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Low corticosterone levels attenuate late life depression and
enhance glutamatergic neurotransmission in female rats
Shi-feng Chu1, Zhao Zhang1, Xin Zhou1, Wen-bin He2, Bo Yang3, Li-yuan Cui1, Hong-yuan He4, Zhen-zhen Wang1 and Nai-hong Chen1

Sustained elevation of corticosterone (CORT) is one of the common causes of aging and major depression disorder. However, the
role of elevated CORT in late life depression (LLD) has not been elucidated. In this study, 18-month-old female rats were subjected
to bilateral adrenalectomy or sham surgery. Their CORT levels in plasma were adjusted by CORT replacement and the rats were
divided into high-level CORT (H-CORT), low-level CORT (L-CORT), and Sham group. We showed that L-CORT rats displayed
attenuated depressive symptoms and memory defects in behavioral tests as compared with Sham or H-CORT rats. Furthermore, we
showed that glutamatergic transmission was enhanced in L-CORT rats, evidenced by enhanced population spike amplitude (PSA)
recorded from the dentate gyrus of hippocampus in vivo and increased glutamate release from hippocampal synaptosomes caused
by high frequency stimulation or CORT exposure. Intracerebroventricular injection of an enzymatic glutamate scavenger system,
glutamic-pyruvic transmine (GPT, 1 μM), significantly increased the PSA in Sham rats, suggesting that extracelluar accumulation of
glutamate might be the culprit of impaired glutamatergic transmission, which was dependent on the uptake by Glt-1 in astrocytes.
We revealed that hippocampal Glt-1 expression level in the L-CORT rats was much higher than in Sham and H-CORT rats. In a
gradient neuron–astrocyte coculture, we found that the expression of Glt-1 was decreased with the increase of neural percentage,
suggesting that impairment of Glt-1 might result from the high level of CORT contributed neural damage. In sham rats,
administration of DHK that inhibited Glt-1 activity induced significant LLD symptoms, whereas administration of RIL that promoted
glutamate uptake significantly attenuated LLD. All of these results suggest that glutamatergic transmission impairment is one of
important pathogenesis in LLD induced by high level of CORT, which provide promising clues for the treatment of LLD.
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INTRODUCTION
Major depressive disorder (MDD) has been estimated to be the
second most prevalent public health problem by 2030, especially
in aged populations. As many as 10% of individuals over 65 years
old in primary care settings suffer from major depression and
dysthymic disorder [1], which are characterized by anhedonia and
cognitive impairment [2, 3]. However, the available antidepres-
sants commonly cause more side effects in aged patients than in
young adults, including QT prolongation [4] and hypertension [1],
indicating that traditional antidepressants are not suitable for the
treatment of late life depression (LLD).
Dysfunction of glutamatergic neurotransmission is increasingly

considered to be a core feature of stress-related mental illness,
which occurs predominantly within the confines of a tripartite
synapse and involves basal and activated presynaptic glutamate
release, postsynaptic receptor trafficking and function, and
transporter-mediated uptake and recycling of glutamate through
the glutamate/glutamine cycle. It has been demonstrated that

several regulatory processes within the synapse are sensitive to
stress and elevated corticosterone (CORT) [5]. For example, acute
exposure to stress or administration of CORT rapidly induces
glutamate release in the hippocampus [6], and 100 nM CORT
significantly increases the frequency of excitatory postsynaptic
potentials in CA1 pyramidal neurons [7]. Approximately 30% of
aged rats experienced basal CORT hypersecretion, which was
correlated with cognitive impairment and hippocampal atrophy
[8]. Artificially lowering the concentration of CORT during middle
age significantly reduced the development of both memory
dysfunction and hippocampal atrophy [9, 10]. However, the
relationship between glutamatergic transmission and CORT levels
in late life is still unclear.
Substantial evidence suggests that the hippocampus is involved

in the pathogenesis of LLD [11, 12]. First, LLD is clinically
recognized as a stress-sensitive illness [13], and the hippocampus
is one of the brain regions involved in the negative feedback of
the HPA axis [14, 15]. Second, LLD is always accompanied by
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impairments in cognitive function, which are heavily dependent
on the function of the hippocampus [16]. Third, the hippocampus
is one of several regions involved in emotional modulation [11].
Therefore, the hippocampus was considered the region of interest
in the present study.
According to the basal level of CORT in plasma, 18-month-old

rats were separated into two subpopulations: high-level CORT (H-
CORT) animals and normal animals in which the CORT concentra-
tion was not increased (N-CORT). The glutamatergic system was
investigated by electrophysiological, molecular and behavioral
approaches in these aged rats. Based on our results, we propose
that low-level CORT (L-CORT) ameliorates LLD and increases
glutamatergic transmission and that the Glt-1 modulator may be a
promising candidate agent for the treatment of LLD.

