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Cellular/Molecular

Mechanisms That Underlie Expression of Estradiol-Induced
Excitatory Synaptic Potentiation in the Hippocampus Differ
between Males and Females

Anant Jain and ““Catherine S. Woolley
Department of Neurobiology, Northwestern University, Evanston, Illinois 60208

17 B-estradiol (E2) is synthesized in the hippocampus of both sexes and acutely potentiates excitatory synapses in each sex.
Previously, we found that the mechanisms for initiation of E2-induced synaptic potentiation differ between males and
females, including in the molecular signaling involved. Here, we used electrical stimulation and two-photon glutamate uncaging
in hippocampal slices from adult male and female rats to investigate whether the downstream consequences of distinct molecular
signaling remain different between the sexes or converge to the same mechanism(s) of expression of potentiation. This showed
that synaptic activity is necessary for expression of E2-induced potentiation in females but not males, which paralleled a sex-spe-
cific requirement in females for calcium-permeable AMPARs (cpAMPARs) to stabilize potentiation. Nonstationary fluctuation
analysis of two-photon evoked unitary synaptic currents showed that the postsynaptic component of E2-induced potentiation
occurs either through an increase in AMPAR conductance or in nonconductive properties of AMPARs (number of channels X
open probability) and never both at the same synapse. In females, most synapses (76%) were potentiated via increased AMPAR
conductance, whereas in males, more synapses (60%) were potentiated via an increase in nonconductive AMPAR proper-
ties. Inhibition of cpAMPARs eliminated E2-induced synaptic potentiation in females, whereas some synapses in males
were unaffected by cpAMPAR inhibition; these synapses in males potentiated exclusively via increased AMPAR nonconduc-
tive properties. This sex bias in expression mechanisms of E2-induced synaptic potentiation underscores the concept of
latent sex differences in mechanisms of synaptic plasticity in which the same outcome in each sex is achieved through dis-
tinct underlying mechanisms.
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Estrogens are synthesized in the brains of both sexes and potentiate excitatory synapses to the same degree in each sex.
Despite this apparent similarity, the molecular signaling that initiates estrogen-induced synaptic potentiation differs between
the sexes. Here we show that these differences extend to the mechanisms of expression of synaptic potentiation and result in
distinct patterns of postsynaptic neurotransmitter receptor modulation in each sex. Such latent sex differences, in which the
same outcome is achieved through distinct underlying mechanisms in males versus females, indicate that molecular mecha-
nisms targeted for drug development may differ between the sexes even in the absence of an overt sex difference in behavior
or disease.
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where it acutely modulates both excitatory (Teyler et al,
1980; Wong and Moss, 1992; Kramar et al., 2009; Smejkalova
and Woolley, 2010; Jain et al., 2019) and inhibitory (Huang
and Woolley, 2012; Tabatadze et al., 2015) synapses. For
example, E2 acutely potentiates excitatory synaptic transmis-
sion at a subset of CA3-CA1 synapses. This occurs in both

ignificance Statement

Introduction

In addition to its roles as a hormone, 173 -estradiol (E2) can be
rapidly synthesized as a neurosteroid in the hippocampus (Hojo
et al., 2004, 2009; Sato and Woolley, 2016; Tuscher et al., 2016)
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sexes (Jain et al., 2019) and works through synapse-specific
presynaptic and postsynaptic changes that occur largely in-
dependently (Oberlander and Woolley, 2016). Although the
functions of neurosteroid E2 are not yet fully understood,
forebrain-selective knockout of the estrogen synthesizing
enzyme, aromatase (Lu et al., 2019) or hippocampal infusion of
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aromatase inhibitors (Sato and Woolley, 2016; Tuscher et
al., 2016; Marbouti et al., 2020) disrupts hippocampal syn-
aptic plasticity, hippocampus-dependent memory, and
suppresses limbic seizures.

Previous studies have shown that, despite apparently iden-
tical E2-induced synaptic potentiation in males and females,
multiple signaling components required for initiation of
potentiation differ between the sexes. For example, different
combinations of estrogen receptors mediate E2’s effects in
females versus males (Oberlander and Woolley, 2016), and
cAMP-regulated protein kinase (PKA) is necessary to initiate
E2-induced potentiation in females but not in males (Jain et
al., 2019). These observations led to the concept of latent sex
differences in which the same endpoint in males and females
is achieved through distinct underlying mechanisms in each
sex. Whether latent sex differences extend to expression of
E2-induced synaptic potentiation is unknown, however. The
current study investigated mechanisms that underlie expression
of E2-induced synaptic potentiation to determine whether the
distinct routes of molecular signaling that are activated by E2 in
each sex converge to the same or different effects at the level of
postsynaptic AMPA receptors (AMPARSs).

By analogy to long-term potentiation (LTP), the postsynaptic
component of E2-induced synaptic potentiation likely results
from some combination of an increased number of AMPARs at
synapses (Isaac et al, 1995; Shi et al, 1999; Andrasfalvy and
Magee, 2004; Kopec et al., 2006) and/or an increase in AMPAR
conductance (Benke et al., 1998). In turn, increased AMPAR con-
ductance can result from phosphorylation of existing AMPARs
(Derkach et al., 1999) and/or replacement of calcium-imperme-
able AMPARs with calcium-permeable AMPARs (cpAMPARSs),
which have higher conductance (Swanson et al., 1997) and
increase overall synaptic conductance (Benke and Traynelis,
2019).

Several observations indirectly support the idea that
cpAMPARs may be involved in E2-induced synaptic poten-
tiation. First, although E2 acutely potentiates both evoked
excitatory postsynaptic currents (EPSCs) and spontaneous
miniature EPSCs (mEPSCs), the frequency of E2 respon-
siveness differs between types of experiments. With electri-
cal stimulation to evoke EPSCs, ~60% of recordings in CA1
are E2-responsive (Jain et al.,, 2019); whereas in mEPSC
experiments, only ~45% of recordings respond to E2
(Oberlander and Woolley, 2016). Because synaptic activa-
tion is required for cpAMPAR-mediated signaling that
leads to stabilization of LTP (Plant et al., 2006), the greater
E2 responsiveness of evoked EPSCs suggests involvement of
cpAMPARSs in E2 potentiation studied with synaptic activation.
Second, cpAMPARs are required for PKA-sensitive LTP (Park
et al, 2016, 2021) and PKA facilitates surface expression of
cpAMPARSs (Esteban et al., 2003). That PKA is required for E2-
induced synaptic potentiation only in females suggests that
cpAMPARs may support E2-induced synaptic potentiation
to a greater extent in females than in males.

To investigate these questions, we used electrical stimu-
lation and nonstationary fluctuation analysis (NSFA) of two-photon
(2p) evoked unitary EPSCs (2pEPSCs) to study mechanisms under-
lying expression of E2-induced synaptic potentiation in males and
females. The results demonstrated sex differences in the requirement
for synaptic activation and involvement of cpAMPARs in E2 poten-
tiation of evoked synaptic currents. In addition, the contribution of
increased AMPAR conductance versus nonconductive properties
of AMPARs (number of channels x open probability) in the
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postsynaptic component of E2-induced synaptic potentiation also
differed between the sexes. Thus, latent sex differences in the hippo-
campus extend to expression mechanisms of synaptic potentiation.

