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Metabotropic NMDAR Signaling Contributes to Sex
Differences in Synaptic Plasticity and Episodic Memory
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NMDA receptor (NMDAR)-mediated calcium influx triggers the induction and initial expression of long-term potentiation (LTP).
Here we report that in male rodents, ion flux-independent (metabotropic) NMDAR signaling is critical for a third step in the
production of enduring LTP, i.e., cytoskeletal changes that stabilize the activity-induced synaptic modifications. Surprisingly,
females rely upon estrogen receptor alpha (ERα) for the metabotropic NMDAR operations used by males. Blocking NMDAR channels
with MK-801 eliminated LTP expression in hippocampal field CA1 of both sexes but left intact theta burst stimulation (TBS)-induced
actin polymerization within dendritic spines. A selective antagonist (Ro25-6981) of the NMDAR GluN2B subunit had minimal effects
on synaptic responses but blocked actin polymerization and LTP consolidation in males only. Conversely, an ERα antagonist
thoroughly disrupted TBS-induced actin polymerization and LTP in females while having no evident effect in males. In an episodic
memory paradigm, Ro25-6981 prevented acquisition of spatial locations by males but not females, whereas an ERα antagonist
blocked acquisition in females but not males. Sex differences in LTP consolidation were accompanied by pronounced differences
in episodic memory in tasks involving minimal (for learning) cue sampling. Males did better on acquisition of spatial information
whereas females had much higher scores than males on tests for acquisition of the identity of cues (episodic “what”) and the order in
which the cues were sampled (episodic “when”). We propose that sex differences in synaptic processes used to stabilize LTP result
in differential encoding of the basic elements of episodic memory.
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Significance Statement

Calcium influx through NMDARs has long been recognized as the initiating event for LTP. Results of the present studies call
for a substantial revision to this fundamental observation about learning-related synaptic plasticity. Specifically, we show
cytoskeletal mechanisms that consolidate field CA1 LTP and episodic memory are triggered not by NMDAR-mediated calcium
but by ion flux-independent (metabotropic) signaling. Males use metabotropic functions of the NMDARs for this purpose
whereas females rely upon synaptic estrogen receptors. This unprecedented instance of sex differences in synaptic function
is accompanied by surprisingly large male/female differences in the acquisition of the three basic elements of episodic
memory.

Introduction
NMDA receptors (NMDARs) are unusual in that opening of
their channel requires both ligand binding and prolonged depo-
larization. These arrangements result in a type of “coincidence

detector” (Seeburg et al., 1995; Dore et al., 2017) that is engaged
by co-occurrence of presynaptic (release) and postsynaptic
(depolarization) events. This discovery was of great interest
because theorists had proposed that synchronized activity by
inputs and target cells strengthens synaptic contacts whereas
uncoordinated firing reduces synaptic strength (Hebb, 1949;
Lisman et al., 2011; Markram et al., 2011; Baldi and Vershynin,
2021). NMDARs fit naturally into this scheme because they
require transmitter binding and spine depolarization before gat-
ing calcium into spines, an event that is essential for shifting syn-
apses into their potentiated state (Lynch et al., 1983; Paoletti
et al., 2013; Volianskis et al., 2013). However, there is increasing
evidence that NMDARs also signal in an ion flux-independent, or
metabotropic (m-), manner (Brunetti et al., 2024). NMDAR-driven
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processes including long-term depression (LTD; Nabavi et al.,
2013; Dore et al., 2015), spine shape change (Birnbaum et al.,
2015; Stein et al., 2021), and excitotoxic damage (Weilinger et al.,
2016; Li et al., 2022) are reportedly unaffected by agents (e.g.,
MK-801) that block the receptor’s ion channel. In contrast, field
CA1 long-term potentiation (LTP) is entirely suppressed by
MK-801 (Coan et al., 1987; Frankiewicz et al., 1996), and there is
no evidence that the brief, learning-related activity patterns used
to induce potentiation actually engage m-NMDAR signaling.

Surprisingly little is known about NMDAR operations in
females, an oversight that is of particular interest given recent
reports documenting striking sex differences in LTP substrates
(Jain et al., 2019; Gall et al., 2021). NMDARs are essential for
the postsynaptic mechanisms of LTP in the CA3→CA1,
Schaffer-commissural (SC) projections in both sexes but only
females also require locally produced estrogen acting on synaptic
estrogen receptors to stabilize potentiation (Kramár et al., 2009;
Vierk et al., 2012; W. Wang et al., 2018a). Thus, the question of
whether nonionotropic NMDAR functions contribute to LTP
needs to be broadened to include the possibility that there are
sex differences in reliance upon such mechanisms.

Likely related to sexually differentiated estrogen involvement,
the induction threshold for CA1 LTP is higher in adult females
than that in males (W. Wang et al., 2018a; Le et al., 2022b).
This helps explain reported sex differences in hippocampus-
dependent memory including evidence that males typically score
better on spatial tasks (Andreano and Cahill, 2009; Barel and
Tzischinsky, 2018; Le et al., 2022b). Although this aligns with
sex differences in LTP thresholds, in other instances the relation-
ship is unclear. Specifically, women frequently have higher scores
for verbal learning and for components of episodic memory
(Herlitz et al., 1999; Asperholm et al., 2019; Jensen et al., 2023)
that depend on the hippocampus (Noulhiane et al., 2007; Dede
et al., 2016). Corresponding tests for sex differences in episodic
memory in rodents are lacking.

The present studies tested if m-NMDAR functions contribute
to SC LTP and episodic memory. Prior work has shown that
LTP-inducing theta burst stimulation (TBS) activates multiple
synaptic signaling cascades (El Gaamouch et al., 2012; W.
Wang et al., 2018a; Gall et al., 2021) leading to the formation
and stabilization of filamentous-actin (F-actin; Lin et al., 2005;
Kramár et al., 2006). This postsynaptic F-actin remodeling is
required for consolidation of recently induced SC LTP in males
and females (Krucker et al., 2000; Kramár et al., 2006; Rex
et al., 2009;W.Wang et al., 2018a). We tested here if nonionotro-
pic functions of the NMDAR are critical for TBS-induced SC
LTP, actin regulatory signaling, and increases in F-actin in
both sexes. Studies further assessed the involvement of the
NMDAR GluN2B subunit implicated in m-NMDAR functions
(Y. Li et al., 2022). The results demonstrate striking sex differ-
ences in m-NMDAR control of cytoskeletal mechanisms that
consolidate LTP and opened the way for tests of sexually differ-
entiated contributions of m-NMDAR signaling to episodic
memory. Finally, we investigated the possibility that sex differ-
ences in LTP substrates are accompanied by differences in
acquisition of the distinct components of episodic memory
(Tulving, 1984) and specifically the identities, locations, and
temporal order (What, Where, and When information) for a
collection of cues.

Materials and Methods
Animals. Experiments used 2–4-month-old Sprague Dawley rats

(Charles River Laboratories) and 2–4-month-old sighted-FVB129 mice

(in-house colony) of both sexes. Animals were group housed (rat, 2–4/
cage; mice, 3–5/cage) in rooms with 12 h light/dark cycle (lights on
6:30 A.M.; 68°F, 55% humidity) and food/water ad libitum. Rats were
acclimated to the vivarium for a minimum of 3 d prior to experimental
use. Experiments were conducted in accordance with the National
Institutes of Health Guide for the Care and Use for Laboratory
Animals and protocols approved by the Institutional Animal Care and
Use Committee at the University of California, Irvine.

Field electrophysiology. To minimize potential effects of stress, ani-
mals were quickly anesthetized with isoflurane and promptly decapi-
tated. Hippocampal slices were prepared from 2–4-month-old male
and female rats using a McIllwain tissue chopper (370 µm; transverse)
and immediately transferred to an interface recording chamber with
continuous perfusion of oxygenated artificial cerebrospinal fluid
(aCSF; 60–70 ml/h, 31 ± 1°C, 95% O2/5% CO2) that included the follow-
ing (in mM): 124 NaCl, 26 NaHCO3, 3 KCl, 1.25 KH2PO4, 2.5 CaCl2, 1.5
MgSO4, and 10 dextrose, pH 7.4. Experiments were initiated 2 h later.
The analysis focused on Schaffer-commissural (SC) afferents to field
CA1b stratum radiatum (SR), a system for which postsynaptic mecha-
nisms of LTP (Granger and Nicoll, 2014; Gall et al., 2024) and sex differ-
ences in estrogen involvement in potentiation (Vierk et al., 2012; W.
Wang et al., 2018a; Jain et al., 2019; Le et al., 2022b) are well documented.
Field excitatory postsynaptic potentials (fEPSPs) were elicited using a
twisted nichrome wire stimulating electrode in CA1a or CA1c SR and
recorded with a glass pipette electrode (filled with 2 M NaCl;
R= 2–3 MΩ) in CA1b SR. Single-pulse baseline stimulation was applied
with fEPSP amplitude at ∼40–50% of the maximum population spike-
free amplitude. Responses were digitized at 20 kHz using an AC
amplifier (A-M Systems, Model 1700) and recorded using NAC2.0
Neurodata Acquisition System (Theta Burst Corporation).