MATERIALS AND METHODS
Animals
Eighteen-month-old female Sprague–Dawley rats weighing
430–550 g were purchased from Vital River Laboratories, Beijing,
China. All animals were maintained under a 12 h light/dark cycle
with ad libitum access to food and water. Animals were
habituated to the housing conditions for 5 days before the
beginning of the experimental procedures. All procedures were
conducted in accordance with the guidelines established by the
National Institutes of Health for the Care and Use of Laboratory
Animals and approved by the Animal Care Committee of the
Peking Union Medical College and Chinese Academy of Medical
Sciences.

Adrenalectomy (ADX) and corticosterone replacement
Rats underwent either bilateral ADX (n= 150) or SHAM surgery
(n= 30) between 8 and 10 a.m. as described previously [17]. ADX
rats were given 0.9% NaCl after surgery to compensate for the loss
of salt. Some SHAM and ADX rats were examined 3 days after
surgery to verify that ADX suppressed plasma CORT levels. All
remaining ADX rats (n= 115) received CORT replacement treat-
ment, which mimics the circadian rhythm of circulating adrenal
steroids (ADX/CORT). This treatment consisted of (i) s.c. implanta-
tion of a CORT pellet (40 mg) to mimic the basal level of CORT in
the diurnal cycle [18] and (ii) addition of CORT to the drinking
water at night to mimic the nocturnal rise in CORT (at
concentrations of 25 μg/mL (L-CORT) and 250 μg/mL (H-CORT) in
0.9% NaCl with 0.15% ethanol) [19]. Tail vein blood from SHAM
and ADX/CORT rats was collected for the analysis of plasma CORT
via ELISA (Cayman, UK).

Late life depression determination
Morris water maze (MWM). The rats participated in the MWM test
twice when they were 18 months old and 26 months old (after
ADX). The water maze apparatus (Chinese Academy of Medical
Sciences, China) consisted of a black circular pool (180 cm
diameter, 75 cm high) divided into four equally spaced quadrants
filled with water to a depth of 40 cm (22 ± 1 °C). A black Plexiglas
goal platform submerged 1.0 cm below the surface of the water
was hidden in a constant position in the center of one quadrant
during the training period and then removed at the time of the
probe task. To monitor the rat swimming parameters, a closed-
circuit television camera was mounted onto the ceiling directly
above the center of the pool and linked to a computer-based
image analyzer [20].
The memory training test consisted of two consecutively

repeated trials per day for a period of 4 days. Each rat was placed
into the water facing the wall of the tank at the starting point and
allowed to swim until they found the hidden platform located in
the maze. During each trial, each rat was allowed 60 s to find the
hidden platform. If the rat remained in the water after 60 s, the rat
was gently guided to and placed on the platform. It was then

allowed to stay on the platform for 10 s before a similar second
trial was initiated. After the trials, the rat was returned to its cage
and placed under a 60W lamp to allow it to dry and warm up for
5 min. The time required for the rat to reach the platform (escape
latency) was recorded. On the 5th day, the rats were subjected to
a probe trial session in which the platform was removed from the
pool, and they were allowed to swim for 60 s to search for it. A
record was kept of the swimming time in the quadrant of the pool
where the platform was previously located.

Forced swim test (FST). FST was performed twice at 18 months
and 26 months of age as described previously [21]. Briefly, animals
were placed in a cylindrical tank (60 cm height, 30 cm diameter)
filled with tap water (25 °C) to a depth of 45 cm for 6 min. Their
performance was recorded by a video camera on top of the
swimming tank. Immobility was defined as floating or a lack of
active movement other than that necessary to keep the nose
above the water. The immobility time in the last 4 min was used to
evaluate the depression symptoms of rats.

