Therefore, sex differences in molecular signal-
ing that underlies synaptic plasticity extend beyond neurosteroid
estrogen actions and may be broadly relevant for the translation
of basic mechanisms of neuromodulation to the development of
therapeutics appropriate for each sex.

Materials and Methods
Animals
Young adult female and male Sprague Dawley rats (50 –70 d of age;
Envigo) were group-housed on a 12 h light/dark cycle with ad libitum
access to water and phytoestrogen-free chow. All rats were gonadecto-
mized 3– 8 d before being used for experiments. Surgeries were per-
formed under ketamine (85 mg/kg, i.p.; Bioniche Pharma) and xylazine
(13 mg/kg, i.p.; Lloyd Laboratories) anesthesia using aseptic surgical pro-
cedures. All animal procedures were performed in accordance with the
National Institutes of Health’s Guide for the Care and Use of Laboratory
Animals and were approved by the Northwestern University Animal Care
and Use Committee.

Preparation of hippocampal slices
Rats were deeply anesthetized with sodium pentobarbital (100 –125 mg/
kg, i.p.; Virbac) and transcardially perfused with oxygenated (95%
O2/5% CO2) ice-cold sucrose-containing artificial CSF (s-aCSF) con-
taining the following (in mM): 75 NaCl, 25 NaHCO3, 15 dextrose, 75
sucrose, 1.25 NaH2PO4, 2 KCl, 2.4 Na pyruvate, 1.3 L-ascorbic acid, 0.5
CaCl2, and 3 MgCl2, 305–310 mOsm/L, pH 7.4. The brain was quickly
removed and 300 �m transverse slices through the dorsal hippocampus
were cut into a bath of ice-cold s-aCSF using a vibrating tissue slicer
(VT1200S; Leica). The slices were incubated at 33°C in oxygenated reg-
ular aCSF containing the following (in mM): 126 NaCl, 26 NaHCO3, 10
dextrose, 1.25 NaH2PO4, 3 KCl, 2 CaCl2, and 1 MgCl2, 305–310
mOsm/L, pH 7.4, for 30 min, then allowed to recover at room tempera-
ture for 1– 6 h until recording.

Electrophysiological recording
Slices were transferred to a recording chamber mounted on a Zeiss Ax-
ioskop and were perfused with warm (33°C) oxygenated regular aCSF at
a rate of �2 ml/min. In most experiments, somatic whole-cell voltage-
clamp recordings (Vhold � �70 mV) were obtained from visually iden-
tified CA1 pyramidal cells using patch electrodes (4 –7 M�) filled with
intracellular solution containing the following (in mM): 115 K-gluconate,
20 KCl, 10 HEPES, 10 Na creatine phosphate, 2 Mg-ATP, 0.3 Na-GTP,
and 0.001 QX-314 chloride salt, 290 –295 mOsm/L, pH 7.2. In a subset of
experiments, extracellular field EPSPs (fEPSPs) were recorded with a
glass pipette filled with regular aCSF (1–2 M�) and positioned in the
CA1 stratum radiatum �150 �m from the cell body layer. A glass bipolar
stimulating electrode (10 –50 �m tip diameter) filled with regular aCSF
was placed in the stratum radiatum 200 –250 �m from the recorded cell
in whole-cell recordings or 100 –200 �m from the recording pipette in
fEPSP recordings. During an experiment, stimulation intensity was fixed
at 50% of the maximal response and stimuli were delivered every 15 s to
evoke EPSCs or fEPSPs. For whole-cell recordings, series resistance
(20 – 45 M�) was monitored throughout each recording and experi-
ments were discontinued if series resistance fluctuated by �20%. All E2
experiments were done in the presence of the GABAA and NMDA recep-
tor blockers SR-95531 (2 �M) and DL-APV (25 �M), respectively, and
were terminated by applying DNQX (25 �M) to confirm that the re-
corded EPSCs were mediated by AMPA receptors. LTP experiments were
done in the presence of SR-95531 (2 �M). Data were acquired with a
Multiclamp 700B amplifier and pClamp 10.5 software (Molecular De-
vices), filtered at 1–2 kHz, and digitized at 5 kHz or 20 kHz using a
Digidata 1440A data acquisition system (Molecular Devices).

To investigate the roles of specific kinases in E2-induced synaptic po-
tentiation, two types of protocols were used. In the first, baseline EPSCs
were recorded for 10 –20 min, followed by application of a kinase inhib-
itor 10 –20 min before applying E2 (10 min) in the presence of the inhib-
itor to test the requirement of each kinase in initiation and/or expression
of E2-induced potentiation. In the second protocol, kinase inhibitors
were applied after E2-induced potentiation was established to determine
the requirement of each kinase in the maintenance of potentiation. To
investigate the roles of calcium release from internal stores and L-type
calcium channels, baseline EPSCs were recorded, followed by application
of thapsigargin and/or nifedipine for the remainder of the experiment.

To test the involvement of PKA in LTP, three protocols were used,
each with or without the cell-permeant PKA inhibitor myristoylated PKI
(mPKI) in the bath. In extracellular recordings, baseline fEPSPs were
recorded for 15–20 min until stable. Then, high-frequency stimulation
(HFS, 1 s at 100 Hz) was delivered once or three times with a 10 min
interval (Huang and Kandel, 1994) and fEPSPs were recorded for 50 –55
min after LTP induction. In whole-cell recordings, baseline EPSCs were
recorded for 10 –12 min and then LTP was induced by pairing postsyn-
aptic depolarization to 0 mV with 200 presynaptic stimulations delivered
at 1.4 Hz (Otmakhova et al., 2000). In most cells, EPSCs were recorded
for 40 –50 min following induction of LTP, except for four cells (one each
in female control and mPKI and two male mPKI) in which EPSCs could
be recorded for only 30 – 40 min following LTP induction.
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Chemicals
Chemicals were purchased from Tocris Bioscience unless otherwise spec-
ified. Stock solutions of DL-APV, SR-95531, H89, mPKI, KN93,
PD98059, SU6656, Y27632, QX-314, and tatCN21 (Calbiochem) were
prepared in ddH2O, whereas 17�-estradiol (Sigma-Aldrich), nifedipine,
thapsigargin, and DNQX were made in DMSO. The bath contained an
equivalent concentration of DMSO 0.01% (v/v) in all phases of each
experiment. Stock solutions were stored at �20°C and diluted in aCSF on
the day of recording to achieve final concentrations.

