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Abstract
Background: Numerous studies have suggested that
sexual dimorphism may exist in learning and memory.
Herein, we associated sex differences in the long-term
potentiation (LTP) and the long-term depression (LTD)
with the N-methyl-D-aspartate (NMDA) receptor subunits,
given their well-known roles in the establishment of longterm memory.
Methods: After a 15-min baseline recording, LTP and LTD
were induced by application of high- and low- frequency
stimulation protocols, respectively. The averages of the
excitatory postsynaptic potential (EPSP) slopes and
population spike (PS) amplitudes between 70-75 minutes
were used as a measure of the LTP/LTD. The mRNA level
of GluN1, GluN2A and GluN2B subunits were evaluated
using real-time quantitative polymerase chain reaction
(RT-qPCR) analysis.
Results: Male and female rats showed no differences in a
pre-LTP and pre-LTD I/O curves. Although the magnitude
of LTP was similar between sexes, female animals
exhibited LTD in much more easily than their male
counterparts in the absence of the difference in I/O
curves. Concomitantly, none of transcript significantly
differed between sexes for baseline gene expression,
while the decreasing NR2A/NR2B ratio in female rats
throughout LTP and LTD time courses was only observed
after LTP in male rats. In addition, NR1 mRNA expression
was increased in male rats compared to female rats 60min after LTP induction.
Conclusion: The capacity for LTD expression is higher in
female rats compared to male rats in young adult ages,
and this sex difference is paralleled by a sex difference in
GluN2B subunit generated by perforant path LFS. The
present study suggests that sex differences in
hippocampus-dependant learning tasks may be result of
sexually dimorphic hippocampal LTD, but not LTP.
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Introduction
The hippocampus is a medial temporal lobe structure
implicated in the consolidation of declarative memory in
humans and spatial memory in rodents and shows high degree
of synaptic plasticity. Although there is general consensus that
males outperformed females in spatial tasks [1], limited
number of studies concerned with sex difference in the longterm potentiation (LTP) and the long-term depression (LTD),
two general forms of synaptic plasticity thought to underlie
memory acquisition. A robust sex difference in the magnitude
of LTP induced was reported in the dentate gyrus of
pentobarbital-anesthetized rats [2] and the CA1 region of
hippocampal slices [3,4], whereas others did not observe any
sex difference in LTP at the perforant pathway (PP)–the
dentate gyrus (DG) synapses [5]. Only one study appears to
have addressed sexual dimorphism in LTD and found that
female animals seem to exhibit LTD in vivo in much more easily
than their male counterparts [6]. We have thought that these
findings need to be repeated because there is no consistency
in the available data on synaptic plasticity forms.
The results of previous studies suggest that both the
direction and the magnitude of synaptic changes are
determined as a function of the calcium current mediated by
the N-methyl-D-aspartate (NMDA) receptors [7]. NMDA
receptors are tetrameric ligand-gated ion channels comprised
of GluN1, GluN2A-D, and GluN3A-B subunits. The majority of
native NMDA receptors are tetrameric assemblies of two
GluN1 subunits and two GluN2 subunits. The two predominant
GluN2 subunits in the hippocampus are GluN2A and GluN2B,
although GluN2C and GluN2D are also present, in particular
early in development, but also in low quantities in adulthood
[8]. Co-expression of GluN1 with two different GluN2 subunits
(e.g. GluN2A and GluN2B) in heterologous systems generates
three populations of functional NMDA receptors consisting of
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two different diheteromeric receptors (e.g. GluN1/GluN2A and
GluN1/GluN2B) as well as triheteromeric receptors (e.g.
GluN1/GluN2A/GluN2B) [9,10]. The GluN1 subunit is an
obligate part of all NMDA receptors and is widely expressed in
the central nervous system, whereas the different GluN2
subunits endow NMDA receptors with markedly different
biophysical and pharmacological properties [10].
