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Abstract

Background Glutamate signaling within the nucleus accumbens underlies motivated behavior and is involved

in psychiatric disease. Although behavioral sex differences in these processes are well-established, the neural mecha-
nisms driving these differences are largely unexplored. In these studies, we examine potential sex differences in syn-
aptic plasticity and excitatory transmission within the nucleus accumbens core. Further understanding of baseline
sex differences in reward circuitry will shed light on potential mechanisms driving behavioral differences in motivated
behavior and psychiatric disease.

Methods Behaviorally naive adult male and female Long-Evans rats, C57BI/6J mice, and constitutive PKMC knockout
mice were killed and tissue containing the nucleus accumbens core was collected for ex vivo slice electrophysiology
experiments. Electrophysiology recordings examined baseline sex differences in synaptic plasticity and transmission

within this region and the potential role of PKMC in long-term depression.

Results Within the nucleus accumbens core, both female mice and rats exhibit higher AMPA/NMDA ratios compared
to male animals. Further, female mice have a larger readily releasable pool of glutamate and lower release probability
compared to male mice. No significant sex differences were detected in spontaneous excitatory postsynaptic cur-
rent amplitude or frequency. Finally, the threshold for induction of long-term depression was lower for male animals
than females, an effect that appears to be mediated, in part, by PKMC.

Conclusions We conclude that there are baseline sex differences in synaptic plasticity and excitatory transmission

in the nucleus accumbens core. Our data suggest there are sex differences at multiple levels in this region that should
be considered in the development of pharmacotherapies to treat psychiatric illnesses such as depression and sub-
stance use disorder.

Highlights

- Female Long-Evans rats and C57BI/6J mice have a heightened AMPA/NMDA ratio and larger readily releasable
pool of glutamate in the nucleus accumbens core compared to males.

- Long-term depression in the nucleus accumbens core induced by 5 min of low-frequency stimulation (LFS) func-
tions in a sex-specific manner and is modulated by PKMC,
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+ There are sex differences in multiple measures of excitatory transmission within the nucleus accumbens core

that may play a role in psychiatric disease.

Keywords Nucleus accumbens, Sex differences, Glutamate, PKM(, Synaptic plasticity, Long-term depression

Plain Language Summary

Understanding normal neural signaling within the nucleus accumbens, a key brain region involved in psychiatric
disease including substance use disorder and depression, could provide insight into treatment options for these dis-
orders. Although we know the behaviors regulated by the nucleus accumbens can differ between males and females,
we do not understand the underlying differences in brain processing that could contribute to these behavioral
differences. Further, even in cases when these behaviors are not different, the underlying brain signaling may exhibit
sex-specific mechanisms. The current studies examined excitatory signaling with the nucleus accumbens in both rats
and mice at the level of both individual cells and circuits. We found that female rodents (rats and mice) exhibit higher
levels of excitatory signaling within the nucleus accumbens than male rodents. Further, procedures that can dampen
neural transmission in males are not sufficient to do so in females, suggesting that excitatory signaling in the nucleus
accumbens of females is less plastic. Finally, our last set of studies utilized mice missing the protein, PKM(, and dem-
onstrated that this reversed some of the sex differences seen in normal mice, pointing to a critical role for this

protein in maintaining these differences. Our data suggest there are sex differences at multiple levels in this region
that should be considered in the development of pharmacotherapies to treat psychiatric illnesses such as depression

and substance use disorder.

Introduction

Dysregulated glutamate signaling in the brain is involved
in psychiatric disease [1-4]. Many of these diseases, such
as depression and substance use disorder (SUD), present
differently in males and females [5—13]. Despite these
well-established sex differences, the extent to which base-
line glutamate transmission differs between the sexes is
not fully understood. There are sex differences in gluta-
mate levels and receptor expression in regions including
the hippocampus and prefrontal cortex [14—16]. Further,
we previously demonstrated females exhibit heightened
glutamatergic transmission in the medial prefrontal cor-
tex (mPFC) compared to males [17]. Together, these data
highlight the possibility there are baseline sex differences
in excitatory transmission that may underlie behavioral
sex differences in psychiatric disease.

The nucleus accumbens (NAc), a brain region within
the striatum, plays a critical role in motivated behavior
and is involved in diseases with dysregulated motiva-
tion and reward processing [18—26]. The NAc is part of
the mesocorticolimbic reward system, receiving gluta-
matergic input from the prefrontal cortex, amygdala,
medial thalamus, and hippocampus. The NAc has low
levels of estrogen receptors (ERs) and they are localized
to extranuclear sites [27, 28]. Despite this, estrogens are
proposed to work through glutamatergic mechanisms
in this region to modify neurophysiology and behavior
[28-33]. Estradiol decreases AMPA receptor (AMPAR)
binding in the NAc and decreases spine density

specifically within the core subregion [29, 34, 35]. Min-
iature excitatory postsynaptic current (mEPSC) fre-
quency and amplitude vary across the estrous cycle
and bath application of estradiol decreases mEPSC
frequency in the NAc core of females but not males
[36—38]. Behaviorally, metabotropic glutamate receptor
5 is necessary for estradiol-induced alterations to anxi-
ety and cocaine-taking [33, 39]. Together, these studies
demonstrate ovarian hormones can modulate plasticity
within the reward system. Further, they highlight the
likelihood that biological sex could alter overall excita-
tory transmission within the NAc.

Indeed, there are established sex differences in plas-
ticity within this region [40]. Distal dendritic spine den-
sity and the proportion of large spines on medium spiny
neurons (MSNs) in the NAc are greater in females than
males [41, 42]. Overall spine synapse density is not sig-
nificantly different between the sexes in the NAc core,
but females have higher spine synapse density in caudal
blocks of the core than males [43]. Further, mEPSC fre-
quency is higher in both prepubertal and adult female
MSNs in the NAc core than in males [42, 44]. Previous
work from our lab found females have a significantly
larger readily releasable pool (RRP) of glutamate and
lower release probability within the NAc core com-
pared to males [45]. Overall, these data indicate that
sex differences in glutamate signaling exist within the
NAc and females may have heightened glutamatergic
transmission in this region compared to males.
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Trafficking of AMPARs specifically underlies many of
the psychiatric diseases involving dysregulated gluta-
mate signaling [1, 46—51]. PKMC, a constitutively active
isoform of Protein Kinase C, is an AMPAR traffick-
ing protein that potentiates NSF-mediated insertion
of GluA2-containing AMPARs to the cell membrane
[52]. This makes PKM( an interesting target for studies
on the synaptic plasticity underlying learning, memory,
and motivated behavior. PKMC is upregulated following
performance of learning and memory tasks and cocaine
experience [53-55]. Further, PKMC is involved in depres-
sion- and anxiety-like behavior and drug-taking [53,
56-59].

Interestingly, biological sex influences the role of PKM{
in these behaviors. While constitutive PKM{ knockout
potentiates cocaine-taking in both sexes, site-specific
knockout in the NAc potentiates cocaine-taking exclu-
sively in males [53]. Constitutive PKM{ knockout also
reduces anxiety-like behaviors in male, but not female,
mice [58]. These studies indicate PKM( influences these
behaviors in a sex-specific manner. Therefore, further
characterization of the role of PKM( in synaptic plasticity
within the reward system will aid in our understanding of
the mechanisms that may drive sex differences in psychi-
atric disease.

The aim of these experiments was to better character-
ize baseline sex differences in glutamate signaling in the
reward system. As we previously found significant sex
differences in the size of the RRP of glutamate in the NAc
core, we chose to further explore a variety of electrophys-
iological measures within this region. Here, we found
significant sex differences in both pre- and post-synaptic
excitatory transmission. In combination with our previ-
ous findings in the mPFC [17], these data suggest there
are functional sex differences at many levels within the
mesocorticolimbic reward system. Gaining a better
understanding of these differences could provide insight
into sex-specific treatments for disorders involving dys-
regulated motivation and reward behavior.