Open field test (OPT). Locomotive activities were measured by
the OPT for a 5 min period when the rats were 18 months old and
26 months old. Briefly [22], the open field (120 cm × 120 cm) was
divided into nine subfields (40 cm × 40 cm) of equal size. Animals
were released into the central subfield, and their activities were
recorded by a video camera on top of the open field. The crossing
counts and rearing counts were determined to measure the rat
locomotive activities. The field was cleaned with 70% alcohol after
each recording session.

Electrophysiological recording. Recordings of evoked potentials
were conducted as previously described [23]. Briefly, rats were
anesthetized with urethane carbamate (1.5 g/kg, ip) before being
fixed on an SR-6N stereotaxic apparatus (Narishige, Japan). Two
holes were sequentially drilled at 3.8 and 7.5 mm posterior to the
bregma and 2.5 and 4.2 mm lateral to the midline to allow the
placement of a monopolar recording electrode and a bipolar
stimulating electrode, respectively. The recording electrode was
placed in the granular cell layer of the dentate gyrus at a depth of
3.0–3.5 mm, and the stimulating electrode was sunk into the
perforant path to a depth of 3.0–3.5 mm. The synaptic responses
were monitored with a VC-11 memory oscilloscope (Nihon
Kohden, Japan). The population spike amplitude (PSA) was
employed to assess the excitation level of the granular cell
population in the dentate gyrus. An evoked response was
generated in the granular cell layer by stimulating the perforant
path at a low frequency (0.033 Hz) with single constant current
pulses (150 μs in duration) triggered by an SEN-7203 electrical
stimulator (Nihon Kohden, Japan) through an SS-202J isolator
(Nihon Kohden, Japan). To determine the input–output responses,
PSA was elicited at a series of different stimulation intensities
(0.1–1.0 mA) with the same duration as the pulses. After
determining the input/output curve, the baseline responses were
evoked by a stimulus with an intensity that produced 20% of the
maximal PSA. To measure the paired pulse ratio (PPR), PSA was
evoked by a series of stimulation intervals (0.01–1.00 s) with the
same intensity [24]. To observe the synaptic response to high
frequency stimulation, theta-burst stimulation (TBS, 5 trains of
bursts at 100 Hz, 200ms intervals; repeated for 10 cycles at
intervals of 200ms) [25, 26] was introduced after obtaining a
stable baseline of PSA for 30 min. After TBS, PSA was recorded
over the next 60 min to determine the long-term potentiation
(LTP).
To directly investigate the effect of CORT on the synaptic

response, CORT (100 nM) [7] was delivered into the brain via an
outer guide cannula placed into the intracerebroventricular area
(0.8 mm posterior to the bregma and 1.8 mm lateral to the midline
at a 3.0–3.5 mm depth from the cerebral surface). PSA was
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measured for the following 60min to determine the LTP. In
addition, mineralocorticoid receptor (MR) antagonists (RU28318)
and glucocorticoid receptor (GR) antagonists (RU486) were
preadministered for 20 min to block the respective receptor
activity, and CORT (100 nM) was then delivered into the brain by
the same method. PSA was analyzed over the following 60min to
determine the roles of these receptors during this process.
To observe the role of the impairment of the glutamate/

glutamine cycle in glutamatergic neurotransmission, L-glutamine
(1 μM) or glutamic-pyruvic transaminase (GPT, 1 μM) was pre-
administered for 20 min to restore the imbalance between
glutamate and glutamine. Then, TBS was conducted as previously
described, and PSA was recorded over the next 60 min to reveal
the variations in glutamatergic transmission.