Experimental design and statistical analysis
Clampfit 10.5 was used to analyze EPSCs and fEPSPs. IGOR (version
6.37) and GraphPad Prism (version 6.0) were used to perform statistical
analyses. To determine the E2 responsiveness of each recording individ-
ually, unpaired, two-tailed t tests were used to compare EPSC amplitude
during 2 min immediately before E2 application to 2 min beginning 4
min after E2 was removed from the bath. Measured EPSC amplitudes for
each E2-responsive recording are shown in the figures and data are dis-
cussed in the text as mean � SEM percentage change from baseline.
Two-tailed Fisher’s exact tests were used to compare the proportions of
cells that responded to E2 between sexes within an experiment and
within-sex between different experiments. Unpaired, two-tailed t tests
were used to compare the magnitude of E2-induced potentiation be-
tween sexes. To determine whether pharmacological inhibitors affected
EPSC amplitude in E2-responsive experiments, unpaired, two-tailed t
tests were performed within cell to compare EPSCs recorded during 2
min immediately before application of the inhibitor to EPSCs recorded
during 2 min beginning 10 min after the inhibitor was applied. In exper-
iments to test the role of CaMKII on E2-potentiated EPSCs, in addition
to within-cell analyses, paired, two-tailed t tests were performed to eval-
uate the effect of tatCN21 within each sex. Measured EPSC amplitudes
for each E2-responsive recording in each condition are shown in the
figures and data are discussed in the text as mean � SEM percentage
change between pairs of conditions.

For LTP experiments, the initial slope of fEPSPs or amplitude of
EPSCs were measured and the magnitude of potentiation within each
recording was determined by comparing fEPSPs or EPSCs recorded dur-
ing the last 10 min of the baseline period to those recorded from 40 –50
min after LTP induction (or during the last 10 min of the four EPSC
recordings that lasted 	50 min following LTP induction). Paired, two-
tailed t tests were used to determine whether each LTP induction protocol
produced significant potentiation within each group (male control, male
mPKI, female control, female mPKI). Two-way ANOVA was used to test for
an interaction between mPKI and sex in the magnitude of LTP, followed by
Bonferroni multiple-comparisons post hoc tests to evaluate differences in
LTP magnitude between groups. To generate LTP plots, data for each slice or
cell were normalized to the average fEPSP slope or EPSC amplitude during
the baseline period and mean � SEM normalized fEPSP slope or EPSC
amplitude are shown per minute in the figures. Results are discussed in the
text as mean � SEM percentage increase above baseline in fEPSP slope or
EPSC amplitude following LTP induction.

All statistics were calculated with n as the number of cells for whole-
cell recordings or number of slices for fEPSP recordings. We recorded
one to four cells or slices per animal with four to eight animals per
experiment, except for one control tatCN21 experiment in which two
cells from two animals were used. Significance for statistical tests was
defined as p 	 0.05. Full results of all statistically significant comparisons
are included in the text.

Results
PKA is required for initiation of acute E2-induced
potentiation of excitatory synapses in females but not in
males
Previously, we found that E2 acutely potentiates EPSCs in a sub-
set of CA1 pyramidal cells of adult female rats (Smejkalova and
Woolley, 2010). To determine whether this effect of E2 is similar
between the sexes, we performed whole-cell recordings from CA1

neurons and recorded EPSCs evoked by Schaffer collateral stim-
ulation before, during, and after 10 min exposure to E2 (100 nM)
in acute hippocampal slices from males and females. This showed
that E2 increased EPSC amplitude within minutes in a subset of
recordings in both sexes. Within-cell t tests showed that E2 sig-
nificantly increased EPSC amplitude in 9 of 16 cells from females
(Fig. 1A,B) by 83 � 16% (range: 35–172%; Fig. 1C). Similarly, in
males, E2 significantly increased EPSC amplitude in 11 of 18 cells
(Fig. 1D,E), by 89 � 16% (range: 26 –175%; Fig. 1F). In both
sexes, EPSC amplitude began to increase within 5– 8 min of E2
application and remained elevated following E2 washout. Nei-
ther the proportion of cells that responded to E2 (Fishers exact
test, p � 0.1) nor the magnitude of EPSC potentiation in
responsive cells (unpaired t test, p � 0.1) differed between the
sexes. Therefore, there is no apparent sex difference in the
acute effect of E2 to potentiate evoked EPSCs.

Early studies in dissociated CA1 neurons showed that cAMP/
PKA signaling is required for E2-induced potentiation of kainate-
evoked currents in females (Gu and Moss, 1996). To test
whether PKA is also required for E2 potentiation of synaptic
transmission, we inhibited PKA activity by bath application of
either membrane-permeant mPKI (0.5 �M) or H89 (1 �M),
which have different mechanisms of action. PKA inhibitors were
applied after establishing baseline values for EPSC amplitude, E2
was applied for 10 min in the presence of the inhibitor and then,
because �40% of recordings are not responsive to E2, E2 was
applied a second time after inhibitor washout to test for E2 re-
sponsiveness of EPSCs. Within-cell t tests were used to evaluate
significant differences between each condition. Identical experi-
ments were done in females and males.

In females, inhibiting PKA with mPKI blocked E2-induced
EPSC potentiation (Fig. 2A). Applying mPKI itself had no effect
on EPSC amplitude (5 � 5%) and E2 applied in the presence of
mPKI failed to increase EPSC amplitude in any of 7 E2-
responsive cells (Fig. 2B) in 11 recordings. The magnitude of
potentiation induced by E2 following mPKI washout (86 � 12%,
range: 42–129%) was the same as that with E2 alone (unpaired t
test, p � 0.1). Identical experiments done with H89 confirmed
that inhibiting PKA blocked E2-induced potentiation of EPSCs
in females (6 E2-responsive cells in 10 recordings; Fig. 2C).

In contrast to the results in females, mPKI failed to block E2
potentiation of EPSCs in males (Fig. 2D). E2 applied in the pres-
ence of mPKI increased EPSC amplitude by 115 � 23% (range:
76 –224%; Fig. 2E) in 6 E2-responsive cells from 10 recordings in
males. EPSC amplitude remained elevated following mPKI�E2
washout and a second application of E2 had no further effect (Fig.
2E). The magnitude of E2-induced EPSC potentiation in the
presence of mPKI was not different from that with E2 alone (un-
paired t test, p � 0.1). As in females, mPKI alone had no effect on
EPSC amplitude in males (3 � 4%). Experiments with H89 also
showed that inhibiting PKA failed to block E2-induced potenti-
ation of EPSCs in males (9 E2-responsive cells in 13 recordings;
Fig. 2F).

We performed two additional experiments to confirm that
PKA inhibition does not block EPSC potentiation in males. First,
to test whether the apparent E2-induced increase in EPSC ampli-
tude in males was related to washout of the PKA inhibitor, we
extended H89 application for the duration of an experiment (Fig.
2G). This showed that E2 increased EPSC amplitude even in the
continued presence of H89 (4 E2-responsive cells in 5 recordings;
Fig. 2H). Second, we tested a higher concentration of H89 (5 �M)
and found that this also failed to block E2 potentiation of EPSCs
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in males (5 E2-responsive cells in 7 recordings; Fig. 2I). There-
fore, the results of experiments with PKA inhibitors showed that
PKA activity is required for initiation of E2-induced EPSC poten-
tiation in females, but not in males.