Methods

Subjects

Wildtype studies: Animals were between 2 and 5 months
old at time of use. Male and female Long-Evans rats and
C57Bl/6] mice were bred in house for electrophysiology
experiments. Constitutive PKM{ deletion: the current
study used PKM( knockout mice as described previously
[60]. Heterozygous PKM{ KO mice on a C57BL/6] back-
ground were mated resulting in mutant and wildtype lit-
termates. Animals were group housed throughout the
experiments with food and water available ad libitum. All
animals were housed in a temperature- and humidity-
controlled animal care facility. Mice had a 12 h light/dark
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cycle (lights on at 7:00 A.M.) and rats had a 12 h light/
dark cycle (lights off at 8:30 A.M.). Estrous cycle was not
monitored throughout these studies. All procedures were
approved by the Temple University Animal Care and Use
Committee.

Slice preparation

Mice were decapitated following cervical dislocation and
rats were decapitated following isoflurane anesthesia.
The brain was removed and coronal slices (250 um for
mice, 300 pm for rats) containing the nucleus accumbens
were cut with a Vibratome (VT1000S, Leica Microsys-
tems) in an ice-cold artificial cerebrospinal fluid solution
(ACSE), in which NaCl was replaced by an equiosmolar
concentration of sucrose. ACSF consisted of (in mM):
128.2 NaCl, 2.9 KCl, 1.2 MgSO,7H,0, 1.25 NaH,PO,,
28.8 NaHCO,, 2 CaCl,, 10 glucose (pH 7.2-7.4 when
saturated with 95% O,/5% CO,). Slices were incubated in
ACSF at 32-34 °C for 25 min and kept at 22-25 °C there-
after, until transferred to the recording chamber. The
osmolarity of all solutions was 300-315 mOsm. Slices
were viewed using infrared differential interference con-
trast optics under an upright microscope (Slice Scope
Pro, Scientifica) with a 40X water-immersion objective.

Electrophysiology

The recording chamber was continuously perfused
(1-2 ml/min) with oxygenated ACSF heated to 32+1 °C
using an automatic temperature controller (Warner
278 Instruments). Picrotoxin (100 uM) was added to all
solutions to block the GABA, receptor-mediated cur-
rents. Recording pipettes were pulled from borosili-
cate glass capillaries (World Precision Instruments) to
a resistance of 4-7 MQ when filled with the intracellu-
lar solution (whole-cell recordings) or to a resistance of
1-2 MQ when filled with extracellular solution (field
recordings). All recordings were conducted with a Mul-
tiClamp700B amplifier (Molecular Devices). Whole-cell
recordings. Intracellular solution contained (in mM):
100 CsCH;0,S, 50 CsCl, 3 KCl, 0.2 BAPTA, 10 HEPES,
1 MgCl,, 2.5 phosphocreatine-2Na, 2Mg-ATDP, 0.25 GTP-
Tris pH 7.2-7.3 with CsOH, osmolarity 280-290 mOsm).
For all measures, cells from at least 3 animals, within
each group, were used. Recordings were taken from cells
within the nucleus accumbens core. sEPSCs. Record-
ings were conducted in whole-cell voltage-clamp mode
(Vh=-=70 mV). Currents were low-pass filtered at
2 kHz and digitized at 20 kHz using a Digidata 1440A
acquisition board and pClampl0O software (both from
Molecular Devices). Access resistance (10-32 MQ) was
monitored throughout the recordings by injection of
10 mV hyperpolarizing pulses and data were discarded
if access resistance changed by >25% over the course of
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data acquisition. SEPSCs were detected using sliding-
template-based algorithm in pClamp 10. This method
compares the shape of the detected current to that
of a template. The threshold for the minimum event
detected by the template was estimated by the noise
analysis of the trace. A route means squared analysis
of the noise was performed using ClampFit 10 to con-
firm that there were no differences between the groups
in the amount of noise in the recordings [mean+ SEM,
male rats: 1.69+0.19; female rats: 1.86+0.17; male mice:
1.79+0.25; female mice: 1.58+0.15]. Event threshold
for sEPSC analysis with a template was set as two times
the RMS and all detected events were verified by visual
confirmation of a fast rise time and slower exponential
decay to baseline. Mean sEPSC amplitude was analyzed
from an average sEPSCs trace computed from 150 indi-
vidual sEPSCs. Mean sEPSC frequencies were analyzed
from 180-s-long trace segments. Cumulative probability
curves were generated using 150 events from each cell.
AMPA/NMDA ratio. Evoked responses were triggered
by 300 ps constant-current pulses generated by an A310
Accupulser (World Precision Instruments) and deliv-
ered at 0.1 Hz via a glass capillary electrode filled with
ACSF. The stimulation electrode was positioned within
100 pum of the recorded cell. The amplitude of the cur-
rent pulses was controlled by a stimulus isolator (WPI
Linear Stimulus Isolator A395) and was adjusted to elicit
monosynaptic responses in the range of 100-300 pA (the
required stimulus intensity ranged from 15 to 80 pA).
1 mM QX-314 was added to intracellular solution for
these recordings. Current ratios were computed by divid-
ing the mean peak sEPSC at —70 mV (AMPA-mediated)
by the mean amplitude at +40 mV, 35 ms after the peak
over a 2 ms window (NMDA-mediated). Readily releas-
able pool. After obtaining a stable baseline at —70 mV, a
100-Hz train was applied for 10 s. EPSC amplitudes were
measured by subtracting the baseline current just pre-
ceding an EPSC from the subsequent peak of the EPSC.
For the RRPtrain technique, EPSC amplitudes were then
summed throughout the train stimulus to give a cumu-
lative EPSC curve. A straight line was fitted to the final
15 points of the cumulative EPSC and back-extrapolated
to the y-axis. The y-intercept corresponds to RRPtrain,
and ptrain=EPSCO/RRPtrain. Field recordings. A glass
capillary electrode filled with ACSF was placed within
100-300 pm from the recording electrode and used to
stimulate excitatory afferents at 0.1 Hz. The field record-
ings were performed within the nucleus accumbens core.
Long-term depression. The amplitude of current pulses
was set at the intensity required to evoke a 70% maxi-
mal response. After 10 min of stable responding, LTD
was induced using a paired-pulse protocol (50 ms inter-
pulse interval) consisting of a 1-Hz train of paired stimuli
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for 5 or 10 min. Both the field EPSP (fEPSP) slope (cal-
culated over 1 ms after peak) and fEPSP amplitude were
measured (graphs depict slope) from fEPSPs recorded at
0.05 Hz for 60 min following the pairing protocol.

Data analysis

All analyses were performed using GraphPad Prism
9.0 software (GraphPad Software). Data were analyzed
using two-tailed Student’s f-test or two-way ANOVA
with Sidak’s post hoc tests as appropriate. Kolmogorov—
Smirnov tests were performed on the cumulative prob-
ability curves. Statistical significance for all tests was set
at a=0.05.