Many forms of LTP and LTD require the activation of NMDA
receptors and the consequent rise in the postsynaptic Ca2+
concentration. Strong depolarization of the post-synaptic cell
completely displaces the magnesium ions that block NMDA ion
channels and allows calcium ions to enter a cell causing LTP
[11], while weaker depolarization only partially displaces the
Mg2+ ions, resulting in less Ca2+ entering the post-synaptic
neuron and lower intracellular Ca2+ concentrations and
induces LTD [12]. Previous studies have suggested that the
balance between GluN2A subunit and GluN2B subunit may
alter the critical level for postsynaptic responses. It is likely
that an increase in the GluN2A/GluN2B ratio would raise the
LTD induction threshold and a decrease in the GluN2A/GluN2B
ratio would lower the LTD induction threshold [13]. Herein, we
associated sex differences in the LTP and LTD with NMDA
receptor subunits, given their well-known roles in the
establishment of long-term memory.

Materials and Methods
Animals
Totally 30 male and 30 female Wistar rats between the ages
of 2 and 4 months were used in this study, in accordance with
the European Communities Council Directive of 24 November
1986 (86/609/EEC) regarding the protection of animals used
for experimental purposes and with the guiding principles for
the care and use of laboratory animals approved by Erciyes
University. Microscopic evaluation of vaginal smear was used
to document the stages of the estrous cycle, and female rats in
proestrus phase were included to study.

Electrophysiology
Details of the protocols used for electrophysiological
experiments are described elsewhere [14]. Briefly, after rats
were anesthetized with intraperitoneally injected urethane
(1.2 g/kg), a glass micropipette (Borosilicate, outer diameter
1.5 mm, length 10 cm length; World Precision Instruments)
was inserted into the granule cell layer of the dentate gyrus
(DG) in the right hemisphere (in mm, from bregma:
anteroposterior: −3.5; mediolateral: 2.15; dorsoventral: 2.5-3
mm below the dura) to record the field potential. A bipolar
tungsten electrode (stainless steel, Teflon-coated, 127 μm in
diameter, insulated except at its tips) was used to stimulate
the medial perforant path (PP, from bregma, in mm:
anteroposterior: −8.0; mediolateral: 4.2; dorsoventral: 2-2.5
below the dura) of the right hemisphere. The depth of
recording and stimulating electrodes (dorsoventral coordinate)
was adjusted to obtain a large positive excitatory postsynaptic
potential (EPSP) followed by a negative-going population spike
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(PS) in response to perforant path stimulation. These positions
of both electrodes were previously verified to be in the
granule cell layer of the dentate gyrus and in the PP [14].
After a stable EPSP was obtained, the PP was stimulated by
pulses at an intensity that ranged from 0.1 to 1.5 mA at 0.05
Hz three times and by increasing the intensities from a 0.1 mA
to a 1.5 mA step by 0.2 mA per step to create an input-output
curve, which was stored for off-line analysis. The stimulus
intensity produced by half of the maximum PS amplitude was
determined (test stimulus) and then used throughout the
experiment. LTP was induced using high-frequency stimulation
(HFS; 100 Hz, 1 sec, 4 times). LTD was evoked using lowfrequency stimulation (LFS) that consisted of 900 stimuli at 1
Hz, with the test stimulus occurring after 15 min of baseline
recording. Following the delivery of HFS/LFS, the test stimulus
was repeated every 30 s for up to 60 min.

Molecular experiments
Isolation of total RNA and cDNA synthesis: For the gene
expression studies, randomly selected 6 rats of each sex were
sacrificed 60 min after the end of HFS and LFS by decapitation.
To determine rapid effects of induction protocols on the
expression of NMDA receptor subunits, additional groups of 6
rats of each sex underwent similar surgery for hippocampal
recording but were sacrificed 5 min after the end of HFS and
LFS, or the sham session consisting of pulses at a frequency of
0.033 Hz. By this way, five groups were composed as the HFS5
group, the LFS5 group, the HFS60 groups, the LFS60 groups,
and sham treatment group for each sex. The left hippocampi
of these rats were separately dissected from the surrounding
area and weighed. Total RNA was isolated from the
hippocampi of rats using an ExiPrepTM plus Tissue Total RNA
Kit and an automated nucleic acid extraction instrument from
ExiPrepTM 16 Plus, following the manufacturer’s protocols
(Bioneer, South Korea). The quantity and quality of the isolated
total RNA were determined with a DS-11 spectrophotometer
(Denovix, USA). cDNA was synthesized from 2 μg of total RNA,
using AccuPower RT PreMix (Bioneer, South Korea) in a final
volume of 20 μl.