MAPK, Src, and ROCK are each required for initiation of
E2-induced potentiation of excitatory synapses in both sexes
Previous studies have implicated ROCK (Murakoshi et al., 2011;
Briz et al., 2015), Src (Lu et al., 1998), and MAPK (English and

Sweatt, 1997) in potentiation of excitatory synapses in CA1, in-
cluding a role for ROCK in E2-induced synaptic potentiation in
males (Kramár et al., 2009). Therefore, we tested whether each of
these kinases is required for acute E2 potentiation of synaptic
transmission and we investigated sex differences. As in experi-
ments with PKA inhibitors, MAPK, Src, or ROCK inhibitors were
applied after establishing baseline values for EPSC amplitude and
E2 was applied for 10 min in the presence of the inhibitor and
then again after inhibitor washout to check for E2 responsiveness
in each recorded cell. Within-cell t tests were used to determine
whether a recording was E2-responsive.

Inhibiting MAPK with PD98059 (PD, 50 �M) blocked E2-
induced EPSC potentiation in all 6 E2-responsive cells among 10
recordings from females (Fig. 3A,B) and all 6 E2-responsive cells
among 11 recordings from males (Fig. 3C). The magnitude of
potentiation by E2 following PD washout (females: 65 � 10%,
males: 69 � 5%) was not different from that with E2 alone (un-
paired t tests, p � 0.10). Similarly, inhibiting Src kinase with
SU6656 (SU, 10 �M) blocked E2-induced EPSC potentiation in
the 6 E2-responsive cells among 13 recordings from females (Fig.
3D,E) and the 6 E2-responsive cells among 11 recordings from
males (Fig. 3F) and the magnitude of potentiation by E2 follow-
ing SU washout (females: 80 � 4%, males: 79 � 3%) was not
different from that with E2 alone (unpaired t tests, p � 0.10).
Finally, inhibiting ROCK with Y27632 (Y27, 30 �M) also blocked
E2-induced EPSC potentiation in the 6 E2-responsive cells
among 11 recordings from females (Fig. 3G,H) and the 6 E2-
responsive cells among 12 recordings from males (Fig. 3I ) and
the magnitude of potentiation after Y27 washout (females:
83 � 6%, males: 81 � 6%) was also not different from that
with E2 alone (unpaired t tests, p � 0.10). None of these
inhibitors had any effect on EPSC amplitude on their own
(PD: 1 � 3%, SU: �1 � 2%, Y27: 1 � 2%). Together, these
experiments demonstrated that MAPK, Src, and ROCK are
each required for initiation of E2-induced EPSC potentiation
in both sexes.

PKA, MAPK, Src, and ROCK are not required for
maintenance of E2-induced potentiation in either sex
To study mechanisms underlying the maintenance of E2-
induced synaptic potentiation, we investigated whether inhibi-
tors of PKA, MAPK, Src, or ROCK affect E2-induced EPSC
potentiation after it was established. In separate experiments, we
applied the same kinase inhibitors as above following stabiliza-
tion of E2-induced potentiation in responsive cells from both
sexes. This showed that inhibitors of PKA, MAPK, Src, or ROCK
each failed to affect potentiated EPSCs in either females or males
(H89: females: 7 cells Fig. 4A,B, males: 6 cells Fig. 4C; PD: fe-
males: 6 cells Fig. 4D,E, males: 5 cells Fig. 4F; SU: females: 4 cells
Fig. 4G,H, males: 5 cells Fig. 4I; Y27: females: 5 cells Fig. 4 J,K,
males: 6 cells Fig. 4L). Therefore, ongoing activities of PKA,
MAPK, Src, and ROCK are not required to maintain E2-induced
potentiation once it has been established.

CaMKII is required for the expression and maintenance, but
not initiation, of E2-induced potentiation of excitatory
synapses in both sexes
CaMKII is one of the most extensively studied kinases in the
context of synaptic potentiation. CaMKII has been shown to
translocate and immobilize AMPARs at the postsynaptic density
(Opazo et al., 2010) and to phosphorylate Ser 831 of the AMPAR
subunit GluA1 to increase single-channel conductance (Poncer
et al., 2002), both of which can contribute to synaptic poten-

Figure 1. E2 potentiates excitatory synaptic transmission in both females and males. A,
Individual traces and time course of synaptic potentiation in a representative experiment
in females in which E2 (100 nM) was applied for 10 min. Each point is an individual sweep
and DNQX (25 �M) applied at the end of the experiment eliminated EPSCs (also in D). B,
Group EPSC amplitude data for experiments in females (n � 16) showing that E2 poten-
tiated EPSC amplitude in a subset of experiments in females. Points in red represent
experiments that showed a significant difference in EPSC amplitude following E2 (n � 9,
unpaired t test, p 	 0.05) and nonresponsive experiments are in white (n � 7). C,
Normalized group EPSC amplitude data for E2 experiments in females where the magni-
tude of potentiation is shown separately for E2-responsive (R, red) and nonresponsive
(NR, white) experiments. D, Individual traces and time course of synaptic potentiation in
a representative experiment in males in which E2 was applied for 10 min. E, Group EPSC
amplitude data for experiments in males (n � 18) showing that E2 potentiated EPSC
amplitude in a subset of experiments in males. Points in red represent experiments that
showed a significant difference in EPSC amplitude following E2 (n � 11, unpaired t test,
p 	 0.05) and nonresponsive experiments are in white (n � 7). F, Normalized group EPSC
amplitude data for E2 experiments in males as in C. Scale bars, 50 pA, 25 ms.
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tiation. We tested the involvement of CaMKII in E2-induced
potentiation using the membrane-permeant CaMKII inhibi-
tors tatCN21 (1 �M) and KN93 (1 �M), which inhibit CaMKII
activity through different mechanisms. In one set of experi-
ments, we applied CaMKII inhibitors before applying E2 in the
presence of the inhibitor. In other experiments, tatCN21 was
applied after E2-induced potentiation was established. Identical
experiments were performed in males and females.

In females, tatCN21 by itself had no effect on baseline EPSCs
and E2 applied in the presence of tatCN21 failed to increase EPSC
amplitude. However, in 5 of 7 recordings, EPSC amplitude mea-
sured 10 –15 min after tatCN21 and E2 were washed out in-
creased by 97 � 9% without a second application of E2 (Fig.
5A,B). Identical experiments with KN93 confirmed tatCN21 re-
sults. E2 failed to potentiate EPSCs in the presence of KN93, but
10 –15 min after KN93 and E2 were washed out, EPSC amplitude
increased by 101 � 16% in 6 of 10 recordings in females (Fig. 5C).
Likewise, in males, tatCN21 appeared to block E2-induced EPSC
potentiation, but 10 –15 min after tatCN21 and E2 washout,
EPSCs increased by 81 � 13% in 5 of 8 recordings without a
second E2 application (Fig. 5D,E). KN93 also appeared to block
E2-induced EPSC potentiation in males, but EPSC amplitude
increased by 73 � 3% in 6 of 12 recordings after KN93 and E2
washout (Fig. 5F). In both sexes and with both inhibitors, the
proportion of cells that responded to E2 (all p-values � 0.1, Fish-
er’s exact tests) and the magnitude of EPSC potentiation (all
p-values � 0.1, unpaired t tests) were similar to those obtained in
experiments with E2 alone.