Results

Female rats and mice have a heightened AMPA/NMDA
ratio within the nucleus accumbens core compared

to males

We examined sEPSC amplitude and frequency and
AMPA/NMDA ratio within the NAc core of naive adult
male and female Long-Evans rats. We did not see any
significant differences between male and female rats
in mean sEPSC amplitude or frequency [£(29)=0.18,
p=0.85, n=14-17/group, Fig. 1A; #29)=0.10, p=0.92,
n=14-17/group, Fig. 1C]. Analysis of the cumulative
distribution revealed small but significant differences in
sEPSC amplitude (K-S D=0.11; p<0.0001; Fig. 1B) and
inter-event interval (K-S D=0.043, p=0.027; Fig. 1D).
Further, there were no sex differences in sEPSC kinet-
ics, with male rats and female rats exhibiting similar rise
(mean+SEM, males: 2.96+0.14; females: 3.22+0.08)
and decay (meanzSEM, males: 10.0+0.31; females:
10.4+0.18) times. There was, however, a significant
difference in AMPA/NMDA ratio between females
and males, with females exhibiting a higher ratio
[£(28)=2.814, p=0.0088, n=13-17/group; Fig. 1C]. To
determine whether these differences in glutamate sign-
aling were present across multiple species, we exam-
ined sEPSCs and AMPA/NMDA ratio in naive male
and female C57BL/6] mice. Analysis of the mean sEPSC
amplitude [#(53)=0.75, p=0.45; Fig. 2A] and frequency
[¢(53)=1.35, p=0.18; Fig. 2C] did not reveal any signifi-
cant sex differences. However, analysis of the cumulative
distribution revealed small but significant differences
in sEPSC amplitude (K-S D=0.084; p<0.0001; Fig. 2B)
and inter-event interval (K-S D=0.065, p<0.0001;
Fig. 2D). There were no sex differences in sEPSC kinet-
ics, with male mice and female mice exhibiting simi-
lar rise (mean+SEM, males: 2.39+0.12; females:
2.36+0.08) and decay (mean+SEM, males: 9.28+0.29;
females: 9.55+0.23) times. Similar to what was seen in
rats, female mice exhibit higher AMPA/NMDA ratios
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Fig. 1 AMPA/NMDA ratio in the nucleus accumbens core is higher in female Long-Evans rats compared to male rats. Whole-cell recordings
demonstrated no significant effect of sex on sEPSC amplitude (A, B; n=11-12/group) or frequency (C, D; n=10-11/group). Female rats have

a significantly higher AMPA/NMDA ratio in this region than male rats (E; n=13-17/group). Representative traces for sEPSC recordings and AMPA
and NMDA currents (F). **p < 0.01 effect of biological sex
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Fig.2 AMPA/NMDA ratio in the nucleus accumbens core is higher in female C57BI6/J mice compared to male mice. Whole-cell recordings
demonstrated no significant effect of sex on sEPSC amplitude (A, B; n=19-24/group) or frequency (C, D; n=18-22/group). Female mice have

a significantly higher AMPA/NMDA ratio in this region than male mice (E; n=12-17/group). Representative traces for sEPSC recordings and AMPA
and NMDA currents (F). *p < 0.05 effect of biological sex
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compared to male mice [£(27)=2.2, p=0.036, n=12-17/
group; Fig. 2E].

Females have a larger readily releasable pool of glutamate
in the nucleus accumbens core compared to males

To determine whether the postsynaptic alterations in
glutamate transmission were accompanied by differ-
ences in presynaptic glutamate transmission, we exam-
ined the size of the readily releasable pool (RRP) of
glutamate in naive male and female mice. Cumulative
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EPSC data following the 100-Hz stimulation train
reveal a greater response in females compared to males
[main effect of sex, F(1,11)=5.97, p=0.033, n=6-7/
group, Fig. 3A]. An analysis of the RRP size revealed
that females have a significantly larger readily releas-
able pool of glutamate compared to males [£(10) =2.39,
p=0.038, n=5-7/group, Fig. 3B]. This increase is
accompanied by a decrease in release probability,
as evidenced by the significantly lower PTrain value
seen in females [£(10)=2.61, p=0.026, n=>5-7/group,
Fig. 3C].
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Fig. 3 Female mice have a larger readily releasable pool of glutamate and lower release probability in the nucleus accumbens core than male
mice. Cumulative EPSC obtained following a 100-Hz train demonstrates a larger response in females compared to males (A; n=6-7/group). Analysis
of the size of the readily releasable pool (RRP) reveals that female mice have a larger RRP of glutamate compared to male mice (B; n=5-7/group).
Female mice also exhibit a lower release probability than male mice (C; n=5-7/group). *p < 0.05 effect of biological sex
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Biological sex affects LTD induction in the nucleus
accumbens core in mice

We next explored whether LTD in the nucleus accum-
bens core functions similarly in both sexes. Following
a 5 min paired-pulse protocol there is successful LTD
induction in male, but not female, mice [£(22)=3.40,
p=0.003, n=12/group, Fig. 4A, B]. It is proposed
increasing the number of pulses in a LTD protocol can
increase the magnitude of depression [61]. Therefore,
we doubled the number of pulses to examine whether a
longer protocol induces LTD more effectively in female
animals. Following a 10-min paired-pulse protocol this
difference is abolished as we see a similar magnitude
of LTD induction in both sexes [£(40)=0.92, p=0.37,
n=20-22/group, Fig. 4D, E].
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PKMC( knockout alters LTD in the nucleus accumbens core
in a sex- and protocol-specific manner in mice

Lastly, we aimed to understand whether PKM( plays a
role in LTD within the nucleus accumbens core. While
our 5-min paired-pulse protocol does not induce LTD in
female wildtype animals, it does in female PKM{ knock-
out animals [£(23)=2.76, p=0.011, n=12-13/group,
Fig. 5A, B]. In males we see the opposite effect where
LTD induction is blunted in PKM{ knockout animals
[£(20)=2.86, p=0.009, n=10-12/group Fig. 5D, E]. We
found the differences between genotypes are abolished
in both sexes with a 10-min paired-pulse protocol. There
are no significant differences in the magnitude of LTD
induction between female wildtype and PKM{ knockout
animals [£(22)=0.43, p=0.67, n=10-14/group, Fig. 5G,
H] or between male wildtype and PKM{ knockout ani-
mals [£(19) =1.02, p=0.32, n=9-12/group, Fig. 5], K].
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Fig.4 Longer induction protocols are needed to induce LTD in the nucleus accumbens core of female mice compared to male mice. While

a shorter low-frequency stimulation protocol (1-Hz train of paired stimuli for 5 min) is sufficient to induce LTD in males, it does not induce LTD

in females (A; n=12/group). Change in fEPSP slope over 1-h post-LFS shows a significant blunting of LTD in females compared to males in this
protocol (B; n=12/group). In contrast, a longer low-frequency stimulation protocol (1-Hz train of paired stimuli for 10 min) is sufficient to induce LTD
in both sexes (D; n=20-22/group). There is no effect of sex on fEPSP slope over 1-h post-LFS in this protocol (E; n=20-22/group). Representative
pre- and post-LFS traces (C, F). **p < 0.01 effect of biological sex “p <0.01 significant LTD
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Discussion

Sex differences in the prevalence and presentation of
psychiatric diseases are well-established. Despite this
fact, the neural mechanisms driving behavioral sex dif-
ferences in diseases such as SUD and depression are not
fully understood. As glutamate transmission influences
the development of many psychiatric diseases [1-4],
we aimed to understand how glutamatergic transmis-
sion within the reward system may differ between males
and females. Here, we found baseline sex differences in
excitatory transmission at multiple levels within the NAc
core. These differences may, in part, underlie some of the
established sex differences in psychiatric diseases that
involve dysregulated motivation and reward processing.

Sex differences in postsynaptic glutamatergic transmission
We found in both rats and mice that females have a signif-
icantly higher AMPA/NMDA ratio in the NAc core than
males. These data indicate heightened synaptic strength
in females, an effect that is replicable across multiple
species. AMPAR subunits display different kinetic prop-
erties with GluAl homomers having greater conduct-
ance than GluA2-containing heteromers [62-69]. As
increased excitatory synaptic strength is associated with
an increased contribution of GluA2-lacking AMPARs
[70], we propose females may have a heightened con-
tribution of GluA1l AMPARs in the NAc compared to
males. While we did not investigate receptor distribution
here, there are known sex differences in glutamate recep-
tor expression in the PFC [17, 71, 72] and surface expres-
sion of GluAl fluctuates during the estrous cycle in the
NAc [73]. An increased AMPAR contribution in females
would drive the heightened AMPA/NMDA ratio we see
in both species.