Glutamate release from synaptosomes. Hippocampal synapto-
somes were prepared with a discontinuous Percoll gradient
procedure according to the method of Dunkley et al. [27, 28] with
minor modifications. Briefly, the hippocampus was quickly
removed after animals were decapitated and then homogenized
in 10 volumes of 0.32 M sucrose (pH 7.4) in a glass/Teflon tissue
grinder (clearance 0.25 mm). The homogenate was centrifuged at
1000 × g, and the supernatant was stratified on a discontinuous
Percoll gradient (6%, 10%, and 20% v/v in Tris-buffered sucrose)
and centrifuged at 33,500 × g for 5 min. The layer between 10%
and 20% Percoll (synaptosomal fraction) was collected and
washed by centrifugation.
To determine glutamate release, the synaptosomes were

resuspended in physiological medium and incubated at 37 °C for
15min with gentle shaking in a 95% O2 and 5% CO2 atmosphere
[29]. The physiological medium was composed of (in mM): 125
NaCl, 3 KCl, 1.2 MgSO4, 1.2 CaCl2, 1 NaH2PO4, 22 NaHCO3, and 10
glucose. At the end of the incubation period, aliquots of the
synaptosomal suspensions (500 μg of protein) were layered on
microporous filters at the bottom of a set of parallel superfusion
chambers maintained at 37 °C. Superfusion was started at a rate of
0.5 mL/min with physiological medium aerated with 95% O2 and
5% CO2. After 36min of superfusion, the samples were collected
according to the following scheme: the 36–37, 37–38, and 38–39
min fractions were collected as the basal outflow content, and the
39–40, 40–41, 41–42, and 42–43min fractions were collected to
measure stimulus-evoked release. A 1min flush of 15mM KCl or
200 nM CORT was applied at t= 39min after the basal sample had
been collected. An equimolar concentration of NaCl was adminis-
tered at t= 44 after the evoked released glutamate was collected.
The collected fractions were analyzed for their endogenous
glutamate content. The endogenous amino acid release was
expressed as ng per milligram of protein. The stimulus-evoked
overflow was estimated by subtracting the transmitter content of
the basal outflow from that of the release-evoked sample collected
each min during and after the depolarization pulse. Appropriate
controls were always run in parallel.
For glutamate uptake measurement, the protein concentration

of the synaptosomes [26] was adjusted to 20 μg/mL in HEPES-
buffered saline (HBS) [30]. Briefly, 1 μM D-aspartate and 0.25 μCi/
assay D-[3H] aspartate (50 nM) were added to the HBS that
contained the synaptosomes. Uptake assays were performed for 4
min at room temperature and terminated by filtration on a Packard
96-well Unifilter (Whatman GF/B) plate, followed by two washes
with ice-cold buffer. Microscint 20 (Perkin Elmer, US) was added
directly to the filter plates for the determination of the [3H]
retained on the filters using a Packard Top Count Adapter. Uptake
was determined to be linear for up to a 5min incubation period,
and the data were corrected to represent the sodium-dependent
uptake.

Glutamate and glutamine determination in the hippocampus.
Endogenous glutamate was measured by HPLC analysis as

described by Bonanno with minor modifications [28]. After
precolumn derivatization with o-phthalaldehyde, separation was
performed on a C18 reverse-phase chromatographic column (10
mm× 4.6 mm, 3 μm at 30 °C; Chrompack, Middleburg, The Nether-
lands) coupled with fluorometric detection (excitation wave-
length, 350 nm; emission wavelength, 450 nm). Buffers and the
gradient program were as follows: solvent A, 0.1 M sodium acetate
(pH 5.8)/methanol, 80:20; solvent B, 0.1 M sodium acetate (pH 5.8)/
methanol, 20:80; solvent C, sodium acetate (pH 6.0)/methanol,
80:20; gradient program, 100% C for 4 min from the initiation of
the program; 90% A and 10% B for 1 min; isocratic flow, 2 min;
78% A and 22% B for 2 min; isocratic flow, 6 min; 66% A and 34% B
for 3 min; 42% A and 58% B for 1 min; 100% B for 1 min; isocratic
flow, 2 min; 100% C for 3 min; flow rate, 0.9 mL/min. Homoserine
was used as the internal standard in the present study.