The results of experiments with CaMKII inhibitors suggested
that inhibiting CaMKII masked EPSC potentiation rather than
inhibited it. To rule out alternative possibilities, we did three
additional experiments. First, we modified the protocol to extend
tatCN21 for an additional 10 min after washing out E2. Consis-
tent with previous results, EPSC amplitude increased only 10 –15
min after washing out tatCN21, in both females (three of five
recordings) and males (three of five recordings) (data not
shown). In a second set of experiments, we continued KN93 ap-
plication after E2 (for up to 40 min) and never observed EPSC
potentiation in either females (six recordings) or males (six re-
cordings) (data not shown). In the last of these control experi-
ments, we applied tatCN21 alone for 20 –25 min and then washed
it out, which had no effect on EPSC amplitude (two recordings in
males, data not shown). Therefore, the increase in EPSC ampli-
tude observed following washout of E2 plus a CaMKII inhibitor
was not an artifact of inhibitor washout and instead indicates that
CaMKII activity is required for the expression and not initiation
of E2-induced synaptic potentiation.

Figure 2. PKA is required for initiation of E2-induced synaptic potentiation in females but
not in males. A, Individual traces and time course of synaptic potentiation in a representative
experiment in females in which mPKI (0.5 �M) was applied before applying E2 in the presence
of mPKI and a second application of E2 confirmed E2 responsiveness. Each point is an individual
sweep and DNQX (25 �M) applied at the end of the experiment eliminated EPSCs (also in D and
G). B, Group EPSC amplitude data for E2-responsive experiments done with mPKI in females
(n � 7) showing that mPKI blocked E2-induced synaptic potentiation in females. Points in red

4

represent a significant difference in EPSC amplitude compared with the preceding condition
(unpaired t test, p 	 0.05; also in C, E, F, H, and I). C, Group EPSC amplitude data for E2-
responsive experiments done with H89 in females (n � 6), which confirmed mPKI results.
D, Individual traces and time course of synaptic potentiation in a representative experiment in
males in which mPKI (0.5 �M) was applied before applying E2 in the presence of mPKI. E, Group
EPSC amplitude data for E2-responsive experiments done with mPKI in males (n � 6) showing
that mPKI failed to block E2-induced potentiation in males. F, Group EPSC amplitude data for
E2-responsive experiments done with H89 in males (n � 9), which confirmed mPKI results.
G, Individual traces and time course of E2-induced synaptic potentiation in a representative
experiment in males in which H89 was applied until the end of the recording. H, Group EPSC
amplitude data for E2-responsive experiments done in males with extended application of H89
(n � 4). I, Group EPSC amplitude data for E2-responsive experiments done in males with a
higher concentration of H89 (5 �M, n � 5). Scale bars, 25 pA, 25 ms.
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Next, to test whether CaMKII is required for maintenance of
E2-induced synaptic potentiation, we applied tatCN21 after po-
tentiation was established (Fig. 5G). Consistent with a role for
CaMKII in maintaining potentiated EPSCs, tatCN21 reversed
E2-induced potentiation in both sexes. In females, tatCN21 de-
creased EPSC amplitude from 83 � 13% above baseline to 5 �
3% above baseline in 5 of 5 E2-responsive recordings (paired t
test, t(4) � 4.9, p � 0.0075) (Fig. 5H). Results were similar in
males, where tatCN21 decreased EPSC amplitude from 76 � 7%
above baseline to 8 � 8% above baseline in 6 of 6 E2-responsive
recordings (paired t test, t(5) � 13.78, p 	 0.0001) (Fig. 5I). These
results showed that, in both sexes, CaMKII activity is required not
only for initial expression but also ongoing maintenance of E2-
induced synaptic potentiation.

PKA and CaMKII cooperate to initiate E2-induced
potentiation of excitatory synapses in males
Experiments with mPKI and H89 indicated that PKA by itself is
not required for initiation of E2-induced synaptic potentiation in
males (Fig. 2E,F). Previous studies have shown that, although
PKA is not required for many forms of early LTP induction, it can
facilitate the activity of other kinases, including CaMKII (Blitzer
et al., 1998), by inhibiting protein phosphatase 1 and thereby
indirectly contribute to LTP. To investigate whether PKA might
play a similar role in E2-induced synaptic potentiation in males,
we tested whether inhibiting both PKA and CaMKII simultane-
ously could block E2-induced potentiation.

In contrast to the results obtained with mPKI or tatCN21
alone, each of which failed to block E2-induced synaptic poten-
tiation in males (Figs. 2E,F, 5D,E), coapplication of these inhib-
itors blocked initiation of potentiation in males; a second
application of E2 after inhibitor washout potentiated EPSCs in 6
of 10 recordings (Fig. 5 J,K), confirming that they were E2 re-
sponsive. Identical experiments with H89 (PKA inhibitor) and
KN93 (CaMKII inhibitor) showed the same results. Coapplica-
tion of H89 and KN93 in males also blocked E2-induced poten-
tiation in the 6 E2-responsive cells of 8 recordings (Fig. 5L). These
experiments indicate that, whereas PKA is not absolutely re-
quired for E2-induced synaptic potentiation in males, it does play
a role in cooperation with, and possibly by facilitating activity of,
CaMKII.

Sex differences in the requirement of internal calcium stores
and L-type calcium channels in E2-induced synaptic
potentiation
CaMKII activation likely requires an increase in intracellular cal-
cium. Because NMDA receptors were blocked in our experi-
ments, we focused on two alternative calcium sources: internal

Figure 3. MAPK, Src and ROCK are each required for initiation of E2-induced synaptic poten-
tiation in females and males. A, Individual traces and time course of synaptic potentiation in a
representative experiment in which the MAPK inhibitor PD98059 (PD, 50 �M) was applied
before E2 in females and a second application of E2 confirmed E2 responsiveness. Each point is
an individual sweep and DNQX (25 �M) applied at the end of the experiment eliminated EPSCs
(also in D and G). B, Group EPSC amplitude data for E2-responsive experiments done with
PD98059 in females (n � 6). Points in red represent a significant difference in EPSC amplitude