It is established the AMPA/NMDA ratio in the NAc
is altered following drug use. Chronic cocaine expo-
sure and cocaine and nicotine reinstatement cause an
increase in the AMPA/NMDA ratio in the NAc core
[74-76]. This effect of chronic cocaine is reversed with
N-acetylcysteine, a compound that helps restore dis-
rupted glutamate homeostasis [76]. N-Acetylcysteine
administration also induces lasting reductions in
cocaine and heroin reinstatement and seeking [76—80].
The AMPA/NMDA ratio in the NAc is predominantly

(See figure on next page.)
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examined in the context of reward. However, it is
known chronic variable stress does not alter the
AMPA/NMDA ratio at ventral hippocampal — NAc
projections in either sex [81]. Further, a2-adrenoceptor
agonism in the NAc shell reduces anxiety but does
not alter the AMPA/NMDA ratio [82, 83]. There-
fore, heightened synaptic strength as evidenced by the
AMPA/NMDA ratio may be of particularly impor-
tance for reward-driven behaviors such as drug-taking.
As females are more vulnerable than males to many
aspects of SUD [5-10, 84], we propose the heightened
synaptic strength we found in the NAc of females may,
in part, drive female vulnerability to SUD specifically.
While we might expect to see a corresponding sex
difference in SEPSC amplitude, we do not. It is possible
this is due to the fact that we did not track the estrous
cycle in these studies. While we cannot directly compare
mEPSCs and sEPSCs, other studies have found effects of
sex on mEPSC amplitude in adult animals. This effect is
not present in prepubertal animals and is dependent on
estrous cycle stage [37, 38, 44]. These findings highlight
the likelihood there would be effects of estrous cycle
stage on sEPSC amplitude that we are not capturing in
these studies. Nonetheless, our results are not the first to
find an effect on the AMPA/NMDA ratio without a cor-
responding effect on sEPSC amplitude. In the basolateral
amygdala, pubescent male rats have a higher AMPA/
NMDA ratio than pubescent females but there is no sig-
nificant difference in SEPSC amplitude [85]. In the dor-
solateral striatum, high alcohol preference mice exhibit a
lower AMPA/NMDA ratio than low alcohol preference
mice but there is also no change in sSEPSC amplitude [86].
Spontaneous activity is proposed to rely on different
mechanisms than evoked activity. As sEPSCs are spon-
taneous and the AMPA/NMDA ratio is evoked, it is also
plausible NAc inputs are less active spontaneously and
therefore we do not see an effect of sex on sEPSC ampli-
tude. Despite the lack of effect of sex on sEPSC ampli-
tude, our AMPA/NMDA ratio data indicate females have
heightened postsynaptic strength in the NAc. This could,
in part, underlie some of the female vulnerability to psy-
chiatric diseases such as SUD. To further investigate
sex differences in the reward system, we also examined
measures of presynaptic transmission within the NAc.

Fig.5 PKMC knockout alters LTD in mice in the nucleus accumbens core in a sex-specific manner. LTD induction in female mice by a shorter
protocol of LFS (1-Hz train of paired stimuli for 5 min) is facilitated in PKM( knockout animals compared to wildtype controls (A; n=12-13/group).
Change in fEPSP slope over 1-h post-LFS shows PKM( knockout facilitates LTD in female mice compared to wildtype controls (B; n=12-13/group).
LTD induction in male mice by a shorter protocol of LFS (1-Hz train of paired stimuli for 5 min) is blunted in PKM( knockout animals compared

to wildtype controls (D; n=10-12/group). Change in fEPSP slope over 1-h post-LFS shows PKM( knockout blunts LTD in male mice compared

to wildtype controls (E; n=10-12/group). Following the longer LFS induction protocol (1-Hz train of paired stimuli for 10 min), there is no effect
of PKMC knockout on LTD induction in either male or female mice (G; n=10-14/group; J; n=9-12/group). Change in fEPSP slope over 1-h
post-LFS reveals robust LTD in both wildtype and PKMC knockout mice (females: H; n=10-14/group; males: K; n=9-12/group). Representative
pre- and post-LFS traces (C, F, I, L). *p < 0.05; **p < 0.01 effect of genotype, p <0.01 significant LTD



Knouse et al. Biology of Sex Differences (2023) 14:52 Page 10 of 15

5 minute LFS protocol

A. B. C. Wildtype
200
*
M . 1504 oB
£ e 2
° 3 - PKMZ KO
g #1001 | 0go go®
0 a ne
° B S
=N 40 O Wildtype Females (12 slices/6 animals) 50 o E L
20 m PKM( KO Females (13 slices/6 animals) 3 Sme
c T T T T 1 0 T
0 15 30 45 60 75 WT PKMZ KO
Time (min)
D. E. 200- F. Wildtype
) w - } “‘fvf'"
= £ —
2 8100] .  omao PKMZ KO
(3] [01] oo}
[11] =2
X ° 000
S 401 O Wildtype Males (12 slices/6 animals) 50+ 2
20 ® PKMZ KO Males (10 slices/5 animals) H
" # ° 5ms
c T T T T 1 v T
0 15 30 45 60 75 WT PKMZKO
Time (min)
10 minute LFS protocol
G. H. .
Wildtype
2007 ———W
1504
]
£
© = o PKM{ KO
@ 100 ooo
1]
N
O Wildtype Females (14 slices/8 animals) E L
20+ B PKMZ KO Females (10 slices/5 animals) 3 e
G T T T T 1
0 15 30 45 60 75 WT PKMZKO
Time (min)
K. 200- L. Wildtype
1504
]
£
2 o ° PKMZ KO
@100{ © ¢
ce- 11%* ‘-’"—‘Vvvw
= 808
" " . 50+ o
O Wildtype Males (12 slices/6 animals) ° >
20 ® PKMZ KO Males (9 slices/5 animals) ..E,
o # © 5ms
c T T T T 1 v T
0 15 30 45 60 75 WT PKM{ KO
Time (min)

Fig. 5 (Seelegend on previous page.)



Knouse et al. Biology of Sex Differences (2023) 14:52

Sex differences in presynaptic glutamatergic transmission
We found significant sex differences in presynaptic glu-
tamatergic transmission across two species in the NAc
core. In mice, we replicated our previous finding that
females have a larger RRP of glutamate than males [45].
Differences in the size of the RRP would lead to a variety
of changes in presynaptic transmission, including possi-
ble differences in release probability. Therefore, we also
examined release probability in mice and found it is lower
in females within this region compared to males. We did
not see a corresponding effect on sEPSC frequency in
either mice or rats. Despite this, our RRP data indicate
females may have heightened presynaptic glutamatergic
transmission in the NAc.

There are a few explanations for why we see a signifi-
cant effect of sex on the size of the RRP and release prob-
ability but not on sEPSC frequency. First, the size of the
RRP in the NAc is likely projection-specific. Our previ-
ously published data demonstrate the effect of sex on
overall RRP size is not present in projections specifically
from the ventral hippocampus [45]. While we found an
overall sex difference in the size of the RRP, we are not
able to determine whether this effect is driven by specific
glutamatergic inputs from the ventral hippocampus. This
indicates another input region to the NAc likely drives
the large sex difference we found and replicated here.
Input-specificity may explain why there is an effect of sex
on the RRP but not on sEPSC frequency.

Our sEPSC frequency data are likely affected by the
estrous cycle as well, as mEPSC frequency in the NAc
core is altered by sex and ovarian hormones [36-38, 42,
44, 87]. sEPSC frequency is also cell-type specific within
the NAc. Frequency is significantly higher in D2-contain-
ing neurons compared to D1-containing neurons [88].
Differentiating by D1 vs D2 neurons may elicit effects of
sex that we did not capture in these studies. Therefore,
our effect of sex on the RPP and release probability but
not on sEPSC frequency could be due to the estrous
cycle, the specific inputs and cell-types involved, or a
combination of these. Nonetheless, our RRP and release
probability data indicate there are biological sex differ-
ences in presynaptic glutamate transmission within the
NAc core. These differences may have functional conse-
quences that alter motivation and reward processing.