Electrical transmission microscopy detection of neurotransmitter
vesicles. Processing and EM were conducted as previously
described [31]. Briefly, anesthetized animals were perfused, and
the hippocampus was separated. The hippocampal sections were
postfixed with 2.5% glutaraldehyde for 2 h, washed with 0.1 M
PBS, and then exposed to 1% osmium tetraoxide for 2 h. After
several subsequent washes with water, the tissues were dehy-
drated with an alcohol gradient and embedded in epon resin.
Randomly selected ultrathin sections were stained with uranyl
acetate and lead citrate and examined using a transmission
electron microscope (H-7650, HITACHI, Tokyo, Japan). Only
nonperforated asymmetric (excitatory) synapses with well-
defined presynaptic compartments containing at least 3 vesicles,
a clear synaptic cleft and PSD were examined. Then, at a
magnification of 100,000×, the number of neurotransmitter
vesicles was randomly measured with MetaMorph software.
Docked vesicles were defined as vesicles located within 10 nm
of the active zone membrane (n= 6 animals).

Glt-1 expression and its modulation by neural activity. Astrocytes
were prepared as described previously with minor modifications
[32]. Cortices were dissected from P1-3 rat pups in DMEM
(Invitrogen, San Diego, CA, USA) and digested with 0.1% w/v
trypsin. The tissue was triturated and suspended after centrifuga-
tion in astrocyte culture medium (DMEM containing 10% fetal calf
serum and 1% pen/strep). Cells were plated in T-75 flasks at a
density of two cortices per flask at 37 °C in 5% CO2. The culture
medium was changed every 3rd day. After 8–10 days, the cultures
were shaken for 12–16 h at 250 rpm on an orbital shaker (HZQ-
X100, China), followed by incubation in culture medium contain-
ing 20 μM cytosine-1-β-D-arabinofuranoside (Sigma-Aldrich, St.
Louis, MO, USA) for 2–3 days to deplete the precursor cells. To
directly determine the effect of CORT or glutamate on the
expression of Glt-1 in astrocytes, astrocytes were replated in 6-well
plates (100,000/well) and exposed to CORT (200 nM) or glutamate
(1, 10 mM) for 5 days, and the expression of Glt-1 was determined
by Western blotting.
E18 hippocampal neurons were cultured as described pre-

viously [33]. Hippocampal neurons were isolated from E18 rat
embryos in Hanks’ balanced salt solution with 0.1% w/v glucose
and 10mM 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid
(HEPES) buffer, followed by digestion with 0.25% w/v trypsin
(Invitrogen, San Diego, CA, USA). The triturated neurons were then
centrifuged (120 × g for 10 min) and resuspended in neural basal
medium with 2% v/v B27 supplement (both Invitrogen, San Diego,
CA, USA). To observe the effect on neural activities, neurons (10
DIV) were cultured with CORT (200 nM) for 5 days, and their
expression of synaptic markers (PSD95, synapsin I, NR2A and
NR2B) were investigated by Western blotting.
To generate the gradient neuron–astrocyte cultural system, cell

culture inserts (30 mm diameter, Millipore, Temecula, CA, USA)
with a pore size of 0.4 μm were employed for the cultivation of
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astrocytes separately from neurons. Briefly, hippocampal neurons,
which were isolated as described above, were placed in cell
culture inserts at a gradient density of 0, 25,000, 50,000, or 75,000
cells per insert. Astrocytes were removed from the flasks through
enzymatic digestion (0.25% (w/v) trypsin in MEM), and the cells
were replated in 6-well plates at concentrations of 100,000, 75,000,
50,000, and 25,000 cells/well. After 2 days, the medium was
replaced with neural basal medium, and the inserts were placed
into 6-well plates with hippocampal neurons (DIV 12 days). The
proportion of astrocytes among neurons was ~100%, 75%, 50%, or
25% in this coculture system. CORT (200 nM) was added to this
system for 5 days to investigate the effect of neuron impairment
on the expression of Glt-1. In addition to hippocampal neurons,
midbrain neurons were extracted at E14 as described previously
and cultured with astrocytes in the same manner.

Western blotting analysis. Hippocampal neurons or astrocytes
were homogenized in lysis buffer. Protein concentrations were
determined by a bicinchoninic acid protein assay. A total of 15 μg
of protein for each sample was separated by SDS-PAGE and
transferred to a PVDF membrane (Millipore, Temecula, CA, USA).
The membrane was blocked with 3% BSA and incubated with
primary antibody overnight at 4 °C (anti-Glt-1, CST, Danvers, MA,
USA, 1:500; anti-PSD-95, synapsin I, NR2A, and NR2B, Santa Cruz,
CA, USA; anti-β-actin, Sigma, 1:10,000), which was followed by
incubation with horseradish peroxidase (HRP)-conjugated second-
ary antibody (1:5000; KPL, Gaithersburg, MD, USA). The protein
bands were detected using enhanced chemiluminescence.
Densitometric analysis of the immunoreactivity of each protein
was conducted using Gel-Pro Analyzer software (Media
Cybernetics).