Materials and Methods

Animals

Young adult female and male Sprague Dawley rats (50-70d of age,
Envigo) were gonadectomized using aseptic surgical procedures 3-8 d
before being used for experiments. 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.) and transcardially perfused with oxygenated (95% O,/5% CO,)
ice-cold sucrose-containing artificial cerebrospinal fluid (s-aCSF) con-
taining the following (in mm): 75 NaCl, 25 NaHCO3, 15 dextrose, 75 su-
crose, 1.25 NaH,PO,, 2 KCI, 2.4 Na pyruvate, 1.3 L-ascorbic acid, 0.5
CaCl,, 3 MgCly; 305-310 mOsm/L, pH 7.4. The brain was quickly
removed, and 300 pm transverse slices through the dorsal hippocampus
were cut into a bath of ice-cold s-aCSF using a vibrating tissue slicer
(VT12008S, Leica). Slices were incubated at 33°C in oxygenated regular
aCSF containing the following (in mm): 126 NaCl, 26 NaHCO3, 10 dex-
trose, 1.25 NaH,PO,, 3 KCl, 2 CaCl,, 1 MgCl,; 305-310 mOsm/L, pH
7.4 for 30 min, then allowed to recover in oxygenated regular aCSF at
room temperature for 1-6 h until recording.

Electrophysiological recording

For experiments with electrical stimulation, slices were transferred to a
recording chamber mounted on a Zeiss Axioskop and were perfused at a
rate of ~2 ml/min with warm (33°C) oxygenated regular aCSF contain-
ing the GABA, and NMDAR blockers, SR-95531 (2 um) and DL-APV
(25 um), respectively. In 2p experiments, the bath recirculated a
small volume (~8 ml) of regular aCSF containing SR-95531 (2 um),
TTX (1 um), and MNI-glutamate (2 mm). In a subset of experiments,
the cpAMPAR blocker, 1-napthyl acetyl spermine (NASPM, 40 uM)
(Koike et al., 1997; Park et al., 2016) was bath-applied.

Somatic whole-cell voltage-clamp recordings (Vpqq = —70 mV)
were obtained from visually identified CAl pyramidal cells using
patch electrodes (4-7 MQQ) 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 chlo-
ride salt; 285-295 mOsm/L, pH 7.2. A subset of control experiments
was performed with Cs-gluconate (115 mm) in place of K-gluconate.
In electrical stimulation experiments, a glass bipolar stimulating elec-
trode (10-50 um tip diameter) filled with regular aCSF was placed in
the stratum radiatum 200-250 pm from the recorded cell, and EPSCs
were recorded once every 15 s. In 2p experiments, the intracellular so-
lution additionally contained Alexa-594 (20 um) to visualize dendritic
spines. Access resistance and holding current were monitored through-
out all recordings, and experiments were terminated if access resistance
changed by >20%. Access resistance for 2p glutamate uncaging experi-
ments (n=29) averaged 25.6 = 1.3 M(}, range 15-38 Mm{(). All electro-
physiology data were acquired with a Multiclamp 700B amplifier
and pClamp 10.5 software (Molecular Devices), filtered at 2 kHz,
and digitized at 20kHz using a Digidata 1440A data acquisition
system (Molecular Devices).

Two types of experiments with electrical stimulation were per-
formed. In the first, baseline EPSCs were recorded and then stimulation
was suspended during 10 min of E2 (100 nm) application and resumed
after washing out E2 to investigate whether synaptic activity is required
for expression of E2-induced synaptic potentiation. In the second, the
cpAMPAR blocker, NASPM, was applied in E2-responsive recordings,
either immediately after E2 washout or 10-15 min later.

Two-photon glutamate uncaging
Alexa-594-filled dendritic spines located 57-175 um from the soma were
visualized using a dual galvanometer-based 2p laser scanning system
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(Ultima, Prairie Technologies) equipped with a 40x objective with
8-10x digital zoom. Two pulsed laser beams (Chameleon Ultra II, Coherent)
were used: one split at 840 nm to image dendritic spines and one at 720 nm
to uncage MNI-glutamate at 3-5 spines on one dendrite per recorded
cell. Laser beam intensity was controlled with electro-optical modulators
(Conoptics, model 350-50) with an uncaging dwell time of 1.0ms at a
laser power (10-50 mW, as measured at the back aperture of the micro-
scope) chosen such that each of 3-5 spines on a dendritic shaft produced
30%-50% of its maximum 2pEPSC amplitude. Uncaging was focused at the
edge of targeted spines. Each spine received an uncaging pulse 1-3 times per
minute with a 2 s interval between uncaging pulses at different spines. We
used 2 or 4ms uncaging laser pulse widths, which was held constant
within an experiment. Control experiments were performed in both sexes
to ensure that 2pEPSC amplitude was stable over 30-40 min of recording
and was not affected by switching solutions (6 =2% from baseline).
Under these conditions, 2pEPSC kinetics were comparable to previous
studies of 2pEPSCs (Matsuzaki et al., 2001; Harvey and Svoboda, 2007;
Lee et al,, 2009; Oh et al., 2013) but slower than electrically evoked EPSCs,
possibly because of slower dynamics of glutamate uncaged with laser stim-
ulation compared with synaptic release.

Nonstationary fluctuation analysis of two-photon evoked EPSCs
To estimate changes in single-channel properties that underlie postsynap-
tic expression of E2-induced synaptic potentiation, peak-scaled NSFA was
performed on the decay phase of 2pEPSCs according to a published proto-
col (Hartveit and Veruki, 2007). IGOR-based Neuromatic software was
used to align 2pEPSCs based on rise time and to test for stationarity of
events based on Spearman rank-order correlation of 2pEPSC amplitude,
rise times, and decay times in each condition (baseline and E2) with
p>0.05 set as the threshold for stability (Hartveit and Veruki, 2007).
This confirmed that both rise time and decay time were stable within
each condition. The variance of the fluctuation around the mean EPSC
amplitude was calculated in MATLAB for 100 bins of equal current decre-
ment from the peak of the response through three decay time constants,
for equivalent sampling across the range of amplitudes during curve fit-
ting. Peak-scaled NSFA was then performed on binned data as follows:
For each dendritic spine in each condition, baseline and E2, the sin-
gle-channel current (i) and the number of channels (N) were estimated
by fitting the data using the theoretical relationship between scaled var-
iance (o) and current amplitude (I) as follows:

IZ
o*(I) :il—ﬁ+¢7z (1)

where (o2) is the background variance, (i) is the single-channel current,
and (N) is the total number of ion channels available for activation. The
single-channel (unitary) chord conductance (y) can then be calculated
as follows:

Y= l/(Vm - Emv) (2)
from the known membrane holding potential (V,, = —70mV) and the
estimated AMPAR reversal potential (E,., = 0mV). Because of the low
mean open probability of AMPARs, the variance versus mean plot
defines only the initial linear phase of the predicted parabola, and there-
fore does not cover enough arc for extrapolation to the x intercept at a
probability of 1, from which N can be estimated. To compensate for this,
the events in each condition were scaled to the peak amplitude of the
mean EPSC within a condition, as described previously (Traynelis et al.,
1993; Hartveit and Veruki, 2007). Estimates of N obtained with peak-
scaling reflect the number of AMPAR channels X mean open proba-
bility (N*Po). To test whether space clamp errors influenced AMPAR
v estimates in recordings with K-gluconate-based internal solution,
we performed a subset of experiments with Cs-gluconate-based inter-
nal solution. This showed 7y estimates essentially identical to those
with K-based internal solution (K-gluconate: 9.2 + 0.1 pS; Cs-gluco-
nate: 9.4 = 1.0 pS; t(57) = 0.15 p = 0.87). Similarly, 2pEPSC decay times
did not differ (K-gluconate: 10.9 = 1.0 ms, Cs-gluconate: 9.6 = 0.5 ms;
tos) = 1.23, p=0.22).
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Chemicals

Chemicals were purchased from Tocris BioSciences unless otherwise
specified. Stock solutions of DL-APV, SR-95531, NASPM, QX-314,
TTX, and Alexa-594 (Invitrogen) were prepared in ddH,O, while 173 -
estradiol (Sigma-Aldrich) was made in DMSO (Sigma-Aldrich). The
bath contained an equivalent concentration of DMSO (0.01% v/v) in all
phases of each experiment. Stock MNI-glutamate solution was prepared
in aCSF. Stock solutions were stored at —20°C and diluted in aCSF on
the day of recording to achieve final concentrations.

Experimental design and statistical analyses

Electrical stimulation experiments. To determine the role of synaptic
activity in E2-induced synaptic potentiation, stimulation was suspended
during 10 min of E2 application. For statistical analysis, experiments were
divided into three phases: pre (last 5min of baseline recording before E2
application), early E2 (first 5 min after stimulation was resumed following
E2 washout), and late E2 (last 5 min of the recording). For each recorded
cell, ANOVA with multiple comparisons analysis was performed to evalu-
ate differences in EPSC amplitude among pre, early E2, and late E2 phases.
This test determined whether a recording was E2-responsive and also
whether there was a significant change in EPSC amplitude in the early
and/or late E2 phase. Unpaired, two-tailed  tests were performed to deter-
mine whether the magnitude of potentiation differed between sexes.
Fisher’s exact test was used to determine whether the frequency of poten-
tiation differed between sexes. In all cases, p < 0.05 was considered to
indicate a significant difference. All data from both E2-responsive
and -nonresponsive recordings are shown in Figure 1.

To determine the sensitivity of potentiated EPSCs to inhibition of
cpAMPARs, individual recordings were first identified as E2-responsive
or -nonresponsive using unpaired, two-tailed t tests to compare the
amplitudes of EPSCs during the last 5 min of baseline recording to the
amplitudes of EPSCs during the first 5 min after E2 washout in each cell.
Responsiveness to NASPM was then tested in two ways. First, unpaired,
two-tailed f tests were used within each E2-responsive recording to com-
pare EPSC amplitudes during the first 5 min after E2 washout to the last
5 min in NASPM to determine whether an individual recording was
responsive to NASPM. Second, overall sensitivity to NASPM was eval-
uated among all E2-responsive recordings in each sex using paired, two-
tailed # tests to compare EPSC amplitude during the first 5 min after E2
washout to the last 5 min in NASPM. In all cases, p < 0.05 was consid-
ered to indicate a significant difference. All data from both NASPM-re-
sponsive and nonresponsive recordings are shown in Figure 2.

Two-photon glutamate uncaging experiments. To determine whether
individual dendritic spines were responsive to E2, unpaired, two-tailed
t tests were used to compare the amplitudes of 2pEPSCs during the last 5
min of baseline recording to 2pEPSC amplitudes in the same spine during
last 5 min after E2 was applied. Unpaired, two-tailed ¢ tests were then used
to compare the magnitude of 2pEPSC potentiation in E2-responsive spines
in females versus males, and Fisher’s exact test was used to determine
whether the frequency of E2-responsive spines differed between sexes. In all
cases, p < 0.05 was considered to indicate a significant difference. All data
from E2-responsive and -nonresponsive spines are shown in Figure 3.

Nonstationary fluctuation analysis. The variance versus mean cur-
rent relationship within each condition (baseline and E2) was deter-
mined using Equation 2 as described above. The reliability of the
single-channel current (i) was determined using goodness-of-fit r*
values. Based on previous studies (Matsuzaki et al., 2001; Tanaka et
al., 2005) and observations from our analysis, 18 2pEPSCs in each
condition was the minimum number to result in a reliable fit with r*
values of at least 0.6 (range 0.6-0.97) (Banke et al., 2000; Ostertagova,
2012). Therefore, NSFA was performed on the subset of 2pEPSC
recordings that had at least 18 events in both baseline and E2 condi-
tions and were stable within each condition.

Peak-scaled NSFA was used to evaluate changes in AMPAR single-
channel properties, y and N*Po, from 2pEPSCs in baseline and E2 con-
ditions. All spines that were determined to be E2-responsive based on a
statistically significant change in 2pEPSC amplitude showed at least a
20% change in 7y or N*Po, and none of the E2-nonresponsive spines did.
Thus, we set 20% as the minimum change to determine E2 responsiveness
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of individual spines in NSFA. NSFA results from all E2-responsive
and -nonresponsive spines are shown in Figures 4 and 6.

Changes in 2pEPSC 10%-90% rise time and decay time (7) in E2-
responsive and -nonresponsive spines were evaluated statistically using
unpaired, two-tailed ¢ tests, shown in Figures 5 and 6. Pearson correla-
tion was to used test for an effect of spine location on 7y estimates and to
compare changes in decay time and N*Po at individual spines (male and
female data were pooled), shown in Figure 5. In all cases, p < 0.05 was
considered to indicate a significant difference.

Data are presented in the text as mean = SEM, and results from all
individual cells or spines are plotted in the figures. All statistical analyses
were performed using Graphpad PRISM software.

Results

Synaptic activity is required for expression of E2-induced
synaptic potentiation in females but not in males

Previous experiments have shown that, in both sexes, E2-induced
potentiation of synaptically evoked EPSCs begins within 5-8 min
when stimulation is continued during E2 application (Jain et al.,
2019). To determine whether synaptic activation is required for
this potentiation, here, we suspended stimulation specifically while
E2 was applied. After recording baseline EPSCs for 10-15 min,
stimulation was stopped, E2 was applied for 10 min, then stimula-
tion was resumed beginning 5 min after E2 washout and contin-
ued for an additional >30 min. Identical experiments were done
in females and males.