Sex differences in LTD

Along with these differences in baseline post- and pre-
synaptic glutamate transmission, we also found sex dif-
ferences in synaptic plasticity within the NAc core. The
current study demonstrates that the induction threshold
for LTD is higher in females than males, with a shorter
paired-pulse protocol inducing LTD in males but not
females. LTD was induced in females following a longer
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paired-pulse protocol. The extent of the LTD in females
was similar to that in males at this stimulation duration.
LTD is therefore harder to induce in the NAc of females
and requires a more intense stimulation protocol than in
males.

The sex difference we found in LTD induction is likely
a result of the larger RRP in females. LTD induction
reduces the size of the RRP and synaptic depression is
a result of RRP depletion [89-91]. In females, the larger
RRP would make it more difficult to induce synaptic
depression. This likely prevents the induction of LTD at
shorter protocols and allows induction with longer pro-
tocols as they induce enough vesicle release to induce
LTD. Therefore, heightened glutamatergic activity in the
NAc of females likely makes the region less plastic.

While sex differences in LTD are largely unexplored,
it is established LTD is modulated by circulating ovar-
ian hormones [92]. Most work has focused on long-
term potentiation (LTP), however. The mechanisms
and expression of LTP are modulated by biological sex
and sex hormones. LTP in the hippocampus is signifi-
cantly influenced by fluctuating hormone levels dur-
ing the estrous cycle [93-96] and male rats exhibit LTP
to a broader range of tetani than females [97]. In striatal
MSNs from male animals, both aromatase inhibition
and ER antagonism can alter LTP induction but neither
alter LTD [98]. These data indicate synaptic plasticity can
be modulated by biological sex, but the role of sex hor-
mones is likely nuanced. While we did not specifically
investigate the role of gonadal hormones here, our data
indicate increased excitatory activity in females blunts
LTD induction.

PKMU has a sex-specific role in LTD

Our findings from both the whole-cell and LTD studies
clearly suggest sex differences in the glutamate system.
We further investigated these differences by examining
the effect of PKM{ knockout on LTD. We found male
knockout mice exhibit blunted LTD compared to
wildtype controls. The effect of genotype was abolished
following a more intense LTD induction protocol. This
suggests that PKM{ knockout increased the induction
threshold for LTD in male mice rather than eliminating
this form of plasticity altogether.

Trafficking of GluA2 AMPAR subunits plays a critical
role in LFS-induced LTD [47, 99, 100]. Within the NAc,
altering GIluA?2 trafficking via glutamate receptor-inter-
acting protein (GRIP) knockout abolishes LTD [101].
GRIP works to stabilize GluA2-containing AMPARs to
the synapse, similarly to PKM{. PKM{ potentiates NSE-
mediated insertion of GluA2-containing AMPARs into
the cell membrane [52] and cytosolic levels are decreased
in the hippocampus following LTD induction [102]. The
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results found here demonstrate a definitive role for PKM{
in LTD within the NAc. Our data further the evidence
that AMPAR trafficking proteins play a crucial role in
LTD.

In contrast to the effect of PKM{ knockout in males,
we found that PKM{ knockout had the opposite effect
in female mice, decreasing the threshold for LTD induc-
tion. While the shorter induction protocol did not elicit
LTD in wildtype females, it did successfully induce LTD
in PKM{ knockout females. As previously mentioned,
the larger RRP we found in wildtype females explains the
sex difference we see in LTD. Though the role of PKM{
is thought to be exclusively postsynaptic, it is possible
PKMC is altering presynaptic activity in females in a man-
ner that blunts synaptic plasticity. As most studies exam-
ining PKMU activity used male animals, this effect may
not be the same across both sexes.

This is the first study to examine LTD in constitutive
PKM{ knockout mice in both sexes. However, previous
studies have explored the effect of constitutive PKM{
knockout on LTP. Within the hippocampus, PKM{
knockout animals exhibit normal LTP and there are no
effects of sex [60]. While this suggests that PKM( is not
necessary for hippocampal LTD, it is not known whether
this reflects regional differences in the role of PKM{
or differences in the mechanisms driving these differ-
ent forms of plasticity. Our results indicate PKM{ alters
LTD and does so in a sex-specific manner. Future stud-
ies could further characterize the role of PKM( in glu-
tamatergic transmission by examining measures such as
AMPA/NMDA ratio and sEPSCs in knockout mice.

Our study is not the first to find sex-specificity in
PKMC activity. Behaviorally, constitutive PKM( knockout
reduces anxiety-like behavior in males but not females
[58] and site-specific deletion of PKM( in the NAc poten-
tiates cocaine-taking exclusively in male mice [53]. Fol-
lowing exposure to cocaine and methamphetamine there
are also sex-specific alterations to PKM( expression [53,
103]. Our data indicate PKM{ also plays a sex-specific
role in LTD within the NAc. In addition to sex-specificity,
we also found the effect of PKM{ knockout on LTD to be
“dose” specific as the effect of genotype is not apparent
following the stronger LTD induction protocol. This fur-
ther highlights the need to examine multiple induction
protocols as sex differences in plasticity may be quantita-
tive rather than qualitative.

Perspectives and significance

Here, we show there are baseline sex differences in
excitatory transmission within the NAc core. In combi-
nation with our previously published data in the mPFC,
we propose these sex differences may, in part, under-
lie the behavioral sex differences seen in psychiatric
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diseases such as SUD and depression. These data high-
light the importance of considering sex as a biological
variable in the development of pharmacotherapies for
psychiatric disease. Targeting different mechanisms in
males and females based on sex differences such as the
ones shown here could help increase treatment efficacy
long-term.

Conclusions

Altogether, our data demonstrate there are sex differ-
ences in synaptic plasticity at multiple levels within
the reward system. Altered glutamate transmission is
involved in multiple psychiatric diseases, therefore we
propose baseline sex differences in synaptic plasticity
within this region may drive some of the behavioral sex
differences in these illnesses. Though we did not track
estrous cycle in female animals here, it is likely many
of the effects we see are mediated by natural hormo-
nal fluctuations. Nonetheless, these data highlight the
need for further exploration of baseline sex differences
in the mechanisms driving psychiatric disease. Greater
understanding of these mechanisms will allow for the
development of more targeted, and ideally more effec-
tive, pharmacotherapies to treat diseases such as SUD
and depression.

Acknowledgements
We thank Elizabeth Birmingham and Brigham Rhoads for their assistance with
animal care and breeding as well as administrative support.

Author contributions
MEW and LAB designed the study; AUD, MCK, MNN, and LAB analyzed data;
MCK and AUD collected the data; MCK and LAB wrote the manuscript.

Funding

This work was supported by National Institute on Drug Abuse (NIDA) Grant
ROT DA047265 (L.AB.), R0OT DA049837 (L.AB,; MEEW.), DP1 DA046537 (MEEW.),
Deutsche Forschungsgemeinschaft (DFG) grant DE 2828/1-1 (A.U.D), and T32
DA007237 (M.CK).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on request.

Declarations

Ethics approval and consent to participate
All procedures using experimental animals were approved by Temple’s Institu-
tional Animal Care & Use Committee.

Consent for publication
All authors read and approved the final manuscript for publication.

Competing interests
The authors declare no conflict of interest.

Author details

'Department of Psychology, Temple University, Weiss Hall, 1701 North 13th
Street, Philadelphia, PA 19122, USA. 2Neuroscience Program, Temple University,
Weiss Hall, 1701 North 13th Street, Philadelphia, PA 19122, USA.