Real-time Quantitative Polymerase Chain Reaction (RTqPCR) Analysis: RT-qPCR was performed using an Exicycler TM
96 (Bioneer, South Korea) with AccuPower GreenStarTM qPCR
PreMix (Bioneer, South Korea). Primer sets used were
validated by and purchased from Bioneer (Bioneer, South
Korea). The primer sequences used were as follows: NMDA-1
(forward: 5'- TAAGTATGCGGACGGAGTGA -3' and reverse: 5'CTCATTGTTGATGGTCAGTGG -3'), NMDA-2A (forward: 5'CTGTCTCCCCTTCTGCTTTC
-3'
and
reverse:
5'CAGGTTGGCTGTGTAACTGG -3'), NMDA-2B (forward: 5'TGAACGAAACTGACCCAAAG
-3'
and
reverse:
5'TAGGTGGTGACGATGGAAAA -3') and glyceraldehyde 3phosphate
dehydrogenase
(GAPDH)
(forward:
5'AATGTATCCGTTGTGGATCT
-3'
and
reverse:
5'CAAGAAGGTGGTGAAGCAGG -3'). The cycle threshold (Ct) was
determined for each target gene in duplicate. ΔCt was
calculated by the difference between the Ct of each target
gene and the Ct of GAPDH (reference gene).
This article is available from: http://www.jneuro.com/
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Data Analysis and Statistics
Two components of each field potential, the EPSP and PS,
were used for statistical analysis of LTP and LTD data. The slope
of the EPSP was calculated as the amplitude change at 20-80%
of the voltage difference between the start and the peak of
the waveform, and the amplitude of the PS was the difference
between the first positive peak and the negative peak for each
current value. Raw values for the EPSP slopes and PS
amplitudes obtained during the I/O experiment were analyzed
separately using repeated measures ANOVA, with sex and
experimental (LTP vs. LTD) conditions used as betweensubjects variables and stimulus intensity (8 levels of intensity)
used as a within-subjects factor.
The mean value of the EPSP slope and the PS amplitude
during baseline recording was chosen to represent 100
percent, and each EPSP and PS was expressed as a percentage
of this value. Each HFS was able to induce a short-term
potentiation. In contrast to this, LFS was able to induce a shortterm depression, as shown by a sharp decrease in PS
amplitude within the first 5 min of the post-LFS period. The
magnitudes of initial and persistent potentiation (or
depression) of LTP (or LTD) were calculated from the averages
in the interval 15-20 min and 70-75 min after induction
protocol, respectively. These data were compared Student t
test.
The effect of sex on baseline gene expression was tested by
comparison of mRNA levels for hippocampus that was
removed 5 min after the sham session consisting of pulses
using Student t test. To determine the effect of sex on gene
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expression measured after 5-min and 60-min post induction
(HFS or LFS), ΔCt values (=Ct target gene–Ct Gapdh) were
compared using a Repeated Measures of ANOVA. When
significant interaction was found between sex and treatment,
pairwise comparisons were made using independent samples
t-tests. An α-level of ≤ 0.05 (two-tailed) was applied for all
comparisons to determine statistical significance. All statistical
analyses were performed using SPSS software (SPSS, Chicago,
IL).

Results
Input-Output function
Figure 1 shows the PS amplitude and the EPSP slope as a
function of perforant pathway stimulus intensity, namely the
I/O curves, before the LTP and the LTD were induced. Separate
8 (intensity levels) × 2 (pre-LTP vs. pre-LTD) × 2 (sex) repeated
measures of ANOVAs did not find any significant betweensubjects effect (Sex: F1, 56=0.35 and 0.03; Experiment: F1,
56=0.42 and 1.93; P’s >0.05) or any significant interaction
related to intensity (with sex: F7, 392=0.32 and 1.15; with
Experiment: F7, 392=0.85 and 0.36; with Group x Experiment:
F7, 392=0.13 and 0.33; P’s >0.05 for PS amplitude and EPSP
slope, respectively). As expected, the PS amplitude (F7,
392=239.7; p<0.001) and the EPSP slope (F7, 392=177.3;
p<0.001) increased systematically as a function of perforant
pathway stimulus intensity. These data indicate that there
appear to be no gross differences in baseline function between
sexes and between experiments.