In females, synaptic activity was required for E2-induced
potentiation of EPSCs. There was no change in EPSC amplitude
in any of the cells immediately after stimulation was resumed
(—2 % 5% from baseline; Fig. 1A,B). However, in 7 of 13 cells,
EPSC amplitude began to increase with stimulation following E2
washout. By 15-30 min after E2 washout, EPSC amplitude was
increased by 74 = 5% above baseline in these cells (Fig. 1B,C).
The other 6 cells showed no change in EPSC amplitude through-
out >30 additional minutes of recording (Fig. 1C). The fre-
quency and magnitude of E2-induced potentiation by the end of
the current experiments in females were similar to E2-induced
potentiation with stimulation in females reported previously
(83 = 16% above baseline in 9 of 16 cells) (Jain et al., 2019).

In contrast to females, potentiation of EPSCs in males was
apparent immediately upon E2 washout (Fig. 1D). In 7 of 15
cells, EPSC amplitude had increased by 95 + 16% when stimula-
tion was resumed and remained elevated throughout the addi-
tional >30 min of recording (83 = 10% above baseline during
late E2; Fig. 1E,F). Neither the magnitude of potentiation
(unpaired ¢ test, t1,) = 0.78, p = 0.44) nor frequency of potentia-
tion (Fisher’s exact test, p > 0.05) differed between males and
females, and E2 responsiveness without stimulation in males
was similar to previous experiments in males with stimulation
(89 £ 16% above baseline in 11 of 18 cells) (Jain et al., 2019).
Like in females, E2-nonresponsive cells in males showed no
change in EPSC amplitude throughout recording (Fig. 1F).
These experiments demonstrate that the requirement for syn-
aptic activation to express E2-induced potentiation is sex-
specific.

Sex difference in the requirement of calcium-permeable
AMPARSs in expression of E2-induced synaptic potentiation
Differential requirement of cpAMPARs to express E2-induced
synaptic potentiation could explain the sex difference in its activity
dependence. Previous LTP studies have shown that cpAMPARs
are transiently incorporated at synapses and that synaptic activa-
tion is required for c)pAMPAR-mediated signaling to express LTP
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(Plant et al., 2006). To investigate the requirement of c)pAMPARs
in E2-induced synaptic potentiation, we used the cpAMPAR
blocker NASPM (40 um). Baseline EPSCs were recorded for 10-15
min and E2 was applied to identify E2-responsive recordings.
NASPM was then added either immediately after E2 or 10-15 min
later, once potentiated EPSCs had stabilized. Identical experiments
were done in females and males.

In females, NASPM applied immediately after E2 application
reversed E2-induced EPSC potentiation (Fig. 2A), whereas in
males NASPM failed to reverse potentiated EPSCs in the major-
ity of cells recorded (Fig. 2B). In all 8 E2-responsive cells in
females, NASPM decreased potentiated EPSC amplitude within
15-20 min, from 78 = 13% to 19 = 8% above baseline (paired ¢
test; E2 vs NASPM, t; = 4.2, p=0.003; Fig. 2C). Within-cell
unpaired ¢ tests confirmed that NASPM significantly decreased
EPSC amplitude in all 8 female cells (Fig. 2C, gray points). In
contrast, in males, there was no overall effect of NASPM on
potentiated EPSCs. EPSC amplitude was 78 = 10% above base-
line in E2 compared with 56 = 9% above baseline in NASPM
(paired ¢ test; E2 vs NASPM, t(7y = 2.28, p=0.056; Fig. 2D). This
statistical trend was explained by partial reversal of potentiation
in 2 of 8 cells in which within-cell unpaired ¢ tests showed that
EPSC amplitude was significantly decreased in NASPM com-
pared with E2 (Fig. 2D, gray points). NASPM had no effect in
the remaining 6 E2-responsive cells in males (Fig. 2D, open
points). Together, these experiments indicate a sex difference in
the role of cpAMPARs in stabilization of E2-induced synaptic
potentiation. In females, cpAMPARs are required for stabiliza-
tion of potentiation, whereas in males, they appear to be involved
at a minority of synapses, but potentiation at the majority of
male synapses does not require cpAMPARs.

We next tested whether cpAMPARs are required for mainte-
nance of potentiated EPSCs by applying NASPM beginning
10-15 min following E2 washout, after EPSC potentiation had
stabilized (Fig. 2E). This showed that NASPM had no effect
on stabilized potentiation in either females (0 = 2% change,
n==6; Fig. 2F) or males (0 = 3% change, n=6; Fig. 2G). Thus,
cpAMPARs are not required for ongoing maintenance of E2-
induced potentiation in either sex.

Because cpAMPARs have higher conductance compared with
other AMPARs (Swanson et al., 1997), it is possible that incorpo-
ration of cpAMPARs increases the overall synaptic conductance
to potentiate synapses. In addition, calcium influx via c)pAMPARSs
could activate downstream signaling that is required to stabilize
potentiation. One way to distinguish between these possibilities is
to consider the time required for NASPM to reverse potentiated
EPSCs. If NASPM reverses EPSC potentiation solely by blocking
current through cpAMPARS, its effect should be rapid, compara-
ble to other AMPAR antagonists, such as DNQX. Alternatively, if
NASPM acts by inhibiting cpAMPAR-mediated signaling that is
necessary for stabilization of potentiated EPSCs, then it might
take longer to reverse potentiated EPSCs. In our experiments,
NASPM required at least 15 min to reverse E2-potentiated
EPSCs (Fig. 2A), which suggests a need for ccAMPAR-medi-
ated signaling to stabilize E2-induced synaptic potentiation,
especially in females (in which NASPM was more effective).
Consistent with this, at least 15 min of synaptic activity after
E2 was required to fully potentiate EPSCs in synaptic activa-
tion experiments with females (Fig. 1A). Thus, together,
these results indicate that females and males differ in their
dependence on activity-dependent cpAMPAR signaling for
the expression and/or stabilization of E2-induced synaptic
potentiation.
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Figure 1. Synaptic activity is required for 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 stimulation was suspended during 10 min of E2 application
and then resumed 5 min after E2 washout. Early E2 refers to the first 5 min after stimulation
was resumed, and late E2 refers to the last 5 min of the recording (also in B-F). Calibration:
50 pA, 25 ms. Each point is an individual sweep (also in D). B, Group EPSC amplitude data in
females (n=7) showing that synaptic activity was required to potentiate EPSCs in females.
Red points in late E2 indicate a significant increase in EPSC amplitude compared with base-
line (within-cell ANOVA followed by multiple comparisons, p <<0.05; also in (). C,
Normalized EPSC amplitude in E2-responsive (R) and nonresponsive (NR) recordings in the
early E2 and late E2 phase of each experiment in females showing that EPSC amplitude was
increased only in the late E2 phase. D, Individual traces and time course of synaptic potentia-
tion in a representative experiment in males in which stimulation was suspended during
10 min application of E2 and then resumed 5 min after E2 washout (as in A). E, Group EPSC
amplitude data in males (n=7) showing that, in contrast to females, synaptic activity was
not required to potentiate EPSCs in males. Red points in early E2 and late E2 indicate a sig-
nificant difference from baseline (within-cell ANOVA followed by multiple comparisons,
p < 0.05; also in F). F, Normalized EPSC amplitude in E2-responsive (R) and nonresponsive
(NR) recordings in the early E2 and late E2 phase of each experiment in males showing that
EPSC amplitude was increased in both phases.
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Figure 2.  Calcum-permeable AMPARs are required for stabilization of E2-induced synaptic
potentiation in females but not in males. A, Individual traces and time course of synaptic
potentiation and its reversal by NASPM in a representative experiment in females in which
NASPM was applied immediately after E2 washout. Calibration: 50 pA, 25 ms. Each point is
an individual sweep (also in B,E). B, Individual traces and time course of synaptic potentia-
tion and lack of its reversal by NASPM in a representative experiment in males in which
NASPM was applied immediately after E2 washout. C, Group EPSC amplitude data for all E2-
responsive recordings in females (n=28). Red points indicate a significant difference from
baseline. Gray points indicate a significant effect of NASPM to reverse potentiated EPSCs
(within-cell unpaired t tests, p <<0.05; also in D—G). **p <<0.01, an overall effect of
NASPM to decrease EPSC amplitude compared with E2 (paired ¢ test). D, Group EPSC ampli-
tude data for all E2-responsive recordings in males (n=28). NASPM decreased EPSC ampli-
tude in two recordings (gray points) but resulted in only a statistical trend overall (paired ¢
test, p=0.056). E, Individual traces and time course of synaptic potentiation and lack of its
reversal in a representative experiment (female) in which NASPM was applied 15 min after
E2 washout. F, G, Group EPSC amplitude data for all E2-responsive experiments in females
(F, n=16) and males (G, n=6) in which NASPM was applied 15 min after E2 washout. After
stabilization of E2-induced synaptic potentiation, NASPM had no effect in either sex.
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Figure 3.  E2 potentiates two-photon evoked EPSCs in a subset of spines in both sexes. A, Representative CAT pyramidal