Knouse et al. Biology of Sex Differences

(2023) 14:52

Received: 7 March 2023 Accepted: 8 August 2023
Published online: 18 August 2023

References

1.

20.

21.

22.

23.

24.

25.

Lee MT, Peng W-H, Kan H-W, Wu C-C, Wang D-W, Ho Y-C. Neurobiology
of depression: chronic stress alters the glutamatergic system in the
brain-focusing on AMPA receptor. Biomedicines. 2022;10:1005.
Tsapakis EM, Travis MJ. Glutamate and psychiatric disorders. Adv Psychi-
atr Treat. 2002;8:189-97.

Javitt DC. Glutamate as a therapeutic target in psychiatric disorders.
Mol Psychiatry. 2004,9(984-97):979.

Li C-T, Yang K-C, Lin W-C. Glutamatergic dysfunction and glutamatergic
compounds for major psychiatric disorders: evidence from clinical
neuroimaging studies. Front Psychiatry. 2018;9:767.

Becker JB, McClellan ML, Reed BG. Sex differences, gender and addic-
tion. J Neurosci Res. 2017;95:136-47.

Becker JB, Hu M. Sex differences in drug abuse. Front Neuroendocrinol.
2008;29:36-47.

Becker JB, Koob GF. Sex differences in animal models: focus on addic-
tion. Pharmacol Rev. 2016;68:242-63.

Bobzean SAM, DeNobrega AK, Perrotti LI. Sex differences in the neuro-
biology of drug addiction. Exp Neurol. 2014;259:64-74.

Fattore L, Altea S, Fratta W. Sex differences in drug addiction: a review of
animal and human studies. Womens Health. 2008;4:51-65.

Quigley JA, Logsdon MK, Turner CA, Gonzalez IL, Leonardo NB, Becker
JB. Sex differences in vulnerability to addiction. Neuropharmacology.
2021;187:108491.

Altemus M, Sarvaiya N, Neill EC. Sex differences in anxiety and depres-
sion clinical perspectives. Front Neuroendocrinol. 2014;35:320-30.
Sramek JJ, Murphy MF, Cutler NR. Sex differences in the psychop-
harmacological treatment of depression. Dialogues Clin Neurosci.
2016;18:447-57.

Labaka A, Goni-Balentziaga O, Lebefia A, Pérez-Tejada J. Biologi-

cal sex differences in depression: a systematic review. Biol Res Nurs.
2018;20:383-92.

Giacometti L, Barker J. Sex differences in the glutamate system: implica-
tions for addiction. Neurosci Biobehav Rev. 2020;113:157-68.

Perry CJ, Campbell EJ, Drummond KD, Lum JS, Kim JH. Sex differences
in the neurochemistry of frontal cortex: impact of early life stress. J
Neurochem. 2021;157:963-81.

Wickens MM, Bangasser DA, Briand LA. Sex differences in psychiat-

ric disease: a focus on the glutamate system. Front Mol Neurosci.
2018;11:197.

Knouse MC, McGrath AG, Deutschmann AU, Rich MT, Zallar LJ, Rajad-
hyaksha AM, et al. Sex differences in the medial prefrontal cortical
glutamate system. Biol Sex Differ. 2022;13:66.

Nauczyciel C, Robic S, Dondaine T, Verin M, Robert G, Drapier D, et al.
The nucleus accumbens: a target for deep brain stimulation in resistant
major depressive disorder. J Mol Psychiatry. 2013;1:17.

Xu L, Nan J, Lan Y. The nucleus accumbens: a common target in

the comorbidity of depression and addiction. Front Neural Circuits.
2020;14:37.

Francis TC, Lobo MK. Emerging role for nucleus accumbens medium
spiny neuron subtypes in depression. Biol Psychiatry. 2017,81:645-53.
Jiang Y, Zou M, Wang Y, Wang Y. Nucleus accumbens in the patho-
genesis of major depressive disorder: a brief review. Brain Res Bull.
2023;196:68-75.

Salgado S, Kaplitt MG. The nucleus accumbens: a comprehensive
review. Stereotact Funct Neurosurg. 2015;93:75-93.

Floresco SB. The nucleus accumbens: an interface between cognition,
emotion, and action. Annu Rev Psychol. 2015;66:25-52.

Castro DC, Bruchas MR. A motivational and neuropeptidergic hub: ana-
tomical and functional diversity within the nucleus accumbens shell.
Neuron. 2019;102:529-52.

Bayassi-Jakowicka M, Lietzau G, Czuba E, Patrone C, Kowiarski P. More
than addiction—the nucleus accumbens contribution to development
of mental disorders and neurodegenerative diseases. Int J Mol Sci.
2022;23:2618.

26.

27.

28.

29.

30.

32.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

Page 13 of 15

Scofield MD, Heinsbroek JA, Gipson CD, Kupchik YM, Spencer S, Smith
AC, et al. The nucleus accumbens: mechanisms of addiction across
drug classes reflect the importance of glutamate homeostasis. Pharma-
col Rev. 2016,68:816-71.

Almey A, Milner TA, Brake WG. Estrogen receptors observed at extranu-
clear neuronal sites and in glia in the nucleus accumbens core and shell
of the female rat: evidence for localization to catecholaminergic and
GABAergic neurons. J Comp Neurol. 2022;530:2056-72.

Almey A, Milner TA, Brake WG. Estrogen receptors in the central nervous
system and their implication for dopamine-dependent cognition in
females. Horm Behav. 2015;74:125-38.

Peterson BM, Mermelstein PG, Meisel RL. Estradiol mediates dendritic
spine plasticity in the nucleus accumbens core through activation of
mGIuR5. Brain Struct Funct. 2015;220:2415-22.

Woolley CS, McEwen BS. Estradiol regulates hippocampal dendritic
spine density via an N-methyl-p-aspartate receptor-dependent mecha-
nism. J Neurosci. 1994;14:7680-7.

Grove-Strawser D, Boulware MI, Mermelstein PG. Membrane estrogen
receptors activate the metabotropic glutamate receptors mGIuR5 and
mGIuR3 to bidirectionally regulate CREB phosphorylation in female rat
striatal neurons. Neuroscience. 2010;170:1045-55.

Meitzen J, Mermelstein PG. Estrogen receptors stimulate brain region
specific metabotropic glutamate receptors to rapidly initiate signal
transduction pathways. J Chem Neuroanat. 2011;42:236-41.

Miller CK, Krentzel AA, Patisaul HB, Meitzen J. Metabotropic glutamate
receptor subtype 5 (MGIlu5) is necessary for estradiol mitigation of
light-induced anxiety behavior in female rats. Physiol Behav. 2020;214:
112770.

Staffend NA, Loftus CM, Meisel RL. Estradiol reduces dendritic spine
density in the ventral striatum of female Syrian hamsters. Brain Struct
Funct. 2011;215:187-94.

Cyr M, Ghribi O, Thibault C, Morissette M, Landry M, Di Paolo T. Ovar-
ian steroids and selective estrogen receptor modulators activity

on rat brain NMDA and AMPA receptors. Brain Res Brain Res Rev.
2001;37:153-61.

Krentzel AA, Barrett LR, Meitzen J. Estradiol rapidly modulates excita-
tory synapse properties in a sex- and region-specific manner in rat
nucleus accumbens core and caudate-putamen. J Neurophysiol.
2019;122:1213-25.

Proano SB, Morris HJ, Kunz LM, Dorris DM, Meitzen J. Estrous cycle-
induced sex differences in medium spiny neuron excitatory synaptic
transmission and intrinsic excitability in adult rat nucleus accumbens
core. J Neurophysiol. 2018;120:1356-73.

Proano SB, Krentzel AA, Meitzen J. Differential and synergistic roles of
17B-estradiol and progesterone in modulating adult female rat nucleus
accumbens core medium spiny neuron electrophysiology. J Neuro-
physiol. 2020;123:2390-405.