Figure 1 Input/output curves obtained before LTP and LTD experiments. Absolute input/output curves of the population spike
(PS) amplitudes (A) and excitatory postsynaptic potential (EPSP) slopes (B) in the dentate gyrus (DG) area according to the
increasing magnitudes of stimulation of the perforant pathway (horizontal axis) before the induction of long-term potentiation
and long-term depression (circle: female rats; square: male). Bars show the standard errors of the means for 30 rats for each
sex. Note that there appears to be no gross difference in baseline function between male and female rats.

© Copyright iMedPub
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Initial and long-term potentiation
Figures 2A and 2B show the time course of PS amplitude
and EPSP slope. Independent samples T test failed to show a
significant difference between male and female rats for the
initial (341.3 ± 18.0% vs. 315.3 ± 23.2% of baseline; p>0.10 )
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and long-term potentiation of PS amplitude (255.8% ± 13.9 vs.
239.9 ± 5.1% of baseline; p>0.10), and for the initial (153.4 ±
5.5% vs. 158.9 ± 4.8% of baseline; p>0.10) and long-term
potentiation of the EPSP slope (120.6 ± 6.7% vs. 130.5 ± 4.2%
of baseline; p>0.10).

Figure 2 The LTP magnitude is not different depending on sex. A and C: Time course of population spike (PS; A) amplitude and
excitatory postsynaptic potential (EPSP; C) slope changes from 15 min to 75 min following high-frequency stimulation. After a
15-min baseline recording, LTP was induced by means of high-frequency stimulation (arrows; 100 Hz, 1 sec, 4 times), which
was applied beginning at time 0. The magnitude of the enhancement of the PS at 15-20 min and 70-75 min (B) and those of
the EPSP at 15-20 min and 70-75 min (D) are comparable between male rats and female rats. Error bars denote the standard
errors of the means. n=16 for each sex. (E) Traces are representative of field potential recordings made immediately before
(time point: -1 min; not denoted) and after HFS (time point: 15 min; denoted with "1”) and at the end of the experiment (time
point: 75 min; denoted with "2"). Note the comparable ratio of EPSP (the first up-going deflection after stimulus artifact) slope
and PS (the down-going deflection) amplitude in trace denoted with "2" to that in trace not denoted (the magnitude of LTP) in
male and female rat. sa: stimulus artifact.
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Long-term depression
Figures 3A and 3B show the time course of PS amplitude
and EPSP slope. Independent samples T test failed to show a
significant difference between male and female rats for the
initial potentiation of PS amplitude (66.2 ± 8.9% vs. 51.1 ±
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5.9% of baseline; p>0.10) and the EPSP slope (82.5 ± 4.5% vs.
71.7 ± 4.9% of baseline; p>0.10). Nevertheless, both PS
amplitude and EPSP slope were more depressed in female rats
(49.5 ± 9.2% and 64.1 ± 6.0% of baseline, respectively) than
male rats (98.6 ± 15.8% and 85.9 ± 4.8% of baseline; Ps=0.012
and 0.009) at 70 - 75 min.

Figure 3 Low-frequency stimulation induces long-term depression of population spike and excitatory postsynaptic potential in
female, but not male, rats at perforant path-dentate gyrus synapses. A and B: Time course of population spike (PS; A)
amplitude and excitatory postsynaptic potential (EPSP; C) slope changes from 15 to 75 min following low-frequency
stimulation. After a 15-min baseline recording, LTD was induced by means of low-frequency stimulation (LFS) consisting of 900
stimuli at 1 Hz that was applied beginning at time 0. The magnitude of the depression of the PS amplitude (B) and the EPSP
slope (D) at 15-20 min are comparable between male rats and female rats. Both the PS amplitude (B) and the EPSP slope (D)
are depressed more markedly at 70-75 min in female rats than male rats. n=14 for each sex. * indicates significant p values for
a comparison between two groups. (E) Traces in the bottom panel are representative of field potential recordings made
immediately before (time point: -1 min; not denoted) and after LFS (time point: 15 min; denoted with "1”) and at the end of
the experiment (time point: 60 min; denoted with "2"). Note the decreased ratio of EPSP (the first up-going deflection after
stimulus artifact) slope and PS (the down-going deflection) amplitude in trace denoted with "2" to that in trace not denoted
(the magnitude of EPSP-LTP) in female rat. s: stimulus artifact.