cell filled with Alexa-594 during recording. White box represents the dendritic segment targeted for 2p glutamate uncaging.
B, Higher-magnification view of the dendritic segment indicated in A showing two spines that were targeted for uncaging (*),
individual 2pEPSCs from each spine before (pre) and after E2, and time course of 2pEPSC potentiation in spine 1 (red) but not
spine 2 (gray). Calibration: 2pEPSCs, 10 pA, 10 ms. Each point in the time course represents mean 2pEPSC amplitude per minute
in each spine. C, Group EPSC amplitude data from all 2pEPSC experiments in females. Red points represent spines in which
E2 significantly increased 2pEPSC amplitude (within-spine unpaired ¢ tests, p << 0.05). White points represent spines in which
E2 did not change 2pEPSC amplitude (also in D-F). D, Group EPSC amplitude data from all 2pEPSC experiments in males. E,
Group EPSC amplitude data from the subset of spines in € used to perform NSFA in females. F, Group EPSC amplitude data
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for analysis in females, of which 17 were
E2-responsive (overall 70 = 7% increase
in 2pEPSC amplitude, Fig. 3E). Similarly,
30 spines from 8 cells met criteria for
analysis in males, of which 20 were re-
sponsive to E2 (overall 80 = 11% increase
in 2pEPSC amplitude, Fig. 3F).

Using this subset of spines, we then
performed NSFA to investigate whether
E2-induced potentiation is associated with
increased AMPAR vy, N*Po, or both
(Matsuzaki et al., 2001; Tanaka et al.,
2005). With this approach, plotting var-
iance in the decay of individual 2pEPSCs
versus current amplitude defines a parabola
for each condition that can be compared to
distinguish changes in 7y, indicated by a
change in initial slope of the parabola (Fig.
4A), from changes in N*Po, indicated by a
change in the size of the parabola with no
change in initial slope (Fig. 4B).

NSFA indicated that E2-induced poten-
tiation of 2pEPSCs is paralleled by increased
AMPAR vy in the majority of spines
in females (76%). In 13 of the 17 E2-re-
sponsive spines in females, E2 increased
v by 88 £16% without changing N*Po
(Fig. 4C). In the other four spines, N*Po
was increased, by 330 = 81%, while y was
either unchanged (2 spines) or strongly
decreased (2 spines; Fig. 4D). No spines
showed both an increase in y and N*Po
(Fig. 4E). In contrast to females, a slight

from the subset of spines in D used to perform NSFA in males.

Sex difference in AMPAR single-channel properties that
underlie expression of postsynaptic E2-induced synaptic
potentiation

Results with NASPM indicated that cpAMPAR-mediated signal-
ing plays a role in stabilization of potentiated EPSCs, especially
in females. As noted above, it is also possible that cpAMPARs
incorporated at synapses result in an overall increase in
AMPAR conductance. To investigate mechanisms that under-
lie the postsynaptic component of E2-induced synaptic potentia-
tion, we evaluated potentiation using 2p-evoked glutamate
uncaging. E2 effects at individual synapses were investigated by
recording 2pEPSCs from 3-5 spines on one dendritic segment
per cell, and E2 was applied for 10 min after recording baseline
2pEPSCs for 10-15 min. Identical experiments were done in
females and males.

As has been shown previously (Oberlander and Woolley,
2016), E2 potentiated 2pEPSC amplitude at a subset of spines on
the same dendrite (Fig. 3A,B) in both sexes. Within-spine t tests
showed that E2 increased 2pEPSC amplitude in 39 of 80 spines
from 18 cells in females, by 71 + 8% (Fig. 3C), and in 33 of 54
spines from 12 cells in males, by 91 = 9% (Fig. 3D). With 3-5
spines tested per dendrite, no dendrites in either sex showed
all E2-responsive spines, and neither the magnitude of poten-
tiation (¢(;4) = 1.43, p=0.15) nor the frequency of E2 respon-
siveness (Fisher’s exact test, p > 0.5) differed between sexes.

A subset of these 2pEPSC recordings met requirements
for NSFA in both baseline and E2 conditions (see Materials
and Methods). Twenty-nine spines from 9 cells met criteria

majority of spines in males (60%) was

potentiated through an increase in N*Po

with increased y underlying potentiation
in the rest (40%). E2 increased 7y, by 122 = 19%, in 8 of 20 E2-re-
sponsive spines in males with no change in N*Po (Fig. 4F). The
other 12 male spines showed a 136 = 27% increase in N*Po with
no change in y (Fig. 4G,H). The difference in proportions of
spines showing potentiation via increased AMPAR vy versus
N*Po in females compared with males was statistically significant
(Fisher’s exact test p < 0.05), demonstrating a sex difference in
AMPAR modulation that underlies postsynaptic potentiation by
E2. In addition, these experiments showed that E2 potentiation
of spines on the same dendrite can occur through distinct mech-
anisms. Three dendrites in females and two dendrites in males
had spines in which E2 increased y in one spine and N*Po in
another indicating that different postsynaptic signaling mecha-
nisms can operate to increase synapse strength in nearby spines
simultaneously. Finally, as expected, NSFA on spines in which
E2 did not potentiate 2pEPSC amplitude showed no changes in
either y or N*Po in either sex (Fig. 4I-K). In addition, and con-
sistent with previous studies (Benke et al., 2001), there was no
relationship between the distance of a spine from the soma and
v estimates considering all spines (* = 0.001, p=0.83), spines
that showed an E2-induced increase in y (+* = 0.006, p=0.73),
or spines that showed an E2-induced increase in N*Po (r* = 0.02,
p=0.6).