Unless otherwise stated, both short-term potentiation (STP; i.e., the
mean response over the first three pulses post-TBS normalized to the
mean baseline response) and LTP (i.e., the mean response during last
5 min post-TBS, normalized to the mean baseline response) were
induced using a 10-burst train of TBS (four pulses at 100 Hz per burst,
200 ms between bursts). A single train of TBS was selected because it
mimics the natural firing pattern in CA1 stratum pyramidale (SP) neu-
rons of behaving animals (Otto et al., 1991), elicits reliable and enduring
LTP in slices from adult male and female rodents (Larson et al., 1986;
Staubli and Lynch, 1987; Larson and Lynch, 1988; Kramár et al., 2009;
Kouvaros and Papatheodoropoulos, 2016; Le et al., 2022b), and elicits
NMDAR-dependent LTP while avoiding calcium contributions from
voltage-gated calcium channels and other sources that are observed
with LTP induction using either high frequency stimulation or repeated
bouts of TBS (Raymond, 2007; Kouvaros and Papatheodoropoulos, 2016;
Papatheodoropoulos and Kouvaros, 2016). Moreover, this induction
paradigm was used in numerous studies evaluating the mechanisms
and critical function of NMDAR-dependent spine actin remodeling for
the stabilization of CA3-CA1 LTP (Lin et al., 2005; Kramár et al.,
2006; Rex et al., 2007, 2009, 2010; Chen et al., 2010a; Babayan et al.,
2012) as well as investigations of estrogen receptor involvement in actin
regulatory signaling (Kramár et al., 2009; W. Wang et al., 2018a). To
identify contributions of specific receptors in LTP, additional studies
used a stimulation paradigms that was found to be near threshold for
induction in prior work (W. Wang et al., 2018a; Le et al., 2022b): i.e.,
TBS triplets were applied four times spaced by 90 s. Drugs were infused
into the slice bath beginning 1–2 h before TBS unless otherwise stated.

Whole-cell current clamp. Hippocampal slices (350 µm, transverse)
from 2-month-old male mice were prepared using a Leica Vibroslicer
(VT1000S) and placed in a submerged recording chamber with constant
oxygenated aCSF perfusion (2 ml/min) at 32°C. Whole-cell recordings
(Axopatch 200A amplifier, Molecular Devices) used 4–7 MΩ glass
pipettes filled with the following (in mM): 140 CsMeSO3, 8 CsCl, 10
HEPES, 0.2 EGTA, 2 QX-314, 2 Mg-ATP, 0.3 Na-GTP. Tungsten con-
centric bipolar stimulating electrodes (6 µm diameter; World Precision
Instruments) were placed in the CA1 SR, 100–150 μm from the recorded
cell located in CA1b SP. Excitatory postsynaptic currents (EPSCs) were
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recorded with the holding potential at +40 mV for NMDAR amplitude
(at 50 ms from stimulation artifact) in the presence of 50 µM picrotoxin.
Data were collected using Clampex 10.6 and analyzed with Clampfit 10.6
(Molecular Devices).

Fluorescence deconvolution tomography. For measures of basal
synaptic protein levels, hippocampal slices (370 µm) were immersed in
4% paraformaldehyde (PFA, 4°C) overnight. For LTP experiments, elec-
trodes were placed in CA1a and CA1c SR for stimulation and CA1b SR
for recording, all equidistant from the cell layer. After ∼5 min of stable
baseline, one TBS train was applied to each polarity of each stimulating
electrode (pulses at 2× baseline duration). Control slices received contin-
uous 3/min single-pulse stimulation (referred to as baseline control or
low-frequency stimulation). Slices were harvested at a specified time
post-TBS [3 min for analysis of phosphorylated (p) ERK (W. Wang
et al., 2018a), 7 min for pSrc (Chen et al., 2010b), and 15 min for
pCAMKII (C. D. Cox et al., 2014)] and fixed in PFA overnight. Slices
were subsectioned (20 μm) and 6–8 sections from the top (interface
plane) of each slice were slide mounted and processed for dual immu-
nofluorescence as described (Seese et al., 2012; W. Wang et al., 2018a).

The following primary antibodies (concentration; vendor, catalog #,
RRID) were used: goat anti-PSD95 (1:1,500; Abcam, ab12093, AB_298846)
with either rabbit anti-pCaMKII T286/T287 [1:500; Upstate (now
Millipore), 06-881, AB_310282] or rabbit anti-pERK1/2 T202/Y204
(1:500; Cell Signaling 4377, AB_331775); Mouse anti-PSD95 (1:1,000;
Invitrogen, MA1-045, AB_325399) with rabbit anti-pSrc Y419 (1:250;
Invitrogen, 44-660G, AB_2533714); Rabbit anti-GluN1 (extracellular)
(1:1,000; Alomone Labs, AGC-001, AB_2040023), anti-GluN2A (1:500,
Alomone Labs, AGC-002, AB_2040025), anti-GluN2B (1:500,
Alomone Labs, AGC-003, AB_2040028), or anti-GluN2B Y1472
(1:300; PhosphoSolutions, P1516-1472, AB_2492182) with goat
anti-PSD95 (1:1,500, Abcam, ab12093, AB_298846). Secondary antibod-
ies (all at 1:1,000, Invitrogen) included Alexa Fluor donkey anti-goat 488
(A32814, AB_2762838), donkey anti-rabbit 594 (A32754, AB_2762827),
donkey anti-mouse 594 (A21203, AB_141633), and donkey anti-rabbit
488 (A21206, AB_2535792).

Fluorescence deconvolution tomography (FDT) was used to quantify
synaptic protein levels as described (Rex et al., 2009; Babayan et al., 2012;
Seese et al., 2014; W. Wang et al., 2018a). This approach has the advan-
tage of measuring the incidence and immunofluorescence intensity of
over 20,000 individually evaluated postsynaptic elements (i.e., those
immunolabeled for the excitatory synapse scaffold protein PSD95) for
each image z-stack and thus for over 100,000 synapses per hippocampal
slice. Moreover, the analysis of double labeling is evaluated from three-
dimensional (3-D) reconstructions of the z-stack, thus assuring there is
real contact or overlap in the fields of labeling by the different fluoro-
phores. Briefly, image z-stacks (136 × 105 × 2 μm, 200 nm steps;
0.103 µm/pixel; 63× capture) were collected from the CA1 apical dendri-
tic field SR, at the same distance from SP as the stimulation electrodes,
from ≥5–7 sections per hippocampal slice and processed for iterative
deconvolution (99% confidence; Volocity 4.0, PerkinElmer). 3-D mon-
tages of each z-stack were then analyzed for synaptic labeling using
in-house software [c99, Java (OpenJDK IcedTea 6.1.12.6), Matlab
R2019b, PuTTY 0.74, and Perl 5.30.0]. Each image was converted to
8 bit, and the background was normalized using a Gaussian blur to
reduce the impact of background intensity variations across the image.
Images were then processed through a fixed series of intensity thresholds
to identify the immunofluorescence intensity of the labeled profiles.
Erosion and dilation filtering was used to fill holes and remove back-
ground pixels to detect edges of both faintly and densely labeled struc-
tures. Objects were then segmented based on connected pixels above a
threshold across each channel separately. All immunofluorescent ele-
ments meeting size constraints (0.04–1.2 µm2) and eccentricity (<2) of
synapses, and detected across multiple thresholds, were quantified.
PSD95-immunoreactive (IR) elements were considered double-labeled
if there was contact or overlap in fields occupied by the two fluorophores
as assessed in 3-D. Approximately 20,000–30,000 synapses were thus
analyzed per z-stack. Based on the maximum intensity of each image,
counts of double-labeled puncta were assigned to ascending density

(fluorescence intensity) bins, and the data were expressed as density fre-
quency distribution histograms. Labeled puncta with immunofluores-
cence density at ≥95 on the arbitrary 255 step scale were considered
densely labeled. Counts of densely labeled puncta for each section were
averaged with those from other sections of the same slice to generate
the mean slice value presented. Graphs show group mean ± SEM values.

In situ F-actin phalloidin labeling. As described previously (Lynch
et al., 2007; Rex et al., 2007), Alexa Fluor 568-conjugated phalloidin
(Invitrogen; A12380) was diluted in water to 12 µM stock and then to
6 µM in aCSF (1% DMSO) prior to experimentation. Electrode place-
ment and stimulation was as for FDT analyses. Beginning 3 min post-
stimulation, phalloidin (6 µM, 2 µl) was applied topically onto the slice
(3 times, 3 min apart). Three minutes after the last application, slices
were fixed in cold 4% PFA overnight. After cryoprotection (20% sucrose
in 4% PFA), slices were subsectioned, slide mounted, washed in 0.1 M
phosphate buffer (PB; 10 min), and coverslipped with Vectashield con-
taining DAPI (VectorLabs). To quantify spine phalloidin labeling, image
z-stacks (136 × 105 × 3 μm) were captured as for FDT. Every image of
each z-stack then received a small saturated 1 × 1 µm reference square
to two corners of the image (Python 3.0). The global reference square
adds a fixed maximum intensity level for all images without significantly
altering the background or raw intensity values of phalloidin-labeled
puncta; this step was added because the software assigns the final density
values for phalloidin labeling based on the maximum intensity of a given
image. The image z-stacks were then processed for quantification of
spine-sized puncta as described for FDT; labeled puncta within the den-
sity bins of ≥90 were considered to have dense concentrations of F-actin.
Counts of densely labeled puncta were then averaged across tissue sec-
tions to generate amean ± SEM value per slice. Values from experimental
groups were normalized to those of their respective control group.