Martinez LA, Gross KS, Himmler BT, Emmitt NL, Peterson BM, Zlebnik NE,
et al. Estradiol facilitation of cocaine self-administration in female rats
requires activation of mGIuR5. eNeuro. 2016. https://doi.org/10.1523/
ENEURO.0140-16.2016.

Meitzen J, Meisel RL, Mermelstein PG. Sex differences and the effects of
estradiol on striatal function. Curr Opin Behav Sci. 2018,;23:42-8.
Forlano PM, Woolley CS. Quantitative analysis of pre- and postsyn-
aptic sex differences in the nucleus accumbens. J Comp Neurol.
2010;518:1330-48.

Wissman AM, McCollum AF, Huang GZ, Nikrodhanond AA, Woolley CS.
Sex differences and effects of cocaine on excitatory synapses in the
nucleus accumbens. Neuropharmacology. 2011;61:217-27.

Wissman AM, May RM, Woolley CS. Ultrastructural analysis of sex differ-
ences in nucleus accumbens synaptic connectivity. Brain Struct Funct.
2012;217:181-90.

Cao J, Dorris DM, Meitzen J. Neonatal masculinization blocks increased
excitatory synaptic input in female rat nucleus accumbens core. Endo-
crinology. 2016;157:3181-96.

Deutschmann AU, Kirkland JM, Briand LA. Adolescent social isolation
induced alterations in nucleus accumbens glutamate signalling. Addict
Biol. 2022;27: €13077.

Malenka RC. Synaptic plasticity and AMPA receptor trafficking. Ann N'Y
Acad Sci. 2003;1003:1-11.


https://doi.org/10.1523/ENEURO.0140-16.2016
https://doi.org/10.1523/ENEURO.0140-16.2016

Knouse et al. Biology of Sex Differences

47.
48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71

(2023) 14:52

Malinow R, Malenka RC. AMPA receptor trafficking and synaptic plastic-
ity. Annu Rev Neurosci. 2002;25:103-26.

Quintero GC. Role of nucleus accumbens glutamatergic plasticity in
drug addiction. Neuropsychiatr Dis Treat. 2013;9:1499-512.
Freudenberg F, Celikel T, Reif A. The role of a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptors in depression:
central mediators of pathophysiology and antidepressant activity?
Neurosci Biobehav Rev. 2015;52:193-206.

Carr KD. Homeostatic regulation of reward via synaptic insertion of
calcium-permeable AMPA receptors in nucleus accumbens. Physiol
Behav. 2020;219: 112850.

Chang PK-Y, Verbich D, McKinney RA. AMPA receptors as drug targets
in neurological disease—advantages, caveats, and future outlook. Eur J
Neurosci. 2012;35:1908-16.

Yao Y, Kelly MT, Sajikumar S, Serrano P, Tian D, Bergold PJ, et al. PKM zeta
maintains late long-term potentiation by N-ethylmaleimide-sensitive
factor/GluR2-dependent trafficking of postsynaptic AMPA receptors. J
Neurosci. 2008;28:7820-7.

McGrath AG, Lenz JD, Briand LA. PKMC in the nucleus accumbens

acts to dampen cocaine seeking. Neuropsychopharmacology.
2018;43:2390-8.

Hsieh C, Tsokas P, Serrano P, Hernandez Al, Tian D, Cottrell JE, et al.
Persistent increased PKMzeta in long-term and remote spatial memory.
Neurobiol Learn Mem. 2017;138:135-44.

Li YQ, Xue YX, He YY, Li FQ, Xue LF, Xu CM, et al. Inhibition of PKMCin
nucleus accumbens core abolishes long-term drug reward memory. J
Neurosci. 2011;31:5436-46.

Yan W, Liu J-F, Han'Y, Zhang W, Luo Y-X, Xue Y-X, et al. Protein kinase

MC in medial prefrontal cortex mediates depressive-like behavior and
antidepressant response. Mol Psychiatry. 2018;23:1878-91.

Lee AM, Zou ME, Lim JP, Stecher J, McMahon T, Messing RO. Deletion of
Prkcz increases intermittent ethanol consumption in mice. Alcohol Clin
Exp Res. 2014;38:170-8.

Lee AM, Kanter BR, Wang D, Lim JP, Zou ME, Qiu C, et al. Prkcz null mice
show normal learning and memory. Nature. 2013;493:416-9.

Gao X, Zheng R, Ma X, Gong Z, Xia D, Zhou Q. Elevated level of PKM(
underlies the excessive anxiety in an autism model. Front Mol Neurosci.
2019;12:291.

Volk LJ, Bachman JL, Johnson R, Yu Y, Huganir RL. PKM-C is not required
for hippocampal synaptic plasticity, learning and memory. Nature.
2013;493:420-3.

Dudek SM, Bear MF. Homosynaptic long-term depression in area CA1 of
hippocampus and effects of N-methyl-p-aspartate receptor blockade.
Proc Natl Acad Sci USA. 1992,89:4363-7.

Toyoda H, Zhao MG, Ulzhofer B, Wu LJ, Xu H, Seeburg PH, et al. Roles of
the AMPA receptor subunit GIuA1 but not GIUA2 in synaptic potentia-
tion and activation of ERK in the anterior cingulate cortex. Mol Pain.
2009;5:46.

Derkach VA, Oh MC, Guire ES, Soderling TR. Regulatory mechanisms of
AMPA receptors in synaptic plasticity. Nat Rev Neurosci. 2007;8:101-13.
Wright A, Vissel B. The essential role of AMPA receptor GIuR2 subunit
RNA editing in the normal and diseased brain. Front Mol Neurosci.
2012;5:34.

Guire ES, Oh MC, Soderling TR, Derkach VA. Recruitment of calcium-
permeable AMPA receptors during synaptic potentiation is regulated
by CaM-kinase I. J Neurosci. 2008;28:6000-9.

Oh MC, Derkach VA. Dominant role of the GIuR2 subunit in regulation
of AMPA receptors by CaMKIl. Nat Neurosci. 2005;8:853-4.

Song |, Huganir RL. Regulation of AMPA receptors during synaptic
plasticity. Trends Neurosci. 2002;25:578-88.

Wolf ME, Ferrario CR. AMPA receptor plasticity in the nucleus accum-
bens after repeated exposure to cocaine. Neurosci Biobehav Rev.
2010;35:185-211.

Benke T, Traynelis SF. AMPA-type glutamate receptor conduct-

ance changes and plasticity: still a lot of noise. Neurochem Res.
2019;44:539-48.

Chen SR, Zhou HY, Byun HS, Pan HL. Nerve injury increases GluA2-lack-
ing AMPA receptor prevalence in spinal cords: functional significance
and signaling mechanisms. J Pharmacol Exp Ther. 2013,347:765-72.
Wang Y, MaY, Hu J, Cheng W, Jiang H, Zhang X, et al. Prenatal chronic
mild stress induces depression-like behavior and sex-specific changes

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

Page 14 of 15

in regional glutamate receptor expression patterns in adult rats. Neuro-
science. 2015;301:363-74.

Ganguly P, Honeycutt JA, Rowe JR, Demaestri C, Brenhouse HC.

Effects of early life stress on cocaine conditioning and AMPA receptor
composition are sex-specific and driven by TNF. Brain Behav Immun.
2019;78:41-51.