We also tested whether E2 affects 2pEPSC kinetics and
whether 2pEPSC kinetics correlate with changes in single-chan-
nel parameters. This showed that, while 2pEPSC rise time was
unaffected by E2 in any spines, 2pEPSC decay time was increased
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Figure 4.  Nonstationary fluctuation analysis indicates a sex difference in AMPAR modulation that underlies expression of E2-induced synaptic potentiation. A, Glutamate was uncaged (*) at
multiple dendritic spines on a dendrite of each recorded cell. Data are from a representative female spine in which E2 increased 2pEPSC amplitude and AMPAR conductance (), but not num-
ber x mean open probability (V*Po). Traces represent all 2pEPSCs (22 events, gray) and mean (black) during baseline and all 2pEPSCs (25 events, gray) and mean (red) after E2. Calibration:
A, B, 5pA, 5ms. The variance versus mean plot for this spine indicated that E2 (purple) increased y compared with baseline (pre, gray) with no change in A*Po. The goodness-of-fit 8 values
for these plots are 0.92 (pre) and 0.82 (E2). Dotted line indicates the background variance (also in B,1). B, Data are from a representative male spine in which E2 increased 2pEPSC amplitude
and N*Po, but not conductance. Traces represent all 2pEPSCs (19 events, gray) and mean (black) during baseline and all 2pEPSCs (33 events, gray) and mean (red) after E2. The variance versus
mean plot for this spine indicated that E2 (gold) increased N*Po compared with baseline (pre, gray) with no change in conductance. The goodness-of-fit R? values for these plots are 0.88 (pre)
and 0.85 (E2). €, Group conductance and N*Po estimates in females obtained by NSFA in E2-responsive spines that showed increased conductance (purple) compared with baseline (n=13)
with no change in N*Po in the same spines. D, Group conductance and N*Po estimates in females obtained by NSFA in E2-responsive spines that showed increased N*Po compared with base-
line (n = 4) with no increase in conductance. Two of these spines showed no change in conductance (open), and two showed a decrease (green). E, Normalized changes in N*Po versus con-
ductance for the same E2-responsive spines in females shown in € and D (n = 17), where shaded regions represent the 20% threshold for a change in either property (also in H,K). F, Group
conductance and N*Po estimates in males obtained by NSFA in E2-responsive spines that showed increased conductance (purple) compared with baseline (n = 8) with no change in N*Po. G,
Group conductance and A*Po estimates in males obtained by NSFA in E2-responsive spines that showed increased A*Po compared with baseline (n = 12) with no change in conductance. The
fraction of E2-responsive spines showing an increase in conductance was significantly greater in females than males (Fisher's exact test, p << 0.05). H, Normalized changes in N*Po versus con-
ductance for the same E2-responsive spines in males shown in F and G (n=20). /, Data are from a representative spine in which E2 did not change EPSC amplitude. Traces represent all
2pEPSCs (26 events, gray) and mean (black) during baseline and all 2pEPSCs (20 events, gray) and mean (black) after E2. The variance versus mean plot for this spine indicated that E2 (dark
gray) affected neither conductance nor A*Po compared with baseline (pre, light gray). The goodness-of-fit R values for these plots are 0.88 (pre) and 0.90 (E2). J, Group conductance and
N*Po measurements obtained by NSFA in all E2-nonresponsive spines (n = 12 females, n = 10 males), showing no changes in either property. K, Normalized change in N*Po versus conductance
for the same E2-nonresponsive spines shown in J (n = 12 females, n = 10 males).

specifically in E2-responsive spines (unpaired f test, £,y = 2.18,  r* = 0.33, p=0.003; Fig. 5C). This was true for both females and
p=0.03; Fig. 5A,B). Interestingly, among E2-responsive spines,  males where the majority of spines that showed an increase in
the increase in decay time showed a weak but statistically signifi-  decay time also showed an increase in N*Po (Fig. 5D). This
cant correlation with the increase in N*Po (Pearson correlation,  parallels a similar relationship shown previously for LTP in
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nonresponsive male spines, =16 nonresponsive
female spines). In the 6 male spines in which E2
potentiated 2pEPSC amplitude in NASPM, NSFA
showed an 81 = 16% increase in N*Po with no
change in vy at any spines (Fig. 6D-F). As expected,
there were no changes in AMPAR properties in the
E2-nonresponsive spines of either sex (Fig. 6G-I).
Consistent with results in control conditions,

p;e E'2 p;e E'2

N
o
1

87 i =033 A
p=0.003

O females AN*Po o
A males AN*Po A
@ females Ay

A males Ay

@ females AN*Po,Ay

=
a
1

a
o
1

E2 decay time (1)
]

decay time (1) A

2pEPSC rise time was not affected by E2, but decay
time increased specifically in the subset of spines
that potentiated (unpaired t test, f;p = 2.19,
p=0.043, Fig. 6J-L). These results confirmed that
. the postsynaptic component of E2-induced syn-
aptic potentiation is entirely dependent on
cpAMPARSs in females but only partly depend-
ent on cpAMPARs in males. In addition,
cpAMPARSs are necessary for E2-induced poten-
tiation that occurs through increased y but not

o
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Figure 5.

from the perfect linear fit (black dashed line, p << 0.001, simple linear regression).

which increased AMPAR current decay time corresponded to
an increase in N with no change in Po (or ) (Andrasfalvy and
Magee, 2004).

Calcium-permeable AMPARs are required for the E2-
induced increase in AMPAR conductance

To investigate a link between cpAMPARs and E2-induced
changes in vy indicated by NSFA, we repeated NSFA of 2pEPSCs
in the presence of NASPM (40 um). As before, 2pEPSCs were
recorded from 3-5 spines on one dendritic segment per cell and
E2 was applied for 10 min following 10-15 min of baseline re-
cording. Identical experiments were done in females and males.
Baseline 2pEPSC amplitude (15.4 = 1.3 pA) and AMPAR con-
ductance (11.8 = 0.8 pS) in NASPM were similar to control
conditions (16.7 = 1.3 pA, 9.2+ 0.1 pS), indicating little, if
any, contribution of cpAMPARs to baseline EPSCs, as has
been shown previously (Plant et al., 2006).

In females, E2 failed to potentiate 2pEPSCs in any of 23 spines
recorded from 6 cells in the presence of NASPM (—10 * 6% from
baseline). In contrast, in males, E2 did potentiate 2pEPSCs in
NASPM (Fig. 6A-C), but less often than in control conditions. Of
24 spines recorded from 5 male cells, E2 potentiated EPSC ampli-
tude in 7 spines, by 51 = 13%. This frequency of 2pEPSC potentia-
tion in NASPM (29% of spines) was significantly lower than in
control conditions (61% of spines, Fig. 3; Fisher’s exact test,
p < 0.05), raising the possibility that inhibiting c)pAMPARs elimi-
nated potentiation at spines that otherwise would have potentiated
via increased 7y leaving potentiation at spines that potentiate via
increased N*Po intact.