Behavioral assays. To assess effects of sex and ion flux-independent
NMDAR function on acquisition of the components of episodic memory
(i.e., “What,” “When,” and “Where” information), mice were tested in
unsupervised tasks that used multiple odor cues and did not involve rep-
etition or reward (W. Wang et al., 2018b; B. M. Cox et al., 2019; Le et al.,
2022b). These tasks are similar to other episodic memory paradigms that
used object cues (Dere et al., 2005a, b) but differ in using both a greater
number of cues, presented in series or simultaneously, and odors as cues.
Odors were selected because they are of innate interest to macrosmatic
animals such as rodents. Two different behavioral arenas were employed.
The Serial “What” and “When” tasks (described below) used opaque
plexiglass arenas (30 × 25 cm floor, 21.5 cm height) into which two iden-
tical jars were placed in diagonally opposite corners (1 inch away from
the walls) for cue presentation. The Simultaneous “What” and
“Where” tasks (see below) employed a larger arena (60 × 60 cm floor,
30 cm height) with four identical jars positioned in each corner, 1 inch
away from the walls. In all cases, the jars were placed into small recesses
(∼1 cm) in the arena floor to assure that the cues were presented in the
same location in each session. Each jar (5.2 cm diameter, 5 cm tall) had a
15 mm hole in the center of the lid to allow for odor sampling. All odor-
ants were dissolved in mineral oil to achieve a final concentration of
0.1 Pa, and 100 µl was pipetted onto a filter paper that was placed at
the bottom of the jar (beyond animal access); each odorant was presented
in its own jar and clean jars were used for each odor presentation. The
following odors, with letter identification, were used: (A) (+)-limonene
(≥97% purity, Sigma-Aldrich), (B) cyclohexyl ethyl acetate (≥97%,
International Flavors & Fragrances), (C) (+)-citronellal (∼96% Alfa
Aesar), (D) octyl aldehyde (∼99%, Acros Organics), (E) anisole (∼99%
Acros Organics). These odors were previously found to be of comparable
interest, as determined by relative amount of time spent exploring the
cue, to male and female mice (Le et al., 2022b). The arenas were wiped
down with ethanol between animals on a given day and were thor-
oughly cleaned between experimental days. In all cases the mice
were handled for 2 min the day before experimentation to reduce anx-
iety and were allowed to explore the arena with unscented jars present
for 5 min prior to first odor exposure. For all trials, animal movements
were recorded using overhead cameras for later quantification of odor
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exploration by persons blind to group and movements via Ethovision
NT.

Serial “What” task. To assess the acquisition of cue identity
(“What”), mice were exposed to a series of identical odor pairs and then,
at retention testing, the animals were again presented with two cues, one
from the original series and the other being a novel odor (A:D). As rodents
have a strong preference for investigating novel stimuli (Dere et al., 2005a),
they typically spend more time investigating a novel cue relative to a famil-
iar, previously sampled cue (W. Wang et al., 2018b; B. M. Cox et al., 2019).
Initially, each mouse was allowed to explore an arena containing two
unscented jars for 5 min. The jars were removed and the animal remained
in the arena for 5 min. Mice were then presented with a series of odorant
pairs (A:A >B:B >C:C) for 3 min each and 5 min between pairs. After
a 5 min delay following the last sample presentation (C:C), the mouse
was presented with the test odorant pair A:D and was allowed to explore
for 5 min; the locations of odors A and D were counterbalanced across
these test trials. The time spent exploring the odors was quantified for
all odor presentations. Greater time sampling novel odor D versus pre-
viously presented odor A at testing was interpreted as evidence that
the animal discriminated the novel from the familiar cue and thus had
acquired the identity of the familiar cue. For the four-odor version of
this task, an additional odor pair was added to the initial sample sequence
(A:A >B:B >C:C >D:D) and mice were presented with novel odor E and
previously sampled odor A (A:E) at testing. This four-odor task was
counterbalanced at testing by using odor D first, and odor A last, in
the sample series (D:D >B:B >C:C >A:A followed by D:E at testing).

Serial “When” task. This task tests if the animal distinguishes the
temporal order of cues sampled within an odor series and thus discrim-
inates (preferentially explores) a cue encountered earlier in that series
from a cue presented later in that series (B. M. Cox et al., 2019). This
task used exposure to same four-odor sequence as above (A:A >B:B >
C:C >D:D; 3 min each/5 min spacing) but, in this instance, at testing
the mice were presented with a pair of familiar odors including the
first (A) and second (B) odors in the prior sampling sequence for
5 min [similar to the “temporal order” task of Dere et al. (2005b)]. We
previously demonstrated that adult male mice discriminate and prefer-
entially explore less recent, familiar odor B versus more-recent familiar
odor C in studies using this design and that performance in this Serial
“When” task was impaired by unilateral silencing of field CA3 whereas
performance on “What” and “Where” tasks were not (B. M. Cox et al.,
2019).

Simultaneous “What” task. The mice were initially placed in the
arena containing four unscented jars for 5 min. The jars were removed
and then, after a 3 min delay, were replaced with jars containing four
different odors (A:B:C:D) placed at the same fixed positions near the cor-
ners of the arena; during this exposure session, the mice were allowed to
freely explore the arena and sample odors for 5 min after which they were
returned to their home cages. At retention testing 48 h later, the mice
were reintroduced to the chamber containing three of the initial cues
(A:B:C) placed in their original locations and one novel cue (E) that sup-
planted odorant D’s location. They were allowed to freely explore for
5 min.

Simultaneous “Where” task. For this task the arena habituation and
initial odor sampling session was the same as for the simultaneous
“What” task (above). Five minutes after the initial odor exposure session,
during which the mice remained in the arena without scented jars, the
odors were reintroduced but with the position of two odorants initially
placed in opposite corners (e.g., pair A:D or B:C) swapped. The other
cue locations were unchanged. The mice were then allowed to freely
explore the arena for 5 min. Note: To assess drug effects on “Where”
task performance, the initial odorant exposure session was extended to
10 min to allow both sexes to learn (Le et al., 2022b), and retention
was tested 24 h later. Prior studies have shown that bilateral silencing
of medial entorhinal cortex, and its input to the hippocampus, impairs
performance on this “Where” task without effect on performance in
the serial “What” and “When” tasks (B. M. Cox et al., 2019).

Behavioral scoring. All behavioral sessions were digitally recorded
using an overhead camera and behavior was scored, for time the animal
spent exploring the scented jars, from the digital recordings by observers
blind to group. For scoring in the serial “What” and “When” tasks, sam-
pling was quantified for a 3 min period beginning from when the animal
sampled one of the cues for the first time. For the Simultaneous “What”
and “Where” task, cue sampling was scored for the full 5 min test period.
In all cases, cue sampling time (t) was collected as the number of seconds
the mouse’s nose was actively pointed toward, and within 0.5 cm of the
hole in the scent jar lid, including time dipping their nose into the hole.
Incidental head turning within the zone was not included in the scoring.
Predetermined criteria for excluding animals from analyses included (1)
exploration of any odor for <1 s or (2) excessively chewing the jar lids: no
mice were excluded based on these criteria. Calculations for the discrimi-
nation index (DI) across the tasks were as follows: “Where” DI= 100 ×
(tsum of switched pair− tsum of stationary pair) / (ttotal sampling); serial “What”
and “When” DI = 100 × (tnovel− tfamiliar) / (ttotal sampling); simultaneous
“What”DI= 100 × (tnovel− tmean familiars) / (ttotal sampling). Z-score calcula-
tions were as follows: (mean DIfemale –mean DImale) / (standard
deviationmale).

Drug administration. For behavior, Ro25-6981 (Ro25; 5 mg/kg,
saline) and methyl-piperidino-pyrazole (MPP; 0.6 mg/kg, 2% DMSO
in saline) were injected intraperitoneally 30 and 60 min before exposure
to odors, respectively. For electrophysiology, compounds were intro-
duced to the slice bath via a syringe pump (6 ml/h; KD Scientific, model
100) into the aCSF infusion line for the following final bath concentra-
tions: MK-801 (30 µM; Tocris, 0924), APV (100 µM; Hello Bio,
HB0225), DNQX (20 µM; Hello Bio, HB0261), picrotoxin (30 µM;
Sigma-Aldrich, P1675), MPP dihydrochloride (MPP; 3 µM; Tocris,
1991), and Ro25-6981 (3 µM; Hello Bio, HB0554). MPP and Ro25
were initially dissolved in DMSO; the final bath concentration of
DMSO was ≤0.01%. Other compounds were initially dissolved in water.

Software accessibility. The data supporting the findings of this study
are available from the corresponding author upon reasonable request.
Theta burst areas for field electrophysiology were analyzed using code
available at https://github.com/cdcox/Theta-burst-analyzer-for-Le-et-al.
Code for FDT analysis is made available upon request. The use of the
FDT code is strictly prohibited without a Licensing Agreement from
The University of California, Irvine.