4

compared with the preceding condition (unpaired t test, p 	 0.05; also in C, E, F, H, and I).
C, Group EPSC amplitude data for E2-responsive experiments done with PD98059 in males (n �
6). PD98059 blocked E2-induced potentiation in both sexes. D, Individual traces and time course
of synaptic potentiation in a representative experiment in which the Src inhibitor SU6656 (SU,
10 �M) was applied before E2 in females. E, Group EPSC amplitude data for E2-responsive
experiments done with SU6656 in females (n � 6). F, Group EPSC amplitude data for E2-
responsive experiments done with SU6656 in males (n � 6). SU6656 blocked E2-induced po-
tentiation in both sexes. G, Individual traces and time course of synaptic potentiation in a
representative experiment in which the ROCK inhibitor Y27632 (Y27, 30 �M) was applied before
E2 in females. H, Group EPSC amplitude data for E2-responsive experiments done with Y27632
in females (n � 6). I, Group EPSC amplitude data for E2-responsive experiments done with
Y27632 in males (n � 6). Y27632 blocked E2-induced potentiation in both sexes. Scale bars, 25
pA, 25 ms.
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stores and L-type calcium channels. In separate experiments, we
used either thapsigargin (1 �M) to deplete internal calcium stores
or nifedipine (10 �M) to block L-type calcium channels. Thapsi-
gargin by itself produced a transient (10 –30 min) increase in
EPSC amplitude, which was similar in magnitude in both females
(70 � 18%) and males (74 � 23%). E2 was applied in the con-
tinued presence of thapsigargin after EPSCs returned to baseline.
Nifedipine by itself had no effect on baseline EPSCs and E2 was

also applied in the presence of the inhibitor. Identical experi-
ments were done in females and males.

Experiments with thapsigargin showed that, in females but
not in males, depletion of internal calcium stores blocked the
initiation of E2-induced synaptic potentiation. In females, E2
applied in the presence of thapsigargin failed to increase EPSC
amplitude in any of 9 recordings (Fig. 6A,B). In contrast, in
males, E2 applied in the presence of thapsigargin potentiated

Figure 4. PKA, MAPK, Src, and ROCK are not required for maintenance of E2-induced synaptic potentiation in either sex. A, Individual traces and time course of synaptic potentiation in a
representative experiment in which the PKA inhibitor H89 (1 �M) was applied after E2-induced potentiation was established. Each point is an individual sweep and DNQX (25 �M) applied at the end
of the experiment eliminated EPSCs (also in D, G, and J). B, Group EPSC amplitude data for E2-responsive experiments done with H89 in females (n�7). Points in red represent a significant difference
in EPSC amplitude following E2 (unpaired t test, p 	 0.05; also in C, E, F, H, I, K, and L). C, Group EPSC amplitude data for E2-responsive experiments done with H89 in males (n � 6). H89 had no
effect on potentiated EPSCs in either sex. D, Individual traces and time course of synaptic potentiation in a representative experiment in which the MAPK inhibitor PD98059 (PD, 50 �M) was applied
after E2-induced potentiation was established. E, Group EPSC amplitude data for E2-responsive experiments done with PD98059 in females (n � 6). F, Group EPSC amplitude data for E2-responsive
experiments done with PD98059 in males (n � 5). PD98059 had no effect on potentiated EPSCs in either sex. G, Individual traces and time course of synaptic potentiation in a representative
experiment in which the Src inhibitor SU6656 (SU, 10 �M) was applied after E2-induced potentiation was established. H, Group EPSC amplitude data for E2-responsive experiments done with
SU6656 in females (n � 4). I, Group EPSC amplitude data for E2-responsive experiments done with SU6656 in males (n � 5). SU6656 had no effect on potentiated EPSCs in either sex. J, Individual
traces and time course of synaptic potentiation in a representative experiment in which the ROCK inhibitor Y27632 (Y27, 30 �M) was applied after E2-induced potentiation was established. K, Group
EPSC amplitude data for E2-responsive experiments done with Y27632 in females (n � 5). L, Group EPSC amplitude data for E2-responsive experiments done with Y27632 in males (n � 6). Y27 had
no effect on potentiated EPSCs in either sex. Scale bars, 25 pA, 25 ms.
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Figure 5. CaMKII is required for expression and maintenance of E2-induced synaptic potentiation in both sexes. A, Individual traces and time course of synaptic potentiation in a
representative experiment in which the CaMKII inhibitor tatCN21 (1 �M) was applied before applying E2 in females. Each point is an individual sweep and DNQX (25 �M) applied at the
end of the experiment eliminated EPSCs (also in D, G, and J). B, Group EPSC amplitude data for E2-responsive experiments done with tatCN21 in females (n � 5). Points in red represent
a significant difference in EPSC amplitude compared with the preceding condition (unpaired t test, p 	 0.05; also in C, E, F, H, I, K, and L). C, Group EPSC amplitude data for E2-responsive
experiments done with KN93 in females (n � 6). D, Individual traces and time course of synaptic potentiation in a representative experiment in which tatCN21 (1 �M) was applied before
applying E2 in males. E, Group EPSC amplitude data for E2-responsive experiments done with tatCN21 in males (n � 5). F, Group EPSC amplitude data for E2-responsive experiments done
with KN93 (1 �M) in males (n � 6). In both sexes, inhibiting CaMKII masked rather than blocked E2-induced potentiation. G, Individual traces and time course of synaptic potentiation
in a representative experiment in which tatCN21 (1 �M) was applied after E2-induced potentiation was established. H, Group EPSC amplitude data for E2-responsive experiments in
females where tatCN21 was applied after E2 (n � 5). Points in gray indicate a significant difference in EPSC amplitude following tatCN21 (also in I, paired t test, ** indicates p 	 0.01).
I, Group EPSC amplitude data for E2-responsive experiments in males where tatCN21 was applied after E2 (n � 5, paired t test, *** indicates p 	 0.001). In both sexes, inhibiting CaMKII
reversed E2-induced potentiation of EPSCs. J, Individual traces and time course of synaptic potentiation in a representative experiment in males in which mPKI (0.5 �M) and tatCN21 (1
�M) were applied together before applying E2. K, Group EPSC amplitude data for E2-responsive experiments done with mPKI and tatCN21 (n � 6). L, Group EPSC amplitude data for
E2-responsive experiments done with KN93 (1 �M) and H89 (1 �M) (n � 6). In males, inhibiting PKA and CaMKII together blocked E2-induced potentiation. Scale bars, 25 pA, 25 ms.
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Figure 6. Sex differences in the requirement of calcium release from internal stores and L-type calcium channels during E2-induced synaptic potentiation. A, Individual traces and time course of
synaptic potentiation in a representative experiment in which thapsigargin (TG, 1 �M) was applied before E2 in females. Each point is an individual sweep and DNQX (25 �M) applied at the end of
the experiment eliminated EPSCs (also in C, E, G, and I). B, Group EPSC amplitude data for E2 experiments done with TG (n � 9) showing that E2 failed to potentiate EPSC amplitude in the presence
of TG in females. TG alone transiently increased EPSC amplitude in most cells (also in males, C), indicated by gray points (unpaired t test, p 	 0.05; also in D). C, Individual traces and time course of
synaptic potentiation in a representative experiment in which TG was applied before E2 in males. D, Group EPSC amplitude data for E2-responsive experiments done with TG (n � 6) showing that
E2 potentiates EPSCs in the presence of TG in males. Points in red indicate a significant difference from the preceding condition (unpaired t test, p 	 0.05; also in H). E, Individual traces and time
course of synaptic potentiation in a representative experiment in which nifedipine (NF, 10 �M) was applied before E2 in females. F, Group EPSC amplitude data for (Figure legend continues.)
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EPSC amplitude in 6 of 9 cells by 62 � 6% (Fig. 6C,D). Similarly,
inhibition of L-type calcium channels blocked E2-induced po-
tentiation in females but not in males. In females, E2 failed to
potentiate EPSCs in the presence of nifedipine in any of 9 record-
ings (Fig. 6E,F) whereas, in males, even in the presence of nifed-
ipine, E2 increased EPSC amplitude in 6 of 9 cells, by 66 � 11%
(Fig. 6G,H). Parameters of E2-induced potentiation in thapsi-
gargin or in nifedipine in males were statistically similar to po-
tentiation with E2 alone (89 � 16%, 11 of 18 cells) (unpaired t
tests, p-values �0.10).