© Copyright iMedPub
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qRT-PCR gene expression
Figure 4 shows ΔCt as a measure of baseline and plasticitydependent expression levels of the target genes after the
sham session and after LTP or LTD induction.
Baseline gene expression: Based on transcript abundance,
GluN1 was highly expressed (Ct<20), GluN2A was expressed at
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a moderate level (Ct=20–25), and GluN2B showed less
expression levels (Ct>25) in the sham-treated hippocampus of
both sexes. None of transcript significantly differed between
sexes, but a trend to increase was observed in female rats
compared to male rats for ΔCt values of NR1 transcript
(t10=2.14; p=0.058) after sham session.

Figure 4 Quantification of GluN1 (A), GluN2A (B), and GluN2B gene (C) expression by means of real-time quantitative
polymerase chain reaction (RT-qPCR) in the hippocampus removed 5 min after the sham session, and 5-min and 60-min after
post induction of LTP (black) and of LTD (empty) in male (square) and female (circle) rats. For the quantification of each PCR
product, the threshold cycle (Ct) was used. Data (means ± SEM of two independent experiments of six samples for each
subgroup) are presented as ΔCt value (the difference in the CT of the housekeeping gene GAPDH and the CT of the gene of
interest) as a function of sex. (D) NR2A/NR2B ratio was calculated from ΔCt values from B and C. Note that NR2B expression
up regulated throughout time course of LTP in both sexes, but throughout time course of LTD in females only. a denotes
significant difference between sexes within induction protocol. b denotes significant between early and late phases of
induction protocol within sex. c denotes significant between LTP and LTD within each sex.
Plasticity-dependent gene expression: A repeated
measures of ANOVA on the ΔCt values of NR1 transcript
revealed that male and female rats responded differently to
induction protocols in early and late phases, as indicated by
significant interaction between sex and protocol (F1, 10=6.40;
p=0.003), between sex and phase (F1, 10=7.12; p=0.024), as
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well as a significant main effect for sex (F1, 10=11.30; p=0.007)
and for phase (F1, 10=19.55; p=0.001) but not for induction
protocol (p>0.05). A further analysis of significant interaction
effects revealed that NR1 mRNA expression in early and late
phases of both form plasticity was similar both between and
within sexes, except which demonstrated higher expression in
This article is available from: http://www.jneuro.com/
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males than in females at 60-min after LTP induction (t10=4.71;
p =0.001). In addition, NMDAR subunit NR1 demonstrated
higher expression in early phase of LTD than LTP in female rats
(t10=2.98; p=0.014) (Figure 4A).
A repeated measure of ANOVA on the ΔCt values of NR2A
transcript revealed a significant sex x protocol interaction (F1,
10=5.79; p=0.037), in the absence of any significant main
effect. A further analysis of significant interaction effect
revealed that GluN2A mRNA expression in early and late
phases was similar both between induction protocols and
between and within sexes, except which demonstrated higher
expression in females than in males at 5-min after LTD
induction (t10=2.24; p =0.049; Figure 4B).
A repeated measure of ANOVA on the ΔCt values of NR2B
transcript yielded a main effect for induction protocol (F1,
10=67.60; p<0.001), such that the average ΔCt was
significantly higher for LTD than for LTP. The main effect of sex
and the main effect of phase were non-significant (p>0.05).
However, most of the interaction effects were significant (sex x
phase x protocol interaction: F1, 10=19.38; p=0.001; sex x
phase: F1, 10=5.19; p=0.046; but sex and protocol: p=0.099),
indicating that the effect of induction protocol on NR2B
transcript differs between sexes and between phases. A
further analysis of significant interaction effect revealed that,
although GluN2B mRNA expression in early and late phases
was similar between sexes in LTP-induced hippocampus of
male rats, it was lower in females than in male rats at 5-min
(t10=5.26; p=0.001), but higher 60-min after LTD induction
(t10=4.27; p=0.003; Figure 4C). GluN2B mRNA expression was
increased from early to late phase of both LTP (t10=3.06;
p=0.012) and LTD (t10=14.67; p<0.001) in females, whereas,
such an increase was only observed after LTP induction
(t10=4.23; p=0.002), but not after LTD induction (t10=2.66;
p=0.073) in male rats (Figure 4C). In addition, subunit GluN2B
mRNA demonstrated higher expression in early LTP phase than
early LTD phase in male rats (t10=3.87; p=0.004) and in late
LTD phase than late LTP phase in female rats (t10=2.29;
p=0.045).