Experimental design and statistical analysis. Mice were used for
behavioral experiments because the paradigms were developed in mice
in studies that determined that the odor cues employed are balanced
for interest in male and females, identified training periods that support
(and are near threshold for) acquisition of the different components of
episodic memory, and determined that there are differences in the hip-
pocampal subfields that are critical for acquisition of the different com-
ponents of episodic memory (W. Wang et al., 2018b; B. M. Cox et al.,
2019; Le et al., 2022a; Brunetti et al., 2024). Rats were used for electro-
physiology (except for analysis in Fig. 2C) and for immunolabeling
experiments because their larger hippocampus allowed for precise target-
ing of specific laminae for stimulation and microscopic analyses, immu-
nofluorescence, and in situ phalloidin labeling procedures were devised
in studies of rat, and some of the antisera are better suited to labeling
the rat protein sequence (Kramár et al., 2006; Rex et al., 2007, 2009;
W. Wang et al., 2018a). A reliance on F-actin remodeling for the consol-
idation of LTP has been demonstrated in both rats (Kramár et al., 2006;
Rex et al., 2010; Babayan et al., 2012) andmice (Krucker et al., 2000; Kelly
et al., 2007; Baudry et al., 2012). Males and females were used for all
experiments except the whole-cell recordings which focused on males.
Females were estrous staged (Le et al., 2022b) and used outside proestrus
(i.e., were used in estrus and diestrus 1,2) to avoid the transient proestrus
peak in circulating and hippocampal estrogen levels and the associated
effect on learning behavior (Tuscher et al., 2015; Hojo and Kawato,
2018; W. Wang et al., 2018a). The NMDAR subunit analysis used
diestrus females to minimize variability that has been described
across estrous stages (B. Tang et al., 2008; Smith et al., 2016). For

4 • J. Neurosci., December 11, 2024 • 44(50):e0438242024 Le et al. • Metabotropic NMDAR Signaling and Episodic Memory

https://github.com/cdcox/Theta-burst-analyzer-for-Le-et-al
https://github.com/cdcox/Theta-burst-analyzer-for-Le-et-al


electrophysiology andmicroscopy experiments,N denotes the number of
hippocampal slices from ≥3 animals.

Significance (p < 0.05) was determined using GraphPad Prism (v6.0);
details of all statistical analyses (p values, degrees of freedom, and t tests)
are presented in Extended Data Figure 1-1. For electrophysiological
experiments, the magnitudes of LTP (averaged fEPSP slopes for the
last 5 min of recordings, normalized to the mean baseline response
over 20 min prior to TBS) and STP (mean response over 1 min
post-TBS, normalized to baseline) were compared via the two-tailed
unpaired Student’s t test. TBS area analysis and STP (for threshold
TBS) were analyzed with repeated-measures two-way ANOVA. For
imaging and behavioral studies, two-tailed unpaired Student’s t test or
Mann–Whitney U test, if data did not pass the F test for variance, was
employed for comparing two groups. Significance for ≥3 group compar-
isons was assessed using one- and two-way ANOVA (post hoc Tukey’s
test) or the Kruskal–Wallis test (post hoc Dunn) as dictated by outcome
of the Brown–Forsythe test for variance.

Results
Blocking the NMDAR channel does not interfere with
TBS-induced LTP or actin polymerization in males
The evaluation of m-NMDAR involvement in LTP focused on
SC innervation of apical field CA1, the system for which contri-
butions of nonionotropic NMDAR signaling to LTD, bidirec-
tional structural plasticity, and deleterious actions of Aß have
been described (Nabavi et al., 2013; Birnbaum et al., 2015;
Stein et al., 2015, 2021). Moreover, mechanisms of LTP, includ-
ing cytoskeletal involvement in stabilization machinery, are well
characterized for this system (Krucker et al., 2000; Rex et al.,
2010; Gall et al., 2021). The latter studies have shown that TBS
of the SC projections causes a rapid and lasting increase in
filamentous (F-) actin in dendritic spines in CA1 stratum radia-
tum (SR) and that blocking this F-actin increase prevents LTP
stabilization (Krucker et al., 2000; Lin et al., 2005; Kramár
et al., 2006; Ramachandran and Frey, 2009; Bosch et al., 2014;
H. Wang and Peng, 2016). We first tested, in adult male hippo-
campal slices, if SC LTP and activity-driven increases in spine
F-actin require NMDAR-mediated ion flux by infusing MK-801,
a noncompetitive antagonist that occludes the NMDAR ion
channel without interfering with glutamate binding to the recep-
tor (Song et al., 2018). Application of a single 10-burst train of
TBS elicited robust LTP in control, vehicle-treated, slices whereas
MK-801 (30 µM) infusion initiated 2 h prior to application of the
theta train produced a near complete suppression of both the ini-
tial short-term potentiation (STP) and LTP (Fig. 1a; Extended
Data Fig 1-1) as expected from prior work (Frankiewicz et al.,
1996). To evaluate effects on actin polymerization, a single train
of TBS was applied to two populations of CA3 efferents converg-
ing on the apical dendrites of CA1b pyramidal cells, with a 30 s
delay between activation of the distinct inputs (Fig. 1b). Alexa
Fluor 568-phalloidin, which selectively binds F-actin (Pospich
et al., 2020), was topically applied to the slice beginning 3 min
post-TBS; slices were harvested 15–18 min later and numbers
of densely phalloidin-labeled puncta in CA1 SR field of afferent
activation were quantified from epifluorescence images (Fig. 1c,d)
using automated systems described elsewhere (Rex et al., 2007,
2010); prior double-labeling studies demonstrated that these
puncta are indeed spines frequently associated with more faintly
phalloidin-labeled dendritic processes (Rex et al., 2007). TBS
robustly increased the number of densely phalloidin-labeled spines
in vehicle-treated slices, and this effect was completely blocked by
the competitive NMDAR antagonist APV (100 µM). Remarkably,
30 µMMK-801, the dose that eliminated LTP, did not attenuate the
TBS-induced F-actin increase (Fig. 1d), thereby indicating that

activity-induced actin polymerization requires NMDARs but not
the transmembrane ion flux mediated by those receptors. These
results constitute evidence that naturalistic patterns of afferent
activity initiate actin regulatory, ion flux-independent NMDAR
signaling in adult synapses and describe a surprising instance in
which a late-stage LTP stabilization event (actin polymerization)
occurs in the absence of synaptic potentiation.

Next, we tested the MK-801 sensitivity of TBS-induced
increases in phosphorylation of three NMDAR-regulated kinases
that play important roles in actin management and LTP. Slices
were harvested within 15 min of TBS of the SC system and pro-
cessed for immunofluorescence analysis of phosphorylated (p)
ERK1/2 (T202/Y204), pSrc (Y419), or pCaMKII (T286/T287)
colocalized with the postsynaptic excitatory synapse marker
PSD95 in the CA1 field of SC afferent activation. Fluorescence
deconvolution tomography (FDT) was used to generate 3-D
reconstructions of digital image z-stacks collected from CA1b
SR and to quantify immunolabeled profiles that fell within the
size constraints of synapses (Rex et al., 2009; Seese et al., 2013).
The density of immunolabeling for the target phosphorylated
protein at each double-labeled profile was measured and the
resultant values were used to construct fluorescence intensity
frequency distributions representing the ∼30 thousand synapses
per z-stack; thus, measures were collected from 80,000 to 120,000
synapses per slice. Consistent with earlier studies (W. Wang
et al., 2018a), TBS caused a rightward skew of the intensity fre-
quency distribution, toward greater labeling densities, for synap-
tic pERK in slices treated with vehicle and MK-801 did not
attenuate this effect: the TBS +MK-801 curve was nearly super-
imposed with the TBS + vehicle curve (Fig. 1e). In agreement
with previous reports (Chen et al., 2010b; W. Wang et al.,
2018a), TBS similarly elevated synaptic pSrc immunoreactivity,
and this effect was blocked by APV. But, as with pERK, the
TBS-induced increase in synaptic pSrc was unaffected by
MK-801 (Fig. 1f). MK-801 did, however, block TBS-induced
increases in synaptic pCaMKII (Fig. 1g). CaMKII is a calcium-
dependent kinase that enables activity-driven transfer of
AMPA receptors (AMPARs) into synapses and is critical for
LTP expression in both sexes (Lisman et al., 2012; Jain et al.,
2019; Tullis and Bayer, 2023).

An antagonist of GluN2B blocks TBS-induced LTP in males
but not females
The long cytoplasmic tail domain (CTD) of the NMDAR
GluN2B subunit plays an important role in NMDAR signaling,
synaptic plasticity and memory (Foster et al., 2010; Kessels
et al., 2013; Ryan et al., 2013). Recent studies have also implicated
GluN2B in ion flux-independent NMDAR functions (Kessels
et al., 2013; Y. Li et al., 2022) and in regulation of the subsynaptic
actin cytoskeleton (Akashi et al., 2009) although other work indi-
cates that GluN2 subunits are not critical for metabotropic func-
tions that subserve LTD (Wong and Gray, 2018). We used the
selective GluN2B-negative allosteric modulator Ro25-6981
(Ro25; Fischer et al., 1997; Karakas et al., 2011) to assess the
involvement of this subunit in field CA1 LTP and TBS-induced
increases in F-actin beginning with slices from adult male rats.
First, we tested if Ro25 (3 µM) depressed pharmacologically iso-
lated NMDAR-mediated responses in CA1 field recordings. A
cocktail composed of antagonists of AMPARs (DNQX, 20 µM)
and GABAARs (picrotoxin, 30 µM) eliminated ∼90% of the
fEPSP. Subsequent infusion of MK-801 confirmed that the resid-
ual response was mediated by NMDAR channel activity (Fig. 2a).
Ro25 did not measurably affect these NMDAR-gated fEPSPs
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(Fig. 2b) in agreement with reported effects in slices from adult
mice (Hanson et al., 2013). However, Ro25 did reduce
NMDAR-mediated EPSCs by ∼25% in clamp recordings
(Fig. 2c). The clamp effect agrees with earlier work that also
established an exclusively synaptic location of GluN2B in CA1