Bechard AR, Hamor PU, Schwendt M, Knackstedt LA. The effects of cef-
triaxone on cue-primed reinstatement of cocaine-seeking in male and
female rats: estrous cycle effects on behavior and protein expression in
the nucleus accumbens. Psychopharmacology. 2018;235:837-48.
Gipson CD, Reissner KJ, Kupchik YM, Smith ACW, Stankeviciute N,
Hensley-Simon ME, et al. Reinstatement of nicotine seeking is mediated
by glutamatergic plasticity. Proc Natl Acad Sci USA. 2013;110:9124-9.
Spencer S, Garcia-Keller C, Roberts-Wolfe D, Heinsbroek JA, Mulvaney
M, Sorrell A, et al. Cocaine use reverses striatal plasticity produced dur-
ing cocaine seeking. Biol Psychiatry. 2017,81:616-24.

Moussawi K, Zhou W, Shen H, Reichel CM, See RE, Carr DB, et al. Revers-
ing cocaine-induced synaptic potentiation provides enduring protec-
tion from relapse. Proc Natl Acad Sci USA. 2011;108:385-90.

Baker DA, McFarland K, Lake RW, Shen H, Tang X-C, Toda S, et al. Neuro-
adaptations in cystine-glutamate exchange underlie cocaine relapse.
Nat Neurosci. 2003;6:743-9.

Madayag A, Lobner D, Kau KS, Mantsch JR, Abdulhameed O, Hearing
M, et al. Repeated N-acetylcysteine administration alters plasticity-
dependent effects of cocaine. J Neurosci. 2007,27:13968-76.

Kau KS, Madayag A, Mantsch JR, Grier MD, Abdulhameed O, Baker

DA. Blunted cystine-glutamate antiporter function in the nucleus
accumbens promotes cocaine-induced drug seeking. Neuroscience.
2008;155:530-7.

Zhou W, Kalivas PW. N-Acetylcysteine reduces extinction responding
and induces enduring reductions in cue- and heroin-induced drug-
seeking. Biol Psychiatry. 2008;63:338-40.

Muir J, Tse YC, lyer ES, Biris J, Cvetkovska V, Lopez J, et al. Ventral-
hippocampal afferents to nucleus accumbens encode both latent
vulnerability and stress-induced susceptibility. Biol Psychiatry.
2020;88(11):843-54.

Peng S-Y, Li B, Xi K, Wang J-J, Zhu J-N. Presynaptic a2-adrenoceptor
modulates glutamatergic synaptic transmission in rat nucleus accum-
bens in vitro. Neurosci Lett. 2018;665:117-22.

Kochenborger L, Zanatta D, Berretta LM, Lopes APF, Wunderlich BL,
Janudério AC, et al. Modulation of fear/anxiety responses, but not

food intake, following a-adrenoceptor agonist microinjections in the
nucleus accumbens shell of free-feeding rats. Neuropharmacology.
2012,62:427-35.

Knouse MC, Briand LA. Behavioral sex differences in cocaine and opioid
use disorders: the role of gonadal hormones. Neurosci Biobehav Rev.
2021;128:358-66.

Guily P, Lassalle O, Chavis P, Manzoni OJ. Sex-specific divergent matu-
rational trajectories in the postnatal rat basolateral amygdala. iScience.
2022;25:103815.

Fritz BM, Mufoz B, Atwood BK. Genetic selection for alcohol preference
in mice alters dorsal striatum neurotransmission. Alcohol Clin Exp Res.
2019;43:2312-21.

Miller CK, Krentzel AA, Meitzen J. ERa stimulation rapidly modulates
excitatory synapse properties in female rat nucleus accumbens core.
Neuroendocrinology. 2023. https://doi.org/10.1159/000529571.

Ma YY, Cepeda C, Chatta P, Franklin L, Evans CJ, Levine MS. Regional and
cell-type-specific effects of DAMGO on striatal D1 and D2 dopamine
receptor-expressing medium-sized spiny neurons. ASN Neuro. 2012.
https://doi.org/10.1042/AN20110063.

Bailey CH, Chen M. Morphological basis of short-term habituation in
Aplysia. J Neurosci. 1988;8:2452-9.

Gottmann K. Transsynaptic modulation of the synaptic vesicle cycle by
cell-adhesion molecules. J Neurosci Res. 2008:;86(2):223-32.

Stanton PK, Winterer J, Bailey CP, Kyrozis A, Raginov |, Laube G, et al.
Long-term depression of presynaptic release from the readily releasable
vesicle pool induced by NMDA receptor-dependent retrograde nitric
oxide. J Neurosci. 2003;23:5936-44.

Zamani MR, Desmond NL, Levy WB. Estradiol modulates long-term
synaptic depression in female rat hippocampus. J Neurophysiol.
2000;84:1800-8.


https://doi.org/10.1159/000529571
https://doi.org/10.1042/AN20110063

Knouse et al. Biology of Sex Differences

93.
94.
95.

96.

97.

98.

99.

101.

102.

103.

(2023) 14:52

Gall CM, Le AA, Lynch G. Sex differences in synaptic plasticity underly-
ing learning. J Neurosci Res. 2021;101(5):764-82.

Koss WA, Frick KM. Sex differences in hippocampal function. J Neurosci
Res. 2017,95:539-62.

Yagi S, Galea LAM. Sex differences in hippocampal cognition and
neurogenesis. Neuropsychopharmacology. 2019;44:200-13.

Simpson J, Kelly JP. An investigation of whether there are sex differ-
ences in certain behavioural and neurochemical parameters in the rat.
Behav Brain Res. 2012;229:289-300.

Yang D-W, Pan B, Han T-Z, Xie W. Sexual dimorphism in the induction of
LTP: critical role of tetanizing stimulation. Life Sci. 2004;75:119-27.

Tozzi A, de lure A, Tantucci M, Durante V, Quiroga-Varela A, Giampa

C, et al. Endogenous 17B-estradiol is required for activity-dependent
long-term potentiation in the striatum: interaction with the dopamin-
ergic system. Front Cell Neurosci. 2015;9:192. https://doi.org/10.3389/
fncel.2015.00192.

Anwyl R. Induction and expression mechanisms of postsynaptic NMDA
receptor-independent homosynaptic long-term depression. Prog
Neurobiol. 2006;78:17-37.

Purkey AM, Dell’Acqua ML. Phosphorylation-dependent regulation of
Ca2+-permeable AMPA receptors during hippocampal synaptic plastic-
ity. Front Synaptic Neurosci. 2020;12:8.

Briand LA, Kimmey BA, Ortinski PI, Huganir RL, Pierce RC. Disruption

of glutamate receptor-interacting protein in nucleus accumbens
enhances vulnerability to cocaine relapse. Neuropsychopharmacology.
2014;39:759-69.

Hrabetova S, Sacktor TC. Bidirectional regulation of protein kinase M in
the maintenance of long-term potentiation and long-term depression.
J Neurosci. 1996;16:5324-33.

Avila JA, Memos N, Aslan A, Andrejewski T, Luine VN, Serrano PA. Volun-
tary oral methamphetamine increases memory deficits and contextual
sensitization during abstinence associated with decreased PKM( and
increased KOR in the hippocampus of female mice. J Psychopharmacol.
2021;35:1240-52.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 15 of 15

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.3389/fncel.2015.00192
https://doi.org/10.3389/fncel.2015.00192

	Sex differences in pre- and post-synaptic glutamate signaling in the nucleus accumbens core
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Highlights 
	Introduction
	Methods
	Subjects
	Slice preparation
	Electrophysiology
	Data analysis

	Results
	Female rats and mice have a heightened AMPANMDA ratio within the nucleus accumbens core compared to males
	Females have a larger readily releasable pool of glutamate in the nucleus accumbens core compared to males
	Biological sex affects LTD induction in the nucleus accumbens core in mice
	PKMζ knockout alters LTD in the nucleus accumbens core in a sex- and protocol-specific manner in mice

	Discussion
	Sex differences in postsynaptic glutamatergic transmission
	Sex differences in presynaptic glutamatergic transmission
	Sex differences in LTD
	PKMζ has a sex-specific role in LTD

	Perspectives and significance
	Conclusions
	Acknowledgements
	References