We hypothesized that, similar to the cooperative action we
observed between PKA and CaMKII during E2-induced synaptic
potentiation in males (Fig. 5J–L), calcium release from internal
stores and L-type calcium channels might also cooperate during
E2-induced potentiation in males. To test this possibility, we
blocked both calcium release from internal stores and L-type
calcium channels simultaneously. Similar to results with thapsi-
gargin alone, applying nifedipine and thapsigargin together pro-
duced a transient increase in EPSC amplitude (75 � 13%) and,
when EPSC amplitude stabilized, E2 was applied in the continued
presence of both inhibitors.

Although neither depleting internal calcium stores nor block-
ing L-type calcium channels alone was sufficient to inhibit E2
potentiation of EPSCs in males, inhibiting both together did
block potentiation. E2 failed to potentiate EPSCs in any of 9
recordings in which thapsigargin and nifedipine were applied
together (Fig. 6 I, J). Therefore, in contrast to females, in which
both calcium release from internal stores and L-type calcium
channels are required for E2-induced synaptic potentiation, these
two calcium sources may be able to compensate for each other in
E2-induced potentiation in males. Together with a similar result
in experiments using PKA and CaMKII inhibitors, this suggests a
pattern of parallel signaling leading to synaptic potentiation in
males that is distinct from signaling leading to the same outcome
in females.

Sex difference in the involvement of PKA in LTP
Experiments with mPKI and H89 showed a sex difference in the
requirement for PKA in initiation of E2-induced synaptic poten-
tiation (Fig. 2). This raises the question of whether a sex differ-
ence in involvement of PKA is specific to E2 potentiation or if it
could generalize to other forms of synaptic plasticity. The in-
volvement of PKA in LTP of CA3–CA1 synapses has been studied
extensively and depends on the LTP induction protocol and/or
age of animals used. However, no studies have compared the role
of PKA in both sexes. Therefore, we investigated the possibility of
a sex difference in PKA involvement in LTP. We used three pro-
tocols: HFS-induced LTP using 1
 or 3
 100 Hz stimulation for
1 s, the early component of which is widely reported to be insen-
sitive to inhibition of PKA (Frey et al., 1993; Huang and Kandel,

1994; Abel et al., 1997; Woo et al., 2002; Park et al., 2014) and LTP
induced by pairing postsynaptic depolarization to 0 mV with 200
presynaptic stimulations at 1.4 Hz, which is reported to be mod-
estly sensitive to PKA inhibition based on recordings in males
(Otmakhova et al., 2000). Identical experiments were performed
in both sexes with or without mPKI (0.5 �M) in the bath.

Experiments with 1
 HFS showed that PKA was required for
LTP in females but not in males. In males, 1
 HFS increased
fEPSP slope by 62 � 15% above baseline in control recordings
(n � 7; paired t test, t(6) � 5.86, p � 0.001) and by 43 � 15% in
mPKI (n � 6; paired t test, t(5) � 5.15, p � 0.004; Fig. 7A). In
females, 1
 HFS also increased fEPSP slope in control record-
ings, by 60 � 15% above baseline (n � 6; paired t test, t(5) �
4.714, p � 0.005), but failed to significantly increase fEPSP slope
in the presence of mPKI (13 � 11%, n � 6; paired t test, t(5) �
1.62, p � 0.10; Fig. 7B). Two-way ANOVA confirmed a signifi-
cant interaction between sex and mPKI in the magnitude of LTP
induced by 1
 HFS (F(1,21) � 4.6, p � 0.043) and post hoc tests
showed that results in female mPKI recordings were significantly
different from female controls (p � 0.009; Fig. 7C) and both male
groups (p-values 	 0.03), which were not different from each
other (all p-values � 0.10). To confirm that PKA inhibition does
not block 1
 HFS-induced LTP in males, we performed addi-
tional experiments with 1 �M mPKI, which also failed to block
LTP in males (51 � 17%, n � 3, data not shown).

Similar to results with 1
 HFS, 3
 HFS also showed a sex
difference in the involvement of PKA in LTP; however, in these
experiments, mPKI decreased LTP in females but did not block it.
In males, 3
 HFS significantly increased fEPSP slope by 97 �
19% above baseline in control recordings (n � 6; paired t test,
t(5) � 4.76, p � 0.005) and by 101 � 19% in mPKI (n � 6; paired
t test, t(5) � 8.15, p 	 0.001; Fig. 7D). In female controls, 3
 HFS
increased fEPSP slope by 86 � 11% (n � 6; paired t test, t(5) �
5.75, p � 0.002), similar to males, but by only 35 � 8% in the
presence of mPKI (n � 8; paired t test, t(7) � 4. 71, p � 0.002; Fig.
7E). As in the case of 1
 HFS-induced LTP, two-way ANOVA
showed a significant interaction between sex and mPKI in the
magnitude of LTP induced by 3
 HFS (F(1,22) � 5.46, p � 0.028)
and post hoc tests showed that female mPKI recordings were sig-
nificantly different from female controls (p � 0.04; Fig. 7F) and
both male groups (p-values 	 0.03), which were not different
from each other (all p-values � 0.10).