(Miwa et al., 2008). The discrepancy between the extracellular
versus whole-cell recording results likely reflects the pronounced
difference in membrane depolarization generated in the two
approaches and thus the degree to which the NMDAR’s voltage-
sensitive magnesium block is reduced. The results also accord

Figure 1. Theta burst stimulation (TBS) elicits nonionotropic NMDAR signaling and actin polymerization. Stimulation was applied to Schaffer-commissural (SC) projections to CA1 str. radiatum
(SR) in slices from adult male rats. a, A 10-burst TBS train (arrow) elicited robust CA1 short- and long- term potentiation (STP and LTP, respectively) in vehicle (veh)-treated slices whereas
MK-801 (30 µM, introduced 2 h before TBS) blocked this effect (p= 0.004 and p= 0.005 for STP and LTP, respectively; veh N= 8, MK-801 N= 5): Traces from before (solid) and 40 min after
(dashed) TBS. b, Schematic showing placement of stimulating electrodes in CA1a (stim 1) and CA1c (stim 2); Gray box marks the CA1 SR field of F-actin and signaling protein analysis. c, Images
show phalloidin labeling of F-actin (i.e., faint labeling of dendrites decorated with brighter punctate labeling of dendritic spines, arrows) in slices receiving low-frequency control (con) stimulation
or TBS in the presence of veh or MK-801 (30 µM). d, Plot shows that TBS increased the proportion of phalloidin-positive puncta that were densely labeled normalized to control slice
values (F(3,57) = 15.30, p < 0.0001; post hoc p = 0.0001); this effect was blocked by 100 µM APV (veh vs APV post hoc p = 0.0046) but not MK-801 (veh vs MK-801 p = 0.102, N = 8–24).
e–g, Fluorescence deconvolution tomography was used to assess NMDAR contributions to TBS-induced synaptic signaling. Deconvolved images show immunolabeling for the kinase of
interest and PSD95; the colors in the heading indicate the fluorophore for each protein; arrows indicate representative puncta with areas of double labeling that appear white (one element with
double labeling is shown at higher magnification in an inset). e, TBS caused a rightward skew (toward greater densities) in the density–frequency histogram for synaptic pERK (i.e., colocalized
with PSD95; F(38,608) = 18.50, p< 0.0001; con vs TBS post hoc: p= 0.0048); this was unaffected by MK-801. Inset, mean numbers of densely pERK-IR spines (≥100 density units) normalized
to control slice values (F(2,32) = 10.33, p= 0.0003; N= 11–12/group) show that TBS increased pERK enriched postsynaptic elements in both veh-treated (p= 0.0007) and MK-801-treated
(p= 0.0026) slices. f, TBS-induced increases of the proportion of synapses with dense pSrc immunoreactivity was blocked by APV (100 µM) but not MK-801 (F(3,62 = 15.11, p< 0.0001; veh vs
MK-801 p= 0.4762; N= 7–32/group). g, TBS increased synaptic pCaMKII, and this effect was blocked by MK-801 (F(2,29) = 10.53, p= 0.0004; N= 8–16/group). Calibration: a, 1 mV,
10 ms; c, 5 µm; e–g, 2 µm; inset, 1 µm. Statistics: a, two-tailed unpaired t test; e, two-way repeated-measures ANOVA (interaction) with Bonferroni’s post hoc tests (d, e inset, f, g) and
one-way ANOVA with Tukey post hoc tests. Asterisks inside bars denote significance versus con stimulation. Asterisks above bars denote significance between TBS groups. n.s., not significant,
*p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001. Mean ± SEM values shown. See Extended Data Figure 1-1 for detailed statistics.
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with suggestions that GluN2B di-heteromeric receptors—the
presumed targets for Ro25—are present at low levels in CA1 syn-
apses relative to GluN2A di-heteromers and tri-heteromers
(Rauner and Köhr, 2011).

Ro25 had minimal effect on responses to TBS used to induce
LTP. With TBS applied 40 min after onset of Ro25 infusion, the
area of the individual SC burst responses were comparable
through a full 10-burst train (p= 0.982; Fig. 2d). Moreover, the
individual burst response profile, with a peak at pulse 2 and
decline from pulses 2 to 4, was comparable in vehicle- and
Ro25-treated slices (p= 0.903; Fig. 2e). These results are pertinent

to potential effects of Ro25 on NMDAR-mediated drive to
GABAergic interneurons in CA1 SR observed in slices from adult
mice (Hanson et al., 2013). Antagonism of GABAergic transmis-
sion is known to block the decline in SC response amplitude from
pulse 2 to 4 within the burst and to substantially increase in the
overall burst response area (Le et al., 2022b). We did not observe
either effect with Ro25 treatment of slices from adult male rats.

Despite the minimal effects of Ro25 on NMDAR-mediated
fEPSPs and theta burst responses, in adult male slices Ro25 fully
blocked LTP that was induced by near-threshold levels of TBS
(i.e., 4 theta burst triplets spaced by 90 s; W. Wang et al.,

Figure 2. GluN2B-negative allosteric modulator Ro25-6981 (Ro25) blocks SC LTP in males but not females. a, b, In slices from male rats, the isolated NMDAR fEPSP response (i.e., 20 µM DNQX
and 30 µM picrotoxin in bath) (a) was depressed by MK-801 (30 µM; N= 6) but (b) not by Ro25 (3 µM; N= 5). c, Voltage-clamp recordings from adult male mouse CA1 pyramidal cells held
at +40 mV show that Ro25 infusion decreased NMDAR-EPSC amplitude (*p= 0.0313; veh N= 9, Ro25 N= 6). d, In adult male slices, TBS was applied to SC projections and CA1 fEPSP responses
were evaluated 40 min after onset of vehicle (veh) or 3 µM Ro25 infusion. Traces at left show responses to the first three bursts in a 10-burst train (veh, black line; Ro25, dashed blue line; burst
response area shaded gray). Graph shows that the area of individual burst responses (normalized to first burst) is not altered by Ro25 across the full theta train (F(9,126) = 0.268, p= 0.982. N= 7
veh, N= 9 Ro25). e, Measures within first TBS response (i.e., slope size of responses to pulses 2–4 normalized to that of pulse 1) show that the individual response profile was not affected
by Ro25 (F(3,42 = 0.189, p= 0.903). f, g, In male rat slices, Ro25 (infused at horizontal bar) significantly reduced SC→CA1 LTP induced by (f) threshold-level TBS (4 TBS triplets, spaced by 90 s;
p = 0.008; N = 5/group) or (g) a 10-burst TBS train (p = 0.0015, veh N = 7, Ro25 N = 9). h, i, In slices from adult female rats, TBS-induced SC LTP was fully blocked by 30 µM MK-801
(h; p = 0.0008; veh N = 5, MK-801 N = 4) but not by Ro25 (i; p = 0.972; veh N = 5, Ro25 N = 6). Traces in panels f–i are from before (solid) and 60 min after (dashed) TBS. Calibration:
a, b, 100µV, 20 ms; c, 50pA, 50 ms; d–i, 1 mV, 10 ms. Statistics: two-tailed paired t test (a, b), unpaired Mann–Whitney U test (c, f), two-way repeated-measures ANOVA (d, e) and
unpaired t test (g–i). Mean ± SEM values shown. See Extended Data Figure 1-1 for detailed statistics.
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2018a): The initial STP (i.e., within the first minute post-TBS)
was not significantly affected by Ro25 but fEPSP responses
returned to baseline levels over an hour (p= 0.0079, veh vs
Ro25; Fig. 2f). Ro25 also significantly reduced LTP that was
induced using a full 10-burst theta train (Fig. 2g) and, again with-
out effects on STP (p= 0.0015 for LTP, p= 0.066 for STP; see
Extended Data Fig. 1-1 for details on statistics). In agreement
with an absence of Ro25 effects on NMDAR-mediated fEPSPs
(Fig. 2b), the drug did not influence within-train facilitation of
burst responses during TBS (Fig. 2d).

We then tested effects of MK-801 and Ro25 on LTP in
hippocampal slices from adult females. Consistent with the
findings inmale, MK-801 fully blocked otherwise robust 10-burst

TBS-induced STP (p= 0.0019) and LTP (p= 0.0008) in females
(Fig. 2h). However, in striking contrast to effects in males,
Ro25 did not measurably dampen the magnitude of either STP
(p= 0.529) or LTP (p= 0.972; Fig. 2i), thereby demonstrating
marked sex differences in the involvement of GluN2B in
SC→CA1 potentiation.