To test this, we performed NSFA on all recordings that met
criteria for analysis (n=6 E2-responsive male spines, n=10

Relationship between E2 modulation of 2pEPSC kinetics and AMPAR single-channel proper-
ties. A, Mean == SEM 2pEPSC rise time and decay time (7) in the same E2-responsive spines shown in Figure 4. B,
Mean = SEM 2pEPSC rise time and decay time (7) in the same E2-nonresponsive spines shown in Figure 4. E2
increased decay time specifically in E2-responsive spines but did not affect rise time in any spines. *p < 0.05
(unpaired t test). ¢, Comparison of fold-change in decay time () versus AMPAR number x mean open probability
(W*Po) among all E2-responsive spines showing a statistically significant correlation (7 = 033, p=0.003). D,
Comparison of decay time (7) in E2 versus baseline (pre) conditions among all E2-responsive spines using linear
regression analysis showing that the majority of spines in which decay time increased also showed an increase in
N*Po (orange and green). Orange line indicates the fitting for spines that show an increase in A*Po, which is different

T 1 for potentiation that occurs through increased
15 20 N*Po

pre decay time (t)

Discussion

In this study, we demonstrate sex differences in
the mechanisms that underlie expression of E2-
induced synaptic potentiation in the hippocam-
pus. In females, expression of potentiation was ac-
tivity-dependent and its stabilization required
cpAMPARs, whereas in males, neither synaptic
activity nor c)pAMPARs were required. These dif-
ferences were paralleled by a sex difference in mod-
ulation of AMPAR channel properties that underlie
the postsynaptic component of potentiation. NSFA
showed that most synapses in females were potentiated via
increased AMPAR conductance with no change in nonconductive
properties, whereas in males, a slight majority of potentiated
synapses showed an increase in nonconductive properties
with no change in conductance. Potentiation via increased
conductance required cpAMPARs in both sexes. These
results demonstrate that the distinct molecular signaling
activated by E2 to initiate synaptic potentiation in each sex
(Oberlander and Woolley, 2016; Jain et al., 2019) does not
converge to a common mechanism of expression, but rather,
leads to different patterns of AMPAR modulation that produce
apparently identical synaptic potentiation measured electro-
physiologically. In this way, the current results extend the
concept of latent sex differences in which the same outcome
in males and females is achieved through different underly-
ing mechanisms.

Interpretation of nonstationary fluctuation analysis to study

expression mechanisms of E2-induced synaptic potentiation

NSFA of 2pEPSCs evoked by glutamate uncaging has two main
advantages for studying postsynaptic mechanisms that underlie
synaptic potentiation. First, mechanisms operating at individual,
identified synapses can be studied without the potential con-
found of changes in presynaptic neurotransmitter release, and
second, it allows estimation of single-channel properties when
direct single-channel recordings are not feasible, such as at den-
dritic spine synapses. Plotting variance in the decay of individual
EPSCs versus current amplitude yields data that theoretically
should define a parabola (Sigworth, 1980; Benke et al., 2001;
Hartveit and Veruki, 2007). When mean open probability of
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Figure 6.  cpAMPARs are required for the E2-induced increase in AMPAR conductance. A, High-magnification view of a dendritic segment from a cell (male) filled with Alexa-594 during re-
cording in NASPM showing two dendritic spines that were targeted for uncaging (*) and individual 2pEPSCs from each spine before (pre) and after E2. Calibration: 5 pA, 5 ms. B, Time course
of 2pEPSC potentiation in spine 1 (red) but not spine 2 (gray) for the same spines shown in A. €, Group 2pEPSC amplitude data for all E2-responsive (E2-R, red) and nonresponsive (E2-NR,
white) spines recorded in NASPM, showing potentiation in a subset of spines in males (n =7), whereas other spines in males (7 = 10) and all spines in females (n = 16) were E2-nonresponsive.
D, 2pEPSC traces and variance versus mean plot for a representative male spine in which E2 increased 2pEPSC amplitude and AMPAR number x mean open probability (N*Po) with no change
in conductance (y). Traces represent all 2pEPSCs (18 events, gray) and mean (black) during baseline and all 2pEPSCs (23 events, gray) and mean (red) after E2. Calibration: 5 pA, 5ms. The
goodness-of-fit R? values for these plots are 0.79 (pre, gray) and 0.86 (E2, gold). Dotted line indicates the background variance. E, Group data showing conductance and N*Po estimates
obtained by NSFA in the 6 male spines that showed E2-induced 2pEPSC potentiation in NASPM and met criteria for analysis. F, Normalized changes in N*Po versus conductance from NSFA in
all E2-responsive male spines shown in E in which the shaded areas represent the 20% threshold for a change in either property. All 6 E2-responsive male spines recorded in NASPM showed
increased N*Po (orange triangles) with no change in conductance. G, Group data showing no changes in conductance or N*Po estimates obtained by NSFA in the 10 E2-nonresponsive male
spines. H, Group data showing no changes in conductance or N*Po estimates obtained by NSFA in any of the 16 E2-nonresponsive female spines. I, Normalized changes in N*Po versus conduct-
ance from NSFA in all E2-nonresponsive spines in NASPM (n =16 females, n=10 males). J, Mean = SEM 2pEPSC rise time and decay time (7) in E2-responsive male spines recorded in
NASPM showing that E2 increased in decay time specifically in E2-responsive spines in males (*p << 0.05, unpaired t test) with no change in rise time in any of the spines. K, L, Mean = SEM
2pEPSC rise time and decay time in E2-nonresponsive male (K) and female (L) spines recorded in NASPM showing no changes (unpaired t test).

channels is low, however, as for AMPARs in CA1 dendritic spine
synapses (Matsuzaki et al., 2001), most of the data fall in the ini-
tial linear portion of the parabola, precluding estimates of N
from conventional NSFA. Thus, to obtain estimates of both con-
ductive and nonconductive properties that could be compared
before and after E2, we performed peak-scaled NSFA. One caveat
of this approach is that, because peak-scaling artificially increases

mean open probability to 1, changes in N cannot be distin-
guished from changes in Po in our experiments. That said, the
observation that 2pEPSC decay time increased specifically in E2-
potentiated spines suggests that E2-induced increases in N*Po
are driven by an increase in N rather than Po. A previous study
using conventional NSFA on AMPAR currents evoked by focal
glutamate application to outside-out membrane patches with
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and without LTP induction showed that increased AMPAR cur-
rent decay time corresponds to an increase in N with no change
in Po (or ) (Andrasfalvy and Magee, 2004). Despite this prece-
dent, we cannot rule out the possibilities that E2 increases Po at
some synapses or that longer 2pEPSC decay in E2-responsive
spines reflects increased AMPAR channel open time.