Finally, we tested whether a distinct type of LTP, pairing-
induced LTP, also differs by sex in its dependence on PKA. These
experiments showed that whereas pairing-induced LTP was
modestly attenuated by PKA inhibition in males, consistent with
previous reports, it was abolished by PKA inhibition in females.
The pairing protocol potentiated EPSCs by 148 � 19% above
baseline in male control recordings (n � 10, paired t test, t(9) �
5.74, p 	 0.001), but by only 100 � 15% above baseline in the
presence of mPKI (n � 10, paired t test, t(9) � 5.08, p 	 0.001; Fig.
7G). In females, pairing potentiated EPSCs by 160 � 17% above
baseline in controls (n � 14, paired t test, t(13) � 7.04, p 	 0.001),
similar to males, but failed to potentiate EPSCs in the presence of
mPKI (5 � 5% above baseline, n � 11, paired t test, t(10) � 1.38,
p � 0.10; Fig. 7H). Two-way ANOVA indicated a significant
interaction between sex and mPKI (F(1,41) � 6.96, p � 0.01). Post
hoc tests showed that mPKI decreased LTP in both sexes (males
p � 0.04, females p 	 0.001; Fig. 7I) and that female mPKI
differed from all other groups (all p-values 	 0.001). Therefore,
whereas PKA contributes to pairing-induced LTP in males, it is
required for pairing-induced LTP in females. Together with the
effects of PKA inhibition on HFS-induced LTP and E2-induced
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(Figure legend continued.) E2 experiments done with NF (n � 9) showing that E2 failed to
potentiate EPSC amplitude in the presence of NF in females. G, Individual traces and time course
of synaptic potentiation in a representative experiment in which NF was applied before E2 in
males. H, Group EPSC amplitude data for E2-responsive experiments done with NF (n � 6)
showing that E2 potentiates EPSCs in the presence of NF in males. I, Individual traces and time
course of synaptic potentiation in a representative experiment in males where NF and TG were
applied together before E2. Similar to results with TG alone (see A and C), EPSC amplitude
increased transiently in the presence of TG�NF. J, Group EPSC amplitude data for E2 experi-
ments done with TG�NF (n � 9) showing that E2 failed to potentiate EPSC amplitude in the
presence of TG�NF in males. Gray points indicate a significant difference from baseline (un-
paired t test, p 	 0.05). Scale bars, 25 pA, 25 ms.
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synaptic potentiation, these results suggest a generalizable sex
difference in the requirement for PKA in hippocampal synaptic
potentiation.

Discussion
In this study, we found that multiple aspects of the molecular
signaling that underlies potentiation of excitatory synapses in the

hippocampus differ between the sexes. Specifically, PKA is re-
quired for initiation of E2-induced synaptic potentiation in fe-
males but not males and both L-type calcium channels and
calcium release from internal stores are required for E2-induced
potentiation in females, whereas in males, either of these calcium
sources is sufficient. In addition, the sex difference in PKA re-
quirement extends to multiple forms of LTP, suggesting that this

Figure 7. Sex differences in the requirement for PKA in long term potentiation. A, Representative individual traces and time course of mean � SEM normalized fEPSP slope for 1
 HFS LTP
experiments in males (n �7 control, purple; n �6 mPKI, green). Scale bars, 0.2 mV, 25 ms (also in B, D, and E). B, Representative individual traces and time course of mean�SEM normalized fEPSP
slope for all 1
 HFS LTP experiments in females (n � 6 control, purple; n � 6 mPKI, green). C, Normalized increase in fEPSP slope for all 1
 HFS LTP experiments where the magnitude of
potentiation is shown separately for each control and mPKI experiment in males and females. PKA inhibition had no effect on 1
 HFS LTP in males, but blocked 1
 HFS LTP in females (Bonferroni
post hoc test, ** indicates p 	 0.01). D, Representative individual traces and time course of mean � SEM normalized fEPSP slope for all 3
 HFS LTP experiments in males (n � 6 control, purple;
n � 6 mPKI, green). E, Representative individual traces and time course of mean � SEM normalized fEPSP slope for all 3
 HFS LTP experiments in females (n � 6 control, purple; n � 8 mPKI,
green). F, Normalized increase in fEPSP slope for all 3
 HFS LTP experiments in which the magnitude of potentiation is shown separately for each control and mPKI experiment in males and females.
PKA inhibition had no effect on 3
 HFS LTP in males, but attenuated 3
 HFS LTP in females (Bonferroni post hoc test, *p 	 0.05). G, Representative individual traces and time course of mean �
SEM normalized EPSC amplitude for all pairing-induced LTP experiments in males (n � 10 control, purple; n � 10 mPKI, green). Scale bars, 50 pA, 25 ms (also in H). H, Representative individual
traces and time course of mean � SEM normalized EPSC amplitude for all pairing-induced LTP experiments in females (n � 14 control, purple; n � 11 mPKI, green). I, Normalized increase in EPSC
amplitude for all pairing induced LTP experiments in which the magnitude of potentiation is shown separately for each control and mPKI experiment in males and females. PKA inhibition attenuated
pairing-induced LTP in males, but blocked pairing-induced LTP in females (*p 	 0.05, ***p 	 0.001, Bonferroni post hoc test).
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difference may be generalizable in mechanisms of synaptic
potentiation. In contrast, other aspects of molecular signaling
involved in E2-induced synaptic potentiation are similar be-
tween the sexes. MAPK, Src, and ROCK are each required for
initiation and CaMKII is required for expression and mainte-
nance of potentiation in both sexes. Interestingly, despite sex
differences in molecular signaling, the degree of potentiation
achieved in LTP or after E2 is essentially identical between the
sexes. Therefore, these findings extend the concept of latent
sex differences (Oberlander and Woolley, 2016) in which dis-
tinct underlying mechanisms converge to common functional
endpoints in males and females.

Kinase signaling in E2-induced and activity-dependent
synaptic potentiation
Considering parallels between E2-induced potentiation and LTP
may give insight into intracellular signaling that leads to synaptic
potentiation. In this regard, it is important to note that the male-
female differences we observed were specific to synaptic potenti-
ation. None of the kinase inhibitors that we used nor nifedipine
altered baseline synaptic transmission in either sex. Depleting
internal calcium stores with thapsigargin transiently increased
EPSC amplitude similarly in both sexes.

The three kinases that we found are essential for initiation of
E2-induced synaptic potentiation, MAPK, Src, and ROCK, have
long been known to play important roles in LTP. For example,
MAPK facilitates AMPAR trafficking and insertion at synapses
during LTP (Qin et al., 2005; Patterson et al., 2010) and Src acti-
vates ROCK to inhibit cofilin, which promotes actin polymeriza-
tion and increases dendritic spine volume (Koleske, 2013).
MAPK, Src, and ROCK are likely to function similarly in E2-
induced synaptic potentiation, as has been shown directly for
estrogen receptor � activation of ROCK, which promotes actin
polymerization in dendritic spines in males (Kramár et al., 2009).