Sex differences in receptors critical for TBS-induced actin
polymerization
Next, we used Ro25 to test if GluN2B is critical for
activity-induced actin remodeling. In slices from adult male
rats, infusion of Ro25 completely blocked TBS-induced increases
in phalloidin-labeled spine F-actin (Fig. 3a), consistent with the

Figure 3. GluN2B-negative allosteric modulator Ro25-6981 (Ro25) blocks TBS-induced increases in spine F-actin in males but not females. Hippocampal slices received either control (con)
low-frequency stimulation or 10 TBS of Schaffer-commissural (SC) afferents to CA1 in the presence of MK801 (30 µM) or Ro25 (3 µM), and then phalloidin labeling of F-actin or synaptic protein
levels were evaluated in CA1 SR (blue and orange bars denote results from males and females, respectively). a, In males, TBS doubled the proportion of spines with dense phalloidin labeled
F-actin in vehicle (veh)-treated slices and this effect was completely blocked by Ro25 applied alone (post hoc ****p< 0.0001) or in the presence of MK-801 (*p= 0.0304, N= 9–40/group;
points denote individual slice measures). In a–d, bar graphs indicate values normalized to con mean; images show phalloidin labeling in CA1 SR in representative cases. b, In males, Ro25 blocked
the TBS-induced increase in the proportion of PSD95-IR synapses with dense immunolabeling for pSrc and pCaMKII but not that for pERK (pSrc: F(2,27) = 6.517, p= 0.0049; N= 5–17/group;
pERK, F(2,36) = 14.36; p< 0.0001, N= 11–17/group; pCaMKII: F(2,24) = 5.111, p= 0.0142; N= 7–12/group). c, In slices from females, TBS elicited comparable increases in punctate phalloidin
labeled F-actin in the presence of veh, MK-801, and Ro25, but this effect was blocked by NMDAR antagonist APV (p< 0.0001; N= 5–33). d, TBS-induced increased numbers of densely phalloidin
labeled puncta in CA1 SR are blocked by ERα antagonist MPP (3 µM) in females (F(2,29) = 16.02, p< 0.0001; N= 6–17) but not in males (p= 0.0003; N= 6–12). e, Deconvolved images show
dual immunolabeling for NMDAR subunits (magenta) and PSD95 (green) in CA1 SR; arrows indicate double-labeled profiles. f, Quantification of immunofluorescence intensity (for puncta
double-labeled for PSD95; female values normalized to male mean) shows that the proportion of postsynaptic elements with dense GluN1-immunoreactivity was greater in females than
that in males (p= 0.0171) whereas levels of GluN2A- and GluN2B-immunoreactivity were comparable (N= 17–20/group). The proportion of PSD95-IR elements with dense pGluN2B
Y1472 immunoreactivity was lower in females than that in males (p= 0.0041; N= 17–20/group). Scale bars: a, c, d, 5 μm; e, 2 μm. Statistics: a, c, d, male, Kruskal–Wallis with Dunn
post hoc; b, d, female, one-way ANOVA with Tukey’s post hoc; f, two-tailed unpaired t test excepting NR2A (Welch’s correction). Asterisks inside bars denote comparison with controls;
n.s., not significant, *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.00001. Mean ± SEM values shown. See Extended Data Figure 1-1 for detailed statistics.
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drug’s actions on LTP consolidation in males. Ro25 also elimi-
nated TBS effects on pSrc colocalized with PSD95 at CA1 syn-
apses but did not attenuate the pERK response (Fig. 3b).
GluN2A-containing NMDARs are known to upregulate ERK
phosphorylation (Sun et al., 2018) independent of calcium
(L. J. Li et al., 2016); this, together with contributions of TrkB sig-
naling (Scharfman and MacLusky, 2006), might explain the
pERK result. Finally, in males Ro25 blocked TBS-induced
increases in synaptic pCaMKII immunoreactivity, indicating
that in males both ionotropic and nonionotropic NMDAR func-
tions are needed to engage this LTP-critical protein.

In hippocampal slices from adult females, TBS-induced
increases in spine F-actin were totally blocked by APV but
unaffected by MK-801 infusion (Fig. 3c); these reagents had the
same effects in male slices (Fig. 1d), thereby indicating that, in
both sexes, activity-induced actin polymerization relies on the
NMDARs but not on ion flux mediated by those receptors.
However, in marked contrast to effects in males, Ro25 did not
block or dampen TBS-induced increases in spine F-actin in
females (Fig. 3c), a result consistent with the lack of Ro25 effect
on female SC LTP. Recent work has shown that in female, but
not male, field CA1, locally derived estrogen acting through
membrane estrogen receptor alpha (ERα) is critical for LTP
and TBS-driven activation of various kinases upstream from
F-actin assembly (Vierk et al., 2012; W. Wang et al., 2018a;
Gall et al., 2024). In accord with this, infusion of the ERα antag-
onist MPP (3 μM) prevented TBS-induced increases in spine
F-actin in females but not in males (Fig. 3d). This result suggests
that in CA1 pyramidal cells, females substitute local estrogen
signaling through ERα for ion flux-independent NMDAR oper-
ations present in males for the rapid activity-induced remodeling
of actin networks in mature spines.

The failure of Ro25 to disrupt TBS-induced increases in
F-actin and LTP in females raises the possibility that there are
sex differences in concentrations or post-translational modifica-
tions of synaptic GluN2B subunits. To assess the first of these
possibilities, FDT was used to measure levels of immunoreactiv-
ity for NMDAR subunits GluN1, GluN2A, and GluN2B coloca-
lized with PSD95 in CA1b SR. These measures detected a modest
sex difference in postsynaptic concentrations of GluN1 but com-
parable levels of GluN2A and GluN2B (Fig. 3e,f). However, levels
of pGluN2B Y1472 (Shipton and Paulsen, 2014) were signifi-
cantly lower in females than those in males (p= 0.0041, two-
tailed unpaired t test), suggesting a modification that could
diminish the contributions of GluN2B to actin regulation and
LTP stabilization in females.

Sex differences in metabotropic receptors underlying memory
Episodic memory depends on the hippocampus and the integrity
of LTP in hippocampal pathways (B. M. Cox et al., 2019; Amani
et al., 2021; Chavez et al., 2022). Although evidence for the
specific involvement of field CA1 is limited, the CA1 pyramidal
cells exhibit distinct firing patterns during nonspatial odor
sequence learning in rat (Gattas et al., 2022), and studies in
human have shown episodic memory relies on the integrity of
CA1 (Bartsch et al., 2011). In this context, the aggregate SC
LTP results described above give rise to the predictions that
blocking GluN2B-mediated m-NMDAR functions will more
severely impair episodic learning in males than that in females
and, conversely, that blocking ERα will disrupt this learning in
females but not that in males. We tested this by treating mice
with vehicle, GluN2B antagonist Ro25 (5 mg/kg, 30 min), or
ERα antagonist MPP (0.6 mg/kg, 60 min) prior to initial odor

exposure in the 4-odor “Where” task (B. M. Cox et al., 2019;
Brunetti et al., 2024). In this paradigm, mice are exposed to
four simultaneously presented odors for 10 min, and, at testing
24 h later, they are exposed to the same odors but with the posi-
tions of two having been switched (Fig. 4a). Vehicle-treated mice
of both sexes preferentially explored the familiar odors in novel
locations indicating that they had acquired information on their
original positions (Fig. 4b,c). Treatment with Ro25 prior to the
initial odor exposure blocked discrimination of novel location
odors in males without effect in females (Fig. 4b), indicating
GluN2B was critical for the acquisition of location information
in males only. Conversely, in this same task, MPP eliminated
discrimination of the novel location odors in females without
effect on performance in males (Fig. 4c). Neither Ro25 nor
MPP influenced total cue sampling times or locomotor activity
(distance and velocity of travel) in either sex (Fig. 4d–g), indicat-
ing that the compounds did not have reliable effects on arousal or
interest in the cues. These results suggest that males and females
rely upon nonionotropic signaling from different types of recep-
tors for encoding the spatial component of episodic memory.

Sex differences in episodic learning
Given evidence for sex differences in receptors involved in epi-
sodic “Where” encoding described above, we tested if males
and females differ in their ability to acquire information on three
major features of an episode including the identity, location, and
sequence of events or items encountered (i.e., What, Where, and
When information; Tulving, 1984; Dere et al., 2005b; Eacott and
Easton, 2010). Episodic encoding occurs without rehearsal or
reinforcement and always has a temporal dimension which has
been proposed to be the principal organizer of the encoded infor-
mation (Ekstrom and Ranganath, 2018; Umbach et al., 2020); in
these and other ways, it is distinct from simple object recognition
and operant learning typically used in animal experiments
(Tulving, 1984). Thus, the paradigms used here involved expo-
sure to multiple cues and did not include practice or reward
(W. Wang et al., 2018b; B. M. Cox et al., 2019). To test “What”
(cue identity) acquisition, mice were exposed to a sequence of
three different odor pairs (A >B >C), followed by a retention trial
that paired a previously exposed odor with a novel odor (A vs D;
Fig. 5a). As rodents preferentially investigate novel stimuli
(Berlyne, 1950; Dere et al., 2005b), more time spent exploring
the novel versus the previously sampled cue indicates that the lat-
ter was remembered. Both sexes preferentially explored the novel
odor and had similar DIs (40.9 ± 7.2 and 41.8 ± 7.8, for males and
females, respectively; p= 0.94, unpaired t test; Fig. 5a). However,
when presented with four odor pairs in sequence, females later
discriminated the novel cue but males did not (male vs female
DI: 7.3 ± 4.2 vs 35.3 ± 4.5; p= 0.0003; Fig. 5a). We reevaluated
performance in an alternative episodic “What” task in which
mice were allowed to freely investigate four different odors
presented together in the same 5 min session (A-B-C-D; placed
in fixed arena positions). At testing 48 h later, one of the cues
was replaced with a novel odor. Females discriminated and pref-
erentially explored the novel odor, but males did not (Fig. 5b).