Our estimates of conductance ranged from 3 to 24 pS, compara-
ble to that expected from single-channel recordings (Rosenmund et
al., 1998) but with an upper range higher than previously reported
for synapses in the hippocampus (Watson et al., 2017; Park et al.,
2021). It is possible that the slower dynamics of uncaged glutamate
resulted in overestimates of conductance, which is a limitation.
However, because we used peak-scaled NSFA (Traynelis et al,
1993), which is less sensitive than conventional NSFA to variance
from factors other than stochastic channel gating, and compared
2pEPSCs at the same spines before and after E2, this is unlikely
to have affected our conclusions. Furthermore, there was no
relationship between conductance and the distance of a spine
from the recording electrode at the soma, no difference in
conductance estimates using K-based or Cs-based internal so-
lution, and E2 increased conductance estimated from some
spines on a dendrite with no effect on conductance at neigh-
boring spines on the same dendrite in the same recording.
Thus, the E2-induced increases in conductance indicated by
NSFA in our experiments most likely reflect AMPAR modula-
tion that underlies 2pEPSC potentiation rather than technical
artifacts.

The finding that E2 potentiation of 2pEPSCs corresponded
either to increased conductance or increased nonconductive
properties, and never both, shows that there are distinct mecha-
nisms by which E2-induced synaptic potentiation is expressed at
different synapses. The frequency of these mechanisms differs
between the sexes, with increased conductance predominating in
females. Interestingly, however, we found in both sexes that both
mechanisms could operate simultaneously at different spines on
the same dendrite.

Sex difference in the requirement of calcium-permeable
AMPARs in E2-induced synaptic potentiation

The sex difference in prevalence of an E2-induced increase in
AMPAR conductance versus nonconductive properties likely
arises from differences in the molecular signaling activated by E2
in each sex. The cpAMPAR inhibitor NASPM required at least
15min to reverse E2-induced synaptic potentiation and pro-
duced much stronger reversal of potentiation in females than
males, indicating that female synapses are more reliant on
cpAMPARs during stabilization of potentiation than male
synapses are. In addition, synaptic activity was required to
express potentiation only in females. Both these sex differen-
ces indicate that cpAMPAR signaling, likely calcium influx,
plays a greater role in E2-induced synaptic potentiation in
females than in males. Notably, the requirement for cpAMPARSs
in females was transient in that with ~15 additional mins of syn-
aptic stimulation after E2, synapses were no longer sensitive to
NASPM. In this way, E2-induced synaptic potentiation in females
resembles the transient dependence of pairing-induced LTP on
cpAMPARSs reported by Plant et al. (2006).

It is interesting to note that, whereas inhibition of cpAMPARs
had very little effect on E2 potentiation of synaptically evoked
EPSCs in males, 2p experiments indicated that a fraction of male
synapses (those that potentiated via increased AMPAR conduct-
ance) is sensitive to cpAMPAR inhibition. One possibility to
explain this apparent discrepancy is that male synapses may have
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both cpAMPAR-dependent and cpAMPAR-independent routes
to downstream signaling required to support E2 potentiation,
whereas female synapses have only c)pAMPAR-dependent routes;
cpAMPAR-independent pathway(s) appear to be sufficient to
support potentiation in males when cpAMPARs are blocked.

The requirement for cpAMPARs in E2-induced synaptic
potentiation in females may also be related to our previous ob-
servation that initiation of potentiation by E2 requires PKA only
in females (Jain et al., 2019). For example, PKA-dependent LTP
involves insertion of cpAMPARs and results in an increase in
single-channel conductance (Park et al., 2021), whereas PKA-in-
dependent LTP does not require cpAMPARs (Park et al., 2016).
E2 regulation of PKA in females could promote surface localiza-
tion of AMPARs, including cpAMPARs, by phosphorylating
S845 of GluA1l (Oh et al., 2006; Man et al., 2007), which is a nec-
essary step for synaptic incorporation of GluAl-containing
AMPARs in LTP (Esteban et al., 2003).

Both cpAMPAR-dependent and -independent pathways likely
lead to activation of CaMKII. Previously, we found that CaMKII is
required for expression and ongoing maintenance of E2-induced
synaptic potentiation in both sexes (Jain et al,, 2019). In females,
calcium influx through cpAMPARSs could increase AMPAR con-
ductance via CaMKII-dependent phosphorylation of GluA1 S831
(Derkach et al., 1999; Poncer et al., 2002; Kristensen et al., 2011)
and/or it could activate CaMKII to phosphorylate stargazin, lead-
ing to diffusional trapping of GluAl (and/or GluA2)-containing
AMPARSs at synapses (Opazo et al., 2010). As suggested above,
these mechanisms also could operate in males when cpAMPARSs
are available. However, when cpAMPARSs are blocked, an alterna-
tive source of calcium, such as calcium release from internal stores,
could activate CaMKII in males. For example, calcium release
from internal stores has been shown to activate CaMKII and pro-
mote its interaction with PICK1 to increase surface expression of
GluA2-containing AMPARs (Lu et al., 2014). The possibility that
parallel and compensatory calcium sources can support expression
of E2 potentiation in males mirrors our previous finding of similar
parallel and compensatory calcium sources for initiation of E2
potentiation in males (Jain et al., 2019). Additional experiments
will be needed to dissect distinct calcium signaling mechanisms
that underlie the expression of E2 potentiation in each sex.

Implications of latent sex differences in expression of
synaptic potentiation

Acute E2-induced synaptic potentiation is a useful model to
understand how estrogens synthesized in the brain influence hip-
pocampus-dependent learning and memory (Lu et al.,, 2019) and
seizure activity (Sato and Woolley, 2016). Our laboratory and
others are actively pursuing these questions. Moreover, recogni-
tion of latent sex differences in mechanisms by which E2 pro-
duces equivalent synaptic potentiation in each sex can also
provide insight into mechanisms of synaptic plasticity more gen-
erally. For example, the PKA dependence of E2-induced synaptic
potentiation in females led us to discover that the widely re-
ported PKA independence of early LTP (e.g., Huang and Kandel,
1994; Abel et al., 1997) is true only in males (Jain et al., 2019).
Similarly, the sex-dependent role for c)pAMPARs in E2-induced
synaptic potentiation revealed in the current study may inform a
debate about involvement of cpAMPARs in LTP. Whereas Plant
et al. (2006) found that transient incorporation of cpAMPARSs is
required for pairing-induced LTP, another group failed to repli-
cate this (Adesnik and Nicoll, 2007). Explanations for the dispar-
ity have been suggested (Park et al., 2016), including differential
stress (Whitehead et al., 2013). Our results demonstrate that
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the sex of animals used can also contribute to different outcomes
in otherwise comparable experiments. Given that mechanistic
analyses of synaptic plasticity and other types of neuromodu-
lation provide a pipeline of new information and ideas to
inform the development of novel therapeutics, the existence
of latent sex differences in mechanisms of synaptic plasticity
indicates that results derived from experiments in one sex
cannot be assumed to apply to both.
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