Unlike MAPK, Src, and ROCK, CaMKII appears to function
differently in LTP and E2-induced potentiation. Inhibiting
CaMKII blocks initiation of early LTP (Malinow et al., 1989;
Otmakhov et al., 1997; Lisman et al., 2012). However, we found
that, although E2-induced potentiation was not apparent in
the presence of CaMKII inhibitors, EPSC amplitude began to
increase shortly after inhibitor washout, indicating that potenti-
ation had been initiated but could not be expressed. One differ-
ence between our E2 experiments and most LTP studies is that we
blocked NMDARs to focus exclusively on AMPAR modulation,
whereas calcium influx through NMDARs is a critical source of
increased intracellular calcium for LTP initiation. Although oth-
ers have shown that CaMKII interacts with GluN2B to promote
maintenance of LTP (Sanhueza et al., 2011; Barcomb et al., 2016),
the 1 �M tatCN21 that we used is well below the 20 �M shown to
disrupt this interaction. In combination with the fact that
NMDARs were blocked in our experiments, it is unlikely that
CaMKII interaction with GluN2B is relevant to the tatCN21-
induced reversal of E2-induced potentiation that we observed.
The requirement for CaMKII in expression of E2-induced poten-
tiation may instead reflect CaMKII’s role in trapping newly in-
serted AMPARs at synapses through phosphorylation of TARPs
such as stargazin (Chen et al., 2000; Tomita et al., 2005; Opazo et
al., 2010).

In contrast to other kinases, PKA is more commonly associ-
ated with late LTP (Frey et al., 1993; Huang and Kandel, 1994;
Abel et al., 1997), although some studies indicate that early LTP
can be sensitive to PKA inhibition (Blitzer et al., 1998; Otmak-
hova et al., 2000; Yasuda et al., 2003; Wu et al., 2006). Most of

these previous studies either used males or sex was not noted,
raising the possibility that some discrepancies in the literature are
related to sex differences.

One potential explanation for the sex differences in PKA re-
quirement that we found derives from the idea that PKA inhibits
phosphatases that normally constrain the activity of other kinases
such as CaMKII and thereby permits LTP but does not directly
cause it (Blitzer et al., 1998). That inhibition of PKA and CaMKII
together blocks E2-induced potentiation in males suggests that
PKA may play a similar role in E2-induced synaptic potentiation
in males. If PKA acts as a gate for E2-induced potentiation, the sex
difference in sensitivity of potentiation to PKA inhibition could
be related to differences in basal PKA activity. For example,
higher basal PKA activity in males might permit activity of other
kinases that are essential for potentiation without E2 modulation
of PKA. In females, lower basal PKA activity might fail to estab-
lish this permissive state and require stimulation by E2 to achieve
it. Studies in cardiomyocytes support this possibility. Both basal
cAMP levels and PKA activity are lower in female than male
cardiomyocytes due at least in part to females’ higher levels of
phosphodiesterase (PDE) 4B, which hydrolyzes cAMP (Parks et
al., 2014). However, whether this sex difference extends to the
hippocampus is unknown. There is evidence that PDE4B inhibi-
tion promotes early LTP in the hippocampus (Titus et al., 2016;
Campbell et al., 2017), but this has been tested only in males.

It is also possible that sex differences in the levels of extranu-
clear estrogen receptors (ERs) that mediate acute E2 signaling or
the coupling of ERs to downstream effectors of synaptic plasticity
differ between the sexes (Wang et al., 2018). Consistent with this
idea, we have shown previously that distinct combinations of ERs
mediate E2-induced synaptic potentiation in males versus fe-
males (Oberlander and Woolley, 2016). Heterogeneous distribu-
tions of extranuclear ERs may also contribute to the consistent
finding, here and previously (Wong and Moss, 1992; Smejkalova
and Woolley, 2010), that only a subset of recordings is acutely
responsive to E2.

Sex differences in the requirement for intracellular
calcium sources
Kinases important in LTP initiation are generally activated by
calcium, often through NMDAR channels. As noted above, how-
ever, NMDARs were blocked in our experiments. When we tested
the requirement for two alternative calcium sources, L-type cal-
cium channels and release from internal stores, we found that
either of these is sufficient to support E2-induced potentiation in
males, whereas in females both are required. This difference
could reflect parallel signaling in males such that one calcium
source can compensate for the other and/or it could arise from
differences in regulation of calcium sources. For example, con-
sidering the suggestion above that basal cAMP levels and PKA
activity might be higher in males, it is possible that males’ basal
state also includes PKA-dependent phosphorylation of the inosi-
tol triphosphate receptor to increase calcium levels (Wagner et
al., 2008). In this way, sex differences in the dependence of po-
tentiation on PKA and calcium release from stores may be mech-
anistically related.

Our results also indicated a role for L-type calcium channels in
E2-induced potentiation. Although L-type channels are high-
voltage activated and might not be expected to contribute to
calcium influx at the relatively negative holding potential used for
our experiments (�70 mV), others have shown that L-type chan-
nels are active at membrane potentials at or near rest, particularly
in adult animals and at elevated temperatures as in our experi-
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ments (Magee et al., 1996; Radzicki et al., 2013). There is litera-
ture on acute E2 modulation of L-type channels focused on
activation of kinases involved in neuroprotection, including Src
and Erk/MAPK (Wu et al., 2005; Zhao and Brinton, 2007; Vega-
Vela et al., 2017). Our observation that L-type calcium channels
and calcium release from internal stores are both required for
E2-induced potentiation in females suggests that synaptic poten-
tiation in females requires at least two distinct intracellular cas-
cades. However, the nature of this distinction is unknown. It
could be that different essential kinases are activated by distinct
calcium sources in females or the distinction could reflect spatial
or temporal separation of essential signals. Future studies, such as
with calcium imaging, may help to resolve these questions.

Implications of latent sex differences in intracellular signaling
Studying acute E2-induced synaptic plasticity is valuable as a
model for understanding how estrogens synthesized in the brain,
including the hippocampus (Hojo et al., 2004; Tabatadze et al.,
2014; Sato and Woolley, 2016), act locally to modulate neural
circuits and behavior. For example, recent studies indicate that
brain-derived estrogens promote hippocampus-dependent mem-
ory, both in female mice (Tuscher et al., 2016) and postmeno-
pausal women (Bayer et al., 2015). Despite evidence that
neurosteroid estrogen levels are comparable between the sexes
(Sato and Woolley, 2016) or higher in males (Hojo et al., 2009),
few studies have compared the actions of estrogens in males and
females.

The focus on females in neurosteroid estrogen studies stands
in contrast to the overrepresentation of males in basic neurosci-
ence (Beery and Zucker, 2011), including in studies of LTP. Our
findings that males and females differ in the involvement of a well
studied kinase such as PKA and intracellular calcium signaling
suggest that sex differences in mechanisms related to synaptic
plasticity may be more widespread than currently appreciated.
Furthermore, the mechanistic differences we observed are latent
sex differences in that the degree of potentiation was the same
between males and females. Therefore, similar outcomes in each
sex cannot be presumed to indicate the same underlying mecha-
nisms. This is relevant particularly in the context of therapeutic
development because manipulating a specific molecular pathway
may have distinct outcomes in each sex, even when males and
females do not appear to differ.
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