When NR2A/NR2B ratio was calculated for each animal, a
repeated measure of ANOVA yielded a main effect for
induction protocol (F1, 10=27.70; p<0.001), such that the
average NR2A:NR2B ratio was significantly higher for LTP than
for LTD. The main effect of sex and the main effect of phase
were non-significant (p>0.05). However, sex x phase x protocol
interaction was significant (F1, 10=7.60; p=0.020), indicating
that the effect of induction protocol on NR2A/NR2B ratio
differs between sexes and between phases. A further analysis
of significant interaction effects revealed that, although NR2A/
NR2B ratio was unchanged throughout LTP and LTD time
courses within male rats, it decreased from 5-min to 60-min
after both LTP (t10=2.85; p =0.032) and more obviously LTD
time courses (t10=6.66; p<0.001) in female rats (Figure 4D). In
addition, this ratio was higher at early phase (t10=5.38;
p=0.012) but lower at late phase of LTD time course (t10=3.73;
p=0.011) in female rats, whereas comparisons of the time
course of LTP at 5 and 60 min after induction revealed no
significant difference between sexes (Figure 4D).
© Copyright iMedPub
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Discussion
This study demonstrates that: (1) there appear to be no
gross differences in baseline function and glutamatergic
receptor subunit expression in the hippocampus between
female and male rats. (2) The LTP magnitude is not different
depending on sex. (3) The capacity for LTD expression in vivo is
different in male and female animals in young adult ages. (4)
NR2B expression up regulated throughout time course of LTP
in both sexes, but throughout time course of LTD in females
only.
According to our study, the LTP magnitude is not different
depending on the sex, confirming our previous study [15] and
a study that failed to show sex dependency for the LTP of
population spike [2]. In contrast, it has been previously
reported that the magnitude of the EPSP potentiation in the
CA1 region of hippocampus [3,16] and the dentate gyrus [2,17]
is significantly lower in female rats than their male
counterparts. In these studies, LTP has been induced by means
of theta-burst stimulation (TBS) mimicking endogenous theta
frequency EEG activity (4–8 Hz) recorded in the rat
hippocampus during behavioral activities [18]. In contrast to
TBS, HFS protocols do not possess a theta-like pattern and
produces less potentiation than TBS in the early phase of LTP
[19]. Sex difference in LTP can be depend on stimulus protocol
because HFS protocol evoked similar LTP in female and male
rats, whereas LTP induced by a single TBS was significantly
larger in male rats than that induced in female rats [3].
The present study found that an LFS protocol (1 Hz for 15
min), which failed to induce LTD at PP-DG synapses in male
rats, leads to subsequently induced LTD in female rats. We did
not find any difference in pre-LFS synaptic strength between
male and female young-adult rats in the DG, confirming
previous studies [20,21]. Therefore, sex difference in the LTD
magnitude is not due to differences in baseline function
between groups. In agreement with the present study, an
earlier study found significant LTD in naive female, not male
offspring [6]. Male rats in that study showed LTD after LFS
when they were exposed stress [6]. On the other hand, several
recent studies used male rats aged 3 to 9 mo old have
reported the same stimulation protocol does not induce a
persistent LTD at CA3-CA1 synapses in vitro [22,23], but rather
induces a slow onset long-term potentiation at perforant pathdentate gyrus synapses in vivo [24]. In contrast to the present
study, little or no LTD was induced by LFS in hippocampal slices
from female rats aged between 40 days and 16 weeks [25]. In
that study, field EPSPs were recorded from CA1 region in
response to the Schaffer collateral-commissural pathway.
Therefore, the dentate gyrus in female rats appears to be more
susceptible to LTD than area CA1.