Next, we tested acquisition of the temporal order of cue presen-
tation (episodic “When”). Previous studies showed that male mice
exposed to a series of four consecutive odor pairs (A>B>C>D)
spend more time investigating the less recent odor B versus
more recent odor C in subsequent retention testing (B. M. Cox
et al., 2019). The same result was obtained when the initial
odor presentations were separated by 30 s or 5 min, suggesting
that mice acquire information about the order of cue
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presentation as opposed to the time since last exposure. Here, we
used the same initial exposure to a sequence of four identical
odor pairs but, in the retention trial, placed a heavier demand
on memory by presenting together the temporally more distant
cues A versus B. In contrast to results for the B versus C compar-
ison, males had no evident preference for A versus B, whereas
females preferentially explored A over B and thus had higher
DIs than males in the same cohort (Fig. 5c).

Finally, we tested spatial encoding (episodic “Where”) by
allowing mice to sample four simultaneously presented odors
for 5 min and then tested 5 min later to determine if they dis-
criminated, and preferentially sampled, two cues that were
swapped to assume novel positions (the positions of cues were
fixed in exposure and training trials). Under these conditions
with a shorter period of initial cue exposure and shorter delay
from initial sampling to testing, relative to the drug studies

described above, males preferentially explored the switched
(novel location) odors but females did not (Fig. 5d).

Importantly, for all behavioral studies there were no systema-
tic, cross-paradigm sex differences in the total time spent sam-
pling cues during initial exposure or retention trials (Figs. 4d,e,
5f,h,j,l,n). Similarly, travel distance and velocity were comparable
between sexes (Figs. 4f,g, 5g,i,k,m,o).

We summarized the results for the four episodic memory tests
by expressing retention for each female mouse as a z-score differ-
ence from the mean DI of the male group. This provided a rela-
tive estimate for female versus male performance in each assay.
The main effect of sex was highly significant (F(3,21) = 49.11; p <
0.0001). The strongest female performance was evident in the
simultaneous “What” test (p < 0.015 vs other tests) although
females also had higher DI scores than males in the serial
four-odor “What” and “When” tests. Scores for females were

Figure 4. Sex differences in the effects of GluN2B and ERα antagonists on episodic “Where” encoding. a, Mice received vehicle, Ro25, or MPP treatment before odor exposure in the four-corner
episodic “Where” paradigm illustrated. b, c, Vehicle (veh)-treated males (blue) and females (orange; separate cohorts in panels b and c) preferentially sampled the cues moved to novel locations.
b, Ro25 blocked discrimination of novel location cues in males (F(1,15) = 19.62, p= 0.0005; veh N= 5, Ro25 N= 4) but had no effect on female performance (N= 5/group). c, ERα antagonist
MPP fully blocked discrimination of the moved cues in females but did not affect performance in males (F(1,24) = 8.001, p= 0.0093; N= 7/group). d–g, Measures of total (Σ) cue sampling times
in seconds (d, e) and locomotor activity (distance traveled and velocity) (f, g) during both initial cue exposure and testing were not influenced by treatment (MPP, Ro25) in males or females
(interaction, p> 0.05). Statistics: two-way ANOVA with post hoc Tukey. n.s., not significant, *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001. Mean ± SEM values shown. See Extended
Data Figure 1-1 for detailed statistics.
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Figure 5. Sex differences in the acquisition of the What, When, and Where components of episodic memory. a, Left, Schematic of the serial odor “What” task using initial exposure (black) to
three and four odors in series; in this and other schematics the novel cue or cue in novel location is indicated in red. Right: Bar graphs show that, in the three-odor task, both males (blue) and
females (orange) preferentially explored the novel (D) versus the familiar (A) odor at testing (p= 0.94; male N= 6, female N= 10), whereas with initial exposure to a series of four
odors, females preferentially explored the novel odor at testing but males did not (p= 0.0003; male vs female, N= 10/group). b, Left, Schematic of the Simultaneous “What” task. Right,
At testing, females distinguished the novel from previously experienced odors but males did not (p= 0.0007; male N= 4 vs female N= 5). c, Left, Schematic of the “When” task. Right,
Females preferentially sampled the least recently exposed odor but males did not (p= 0.001; male N= 5, female N= 6). d, Left, Simultaneous “Where” task schematic. Right, At testing
males preferentially explored the novel location odors but females did not (p= 0.0022, N= 4/group). e, Female performance in the What, When, and Where tasks expressed as a z-score
difference from the male group discrimination index mean. The female performance in the Simultaneous (sim) “What” task was greater than for the other tasks (F(3,21) = 49.11, p< 0.0001; post
hoc *p≤ 0.15; N= 4–10/group) and results on the “Where” tasks differed from the other three scores (# p< 0.0001). f–o, Top bar graphs show group means of total (Σ) sampling times
in the initial exposure trial(s) leading to the test trial in a particular memory task. Bottom plots show the total distance traveled (DT, squares) and movement velocity (circles) during the same
sessions. Analysis of interaction (sex*trial) via two-way ANOVA revealed no significant difference in the total time spent sampling odors during initial exposure and test trials for both serial
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markedly lower than those for males in the “Where” test only
(p < 0.0001 vs other tests; Fig. 5e). It is noteworthy that the
same initial cue exposure trial used in the simultaneous
“What” and “Where” tasks yielded the greatest sex differences
depending on which aspect of learning—cue identity versus spa-
tial location—was tested.

Discussion
As with memory, LTP passes through multiple consolidation
stages during which it is vulnerable to disruption by diverse
manipulations (Larson et al., 1993; Huang and Hsu, 2001;
Lynch et al., 2013). As demonstrated for the SC system, processes
underlying this stabilization include small GTPase-initiated sig-
naling cascades leading to the formation and subsequent stabili-
zation of actin filaments (Kramár et al., 2006; Rex et al., 2009; Gall
et al., 2021). These events serve to anchor changes to the dendri-
tic spine and postsynaptic specialization (Krucker et al., 2000;
Bramham, 2008; Lynch et al., 2013). Results presented here led
to the surprising conclusion that this complex collection of
events, while dependent upon NMDARs, can be completed with-
out NMDAR-mediated calcium influx. Blocking the NMDAR
channel with MK-801 entirely eliminated CA3→CA1 LTP with-
out disrupting actin regulatory signaling and increases in spine
F-actin required for stabilization of the potentiated state. The
channel blocker thus produced a peculiar condition in which
TBS activated processes that support LTP consolidation in the
absence of LTP expression. Further experiments showed that
GluN2B-dependent, nonionotropic functions of the NMDAR
are needed for TBS-induced increases in pSrc and F-actin and
for LTP stabilization in males only. In contrast, females relied
on ERα rather than GluN2B to trigger actin polymerization
and consolidation of the potentiated state (Fig. 6). Sex differences
in receptor involvement were also evident in the substrates for
episodic memory. Specifically, the GluN2B antagonist Ro25-6981
completely disrupted encoding of the “Where” component of
episodic memory in males but had no such effect in females.
Conversely, blocking ERα prevented acquisition of “Where”
information in females but not males, thereby paralleling its
effects on actin signaling and LTP. These results indicate that,
in both sexes, the specific metabotropic receptor that supports
SC LTP contributes to hippocampus-dependent episodic memory.

The present results are consistent with prior evidence for
m-NMDAR contributions to synaptic plasticity in CA1. This
was first described for SC LTD (Nabavi et al., 2013; Dore et al.,
2016; but see Gray et al., 2016) and then for bidirectional changes
in spine size elicited by glutamate uncaging (Stein et al., 2015,
2021). The latter studies demonstrated m-NMDAR-dependent
spine expansion in both sexes but tests for GluN2B or ERα
involvement were not conducted, and it remains unclear if the
sex differences in metabotropic activities described here were
present. Nevertheless, the uncaging studies showed that both
m-NMDAR signaling and calcium influx are needed for spine
enlargement (Stein et al., 2021).

There are multiple steps beyond actin polymerization
(Kramár et al., 2006; Chen et al., 2010b), including stabilization
of newly formed filaments (Rex et al., 2009, 2010) and recovery

of integrin signaling (Babayan et al., 2012), that are needed to
complete LTP consolidation. Whether these are also driven by
nonionotropic NMDAR signaling is an important issue for
future work. Notably, treatment with Ro25-6981 in males or
with ERα antagonist MPP in females did not detectably reduce
the initial expression of potentiation. Both TBS (Chen et al.,
2007) and glutamate uncaging (Bosch et al., 2014) increase the
size of postsynaptic densities, a modification that is a likely pre-
lude to expansion of the AMPAR pool and accordingly LTP
expression. Given that MK-801 blocks the earliest signs of poten-
tiation (i.e., STP), whereas suppression of metabotropic signaling
does not, we conclude that the transient increases in spine cal-
cium required for LTP induction (Lynch et al., 1983; Malenka
et al., 1988; Stein et al., 2021) are primarily responsible for syn-
apse expansion. At least two LTP-related effects have been linked
to the cation: proteolysis of cytoskeletal anchoring proteins by
calcium-dependent proteinases (calpains; Lynch and Baudry,
1984, 2015; Vanderklish et al., 1996; Zhu et al., 2015) and activa-
tion of CaMKII (Lisman et al., 2012; Tullis and Bayer, 2023).
Proteolysis is thought to relax constraints on spine morphology,
a likely prerequisite for shape change, whereas CaMKII is impor-
tant for both spine expansion (Ueda et al., 2022; Tullis and Bayer,
2023) and AMPAR movement into the synapse (Hayashi et al.,
2000). The present studies confirmed an earlier report
(C. D. Cox et al., 2014) that TBS activates postsynaptic CaMKII
and further demonstrated that this effect is blocked by MK-801.
Together, the results point to the conclusion that ionotropic
NMDAR operations induce LTP, independent of metabotropic
actions, via effects on synapse size and the synaptic AMPAR pool.