The present data suggest the idea that NMDA receptor
subunit composition is differentially regulated in part in male
and female rats. Subunit composition can determine the
direction of synaptic plasticity because the GluN2A subunit is
involved in the induction of LTP, whereas the GluN2B subunit
contributes to the formation of LTD in the hippocampus and
cortex [26,27]. The observed (non-significant) slight
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differences which were noted in the mRNA levels of GluN2A
subunit and GluN2B between sham-treated hippocampus of
male and female rats suggest capacity of LTP and LTD induction
is comparable between female and male rats. In the present
study, this was confirmed by no significant differences in the
initial potentiation/depression of PS amplitude and EPSP
slope. Moreover, no significant difference in mRNAs for
GluN2A and GluN2B subunits supports comparable LTP
magnitudes between females and males.
In this study, we describe two important findings pertaining
to sex-based differences in NMDAR subunits. The first finding
is that, during the time course of LTD, increasing GluN2B
subunit expression and decreasing GluN2A/GluN2B is
observed in female, but not male rats. The second finding is
that LFS-induced expression of NR2B subunit is more
pronounced compared to HFS-induced expression at early
phase in male rats but late phase in female rats. Nevertheless,
induction of LTP do not show sex-based differences in
expression pattern of GluN2A and GluN2B subunits during LTP
time course. Because current evidence does suggest that the
GluN2B subunit might be particularly important for LTD, these
findings confirm the ability of female rats for express a durable
LTD. These findings have also extended our knowledge about
sex-specific regulation NMDA receptors reported by a study
using quantitative in vitro receptor autoradiography technique
and showing more NMDA receptors in the hippocampus of
male rats than that of female rats [28] and a study showing
estrogen-regulated GluN1 and GluN2A expressions in female
rats [29]. However, the present findings do not mean that
female synapses contained more functional GluN2B receptors
but rather suggest that they are in the process of expressing
more functional GluN2B after undergoing LFS-induced LTD,
because we measured mRNA levels.
This sex specific modulation of synaptic plasticity by
estrogens could be responsible for the increased LTD
magnitude in young female rats. Nevertheless, how the
estrous cycle affects LTP and LTD is not well understood.
Although maximal induction of LTP has been occurred in
female rats during the afternoon of proestrus, when
endogenous estrogen concentrations are highest [20], no
study investigated the relationship between LTP and estrous
cycle. In present study, we selected females on proestrus
phase. It has been reported that high estrogen levels prevent
the inhibitory-avoidance task-induced delivery of AMPARs into
hippocampal CA3-CA1 synapses [30], and that NMDAR
activation during HFS results in the delivery of AMPARs to
spines, while NMDAR activation during LFS results in AMPAR
removal [31]. If this is the case, it would suggest that an
inhibition of delivery of AMPARs into synapses might further
enhance the capacity for LTD in female rats. The present study
has focused on sex difference in the LTP/LTD, but not on
changes in LTP/LTD across menstrual cycle. Nevertheless,
investigating the relation between expression levels of genes
related with synaptic plasticity forms and estrogen levels in
female rats will provide us invaluable information in this area.
Generally, male rats out-performed female rats in tests of
spatial ability [1,4,32-34], although female superiority [35] or
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equal performance [36] was also noted. In that case, how can
be any prediction regarding spatial memory made based on
female's LTD ability? LTP contributes to the formation of new
synapses [37], while LTD may facilitate the loss of
inappropriate synaptic contacts by causing synapse weakening
[38] and/or prevent synaptic saturation in neural networks
[39]. It has been reported that hippocampal LTD is related to
memory processes requiring behavioral flexibility in spatial
learning [40], and that hippocampal lesions impair behavioral
flexibility [41]. Moreover, LTD-like mechanisms have been
demonstrated to involve reversal learning in the Morris water
maze [42]. Results from those experimental studies suggest
that females are behaviorally more flexible, whereas males
show a greater degree of behavioral persistence [43].
Therefore, more depressed LTD observed in female rats
suggests greater female behavioral flexibility. Moreover,
females can be expected to forget learned information and to
learn a new one more easily than males.

Conclusion
In conclusion, the capacity for LTD expression in vivo is
higher in female rats compared to male rats in young adult
ages, and this sex difference was paralleled by a sex difference
in the expression of GluN2B subunit generated by perforant
path LFS. These alterations could be related to the modulation
of NMDA receptors function and of synaptic plasticity by
estrogens. The present study suggests that sex differences in
hippocampus-dependant learning tasks may be result of
sexually dimorphic hippocampal LTD, but not LTP.
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