The present studies did not identify specific links between
GluN2B and actin management but there are several likely pos-
sibilities. Src influences postsynaptic actin polymerization in part
via Crk-associated substrate (CAS) phosphorylation and conse-
quent influences on Abelson tyrosine kinase which regulates
actin polymerization (D. D. Tang and Anfinogenova, 2008;
Koleske, 2013). Moreover, the long GluN2B-CTD associates
with SynGAP (Sun et al., 2018), which is concentrated at excit-
atory synapses and there regulates cofilin and thus actin poly-
merization (Carlisle et al., 2008). SynGAP also potently
influences the activity of Rap (Krapivinsky et al., 2004), a
GTPase involved in integrin activation (Ortega-Carrion et al.,
2016). Integrins regulate the actin cytoskeleton at adhesion junc-
tions throughout the body (Blystone, 2004; Geiger et al., 2023)
and are essential for TBS-induced F-actin assembly in hippocam-
pal dendritic spines in both sexes (Kramár et al., 2006). As
described, it appears that females substitute local release of estro-
gen onto ERα (W. Wang et al., 2018a and present results) for
GluN2B-dependent actions that are critical for actin polymeriza-
tion and LTP in males. Thus, we propose that both sexes use a
combination of ionotropic and metabotropic operations to mod-
ify synapses with LTP but execute the metabotropic functions in
markedly different ways (Fig. 6). As this is the first report of sex
differences in nonionotropic contributions of the NMDAR to
LTP, we do not know the extent to which these sex-specific func-
tions are present in other brain areas. However, a recent study
found that potentiation of hippocampal projections to nucleus
accumbens is NMDAR dependent in males but relies on ERα

�
“What” tasks (f, h), simultaneous “What” (j), “When” (l), and “Where” (n) (p> 0.05). g, i, k,m, o, The significance of interaction was also absent in measures of distance traveled and velocity across the
same tasks (p> 0.05). Statistics: a–d, two-tailed unpaired t test; e, one-way ANOVA, post hoc Tukey; f–o, two-way ANOVA; n.s., not significant, *p< 0.05, **p< 0.01, ***p< 0.001. Mean ± SEM
values shown. See Extended Data Figure 1-1 for detailed statistics.
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and voltage-gated calcium channels in females (Copenhaver and
LeGates, 2024).

Synaptic ERα levels in CA1 are higher in females than those in
males and estradiol acts through ERα to activate postsynaptic Src
and ERK in females only (Wang et al., 2018a). Moreover, protein
kinase A (PKA) levels are higher in males and it has been argued
that males do not need estrogen-induced increases in PKA
activity to suppress phosphatases and thereby enable kinase sig-
naling whereas females do need PKA for both estrogen- and
activity-induced SC potentiation (Jain et al., 2019). These
findings suggest two reasons why male rodents, despite having
high estrogen levels in the hippocampus (Hojo and Kawato,
2018), do not appear to use the endogenous hormone to promote
LTP (W. Wang et al., 2018a). Why m-NMDAR activities that
support LTP in males are missing in females is not known but
we found the synaptic GluN2B Y1472 site is more highly phos-
phorylated in males. This NMDAR CTD residue is targeted by
Src kinases that are known to upregulate NMDAR function
(Scanlon et al., 2017; Rajani et al., 2021). Evidence that estrogen
decreases GluN2B Y1472 phosphorylation (Waters et al., 2019)
raises the possibility that the synaptic estrogen signaling needed
for consolidation of female LTP simultaneously suppresses non-
ionotropic activities of GluN2B-containing NMDARs (Fig. 6).
Possibly related to this, it has been reported that GluN2B medi-
ates applied estradiol’s effects on LTP in ovariectomized female
rats (Smith et al., 2009, 2016; Nebieridze et al., 2012). The extent
to which this effect relates to processes described here for gonad-
ally intact females and endogenous estrogen action is uncertain.

Differences in the receptor systems mediating metabotropic
signaling underlying spine actin remodeling with LTP were
accompanied by striking sex differences in the acquisition of epi-
sodic memory: males exhibited better retention of “Where”
information whereas females had higher scores on tests for the

identity (“What”) and temporal sequence (“When”) of sampled
cues. Importantly, males performed well on “What” and
“When” tasks when presented with a shorter list of cues and
females had good retention scores on the episodic spatial task
when given additional time to explore odor locations. These
results indicate that pronounced sex differences in retention
emerge as task demands increase. Although the sex differences
in learning described here are unprecedented for rodent work,
they do have correspondences with results of human studies in
which males typically have higher scores in spatial tasks whereas
females have better scores in tests for nonspatial components of
episodic memory (Barel and Tzischinsky, 2018; Asperholm et al.,
2019; Voyer et al., 2021) and retention of extended lists
(Youngjohn et al., 1991; Kramer et al., 1997; Rehnman and
Herlitz, 2007).

Although our pharmacological results indicate that sex differ-
ences in LTP consolidation machinery have consequences for
episodic learning, how the synaptic dimorphism might relate to
differential encoding of “What,” “Where,” and “When” informa-
tion is unclear. Prior work has shown that in females the inclu-
sion of locally derived estrogen (Naftolin et al., 1996;
Balthazart et al., 2006; Vierk et al., 2012) into the already complex
consolidation machinery results in a higher (relative to males)
threshold for producing stable LTP (W. Wang et al., 2018a).
There have been no tests for sex differences in the threshold
for activating processes that erase recently induced potentiation.
Theta frequency stimulation (i.e., trains of single pulses at 5 Hz)
can eliminate SC LTP if applied in the first few minutes after
induction with TBS (Larson et al., 1993; Huang and Hsu,
2001). Thus, it is possible that activity patterns associated with
encoding new information can under some circumstances reduce
the strength of traces formed by earlier items in a list. Notably,
the weaker performance by males relative to females occurred

Figure 6. Schematic illustration of mechanisms proposed to underlie sex differences in ion flux-independent NMDAR contributions to memory-related SC LTP. Observed effects of APV and
MK-801 indicate that both males and females use ionotropic NMDAR functions to activate CaMKII and associated processes (e.g., AMPAR insertion) required for the induction of field CA1 LTP
(indicated in red font). The present results show that both sexes also rely upon nonionotropic NMDAR functions (i.e., those blocked by APV but not by MK-801) for TBS-induced postsynaptic actin
polymerization, Src phosphorylation, and LTP. Sex-specific effects of Ro25-6981 described here indicate GluN2B subserves these nonionotropic NMDAR functions in males, presumably via the
subunit’s cytoplasmic terminal domain (CTD) that acts as a docking site for signaling proteins including Src family kinases, SynGAP and CAMKII. Females do not use the Ro25-sensitive GluN2B
mechanism for TBS-induced increases in postsynaptic F-actin or SC LTP but instead rely upon synaptic ERα to engage the same effectors as used by males. We propose that in females estrogen
receptor alpha (ERα) may tonically suppress GluN2B activities by reducing phosphorylation of its CTD Y1472 site, thereby modulating CaMKII binding (Tullis and Bayer, 2023). However, results
showing that, in females, APV blocks the TBS-induced increase in F-actin whereas MK-801 does not suggests that females do have m-NMDAR contributions to the LTP consolidation machinery;
we speculate that the GluN2A CTD may contribute to these functions in females.
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in episodic tasks involving serial presentation of cues. It will be of
interest to determine if the LTP reversal process is activated with
lower threshold in males as compared with females and if this
difference impacts the ability to retain information on serial
cues. Learning in the episodic “Where” paradigm aligned with
the sex differences in SC LTP thresholds in that males required
less time than females to encode cue locations. Importantly,
and unlike the serial cue “What” and “When” paradigms, there
were only brief delays between encounters with the various
cues in the spatial task and the mice were able to sample and
resample odors in various sequences.

Beyond effects on episodic memory, sex differences in meta-
botropic receptors that support LTP could contribute to the
differential vulnerability of cognitive processes to insults and dis-
ease states. As one case in point, we have shown that in female
mice, exposure to delta-9-tetrahydrocannabinol during adoles-
cence leads to an enduring loss of estrogen responsiveness by
CA1 pyramidal cells (Le et al., 2022a). This was associated with
a loss of LTP consolidation and impaired CA1-dependent object
location memory in females only. Conversely, disturbances in
NMDAR function (Zhou and Sheng, 2013; Mielnik et al., 2021)
might have greater impact in males. In animal models of schizo-
phrenia, which is more prevalent in males, symptoms are poten-
tiated by NMDAR antagonism in males and blunted by estrogen
treatment (Gogos et al., 2012; Wickens et al., 2018). Together
these findings indicate that an appreciation of sex differences
in mechanisms of synaptic plasticity may prove critical for the
informed design and use of therapeutics (Dong et al., 2023) for
cognitive impairments.
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