DHK-induced LLD in SHAM animals. Thirty rats (20 SHAM animals
and 10 H-CORT animals) were anesthetized using sodium
pentobarbital (60 mg/kg, i.p.). The rats were placed into a
stereotaxic apparatus, and a craniotomy was performed. A small
hole was drilled through the skull using the following coordinates:
0.9 mm anterior/posterior and 1.5 mm medial/lateral relative to
the bregma according to Paxinos and Watson’s coordinates. A 52
mm cannula constructed from PE-20 tubing was inserted into this
opening and slowly lowered into the brain so that the tip of the
cannula resided within the lateral ventricle. Three small holes were
also drilled into the skull for the placement of three anchor screws
(size 0–80 × 1/8 inch in length). A dental cement stage was then
constructed around each cannula and allowed to harden, thereby
securing the cannula in place [34]. Animals were divided into three
groups: the SHAM+ PBS (vehicle) group, the SHAM+ DHK (DHK,
Glt-1 antagonist) group and the H-CORT+ PBS (H-CORT) group.
Three days after implanting the cannula, the rats received i.c.v.
injections (10 μL) of DHK (2.5 μg/μL) or PBS for 5 consecutive days.
Starting on day 6, the MWM, FST, and OPT were performed as
previously described to evaluate the role of Glt-1 in LLD.

RIL attenuated LLD in H-CORT animals. Thirty rats (20 H-CORT rats
and 10 L-CORT rats) were used to observe the role of Glt-1 activity
in the treatment of LLD. The poor activity of Glt-1 was improved
by oral administration of RIL (5 mg/kg). H-CORT rats were divided
into a vehicle (double-distilled water) group and RIL group. L-
CORT animals were used as a positive control. After 21 days of
administration, the MWM, FST and OPT were performed as
previously described to evaluate the role of Glt-1 in LLD.

Statistical analysis
Data are presented as the mean ± SEM. Raw data were statistically
analyzed with Graph Pad Prism 7.0. Escape latency in MWM and
electrophysiological recordings were analyzed using two-way
analysis of variance (ANOVA) with repeated measures followed by
Newman–Keuls post hoc test. The other data were analyzed using

one-way ANOVA followed by Newman–Keuls post hoc test. A value
of P < 0.05 was considered statistically significant.

RESULTS
Late life depression was attenuated in L-CORT animals
To observe the impact of CORT on LLD, cognitive, emotional, and
locomotive activities were investigated twice in rats at 18 months
old and 26 months old, and 3-month-old female rats were
employed as control animals. After the determination of CORT
levels in plasma, the rats underwent bilateral ADX or SHAM
surgery followed by CORT replacement treatment. According to
the concentration of CORT that was obtained, rats were divided
into the H-CORT group (ADX+ 250 μg/mL CORT replacement), L-
CORT group (ADX+ 25 μg/mL CORT replacement), and SHAM
group (SHAM+ 0 μg/mL CORT replacement) (Fig. 1a). Cognitive
function was observed with the MWM. In the navigation training,
SHAM and H-CORT animals showed a prolonged escape latency in
the 2nd MWM compared to that in the 1st MWM (P < 0.05, Fig. 1b,
c), and L-CORT animals showed similar performance in both MWM
tests (P > 0.05, Fig. 1d). In the second MWM, a significant decrease
in escape latency was found in the L-CORT group on the 4th day
compared to that in the H-CORT and SHAM groups (P < 0.05,
Fig. 1e). The probe trial showed trends similar to those of the
navigation trial (Fig. 1f). The retention time within the target
quadrant was significantly decreased in the 2nd MWM compared
with the 1st MWM in both the SHAM (16.2 ± 5.3 s vs. 29.6 ± 6.9 s,
respectively, P < 0.05) and H-CORT (13.3 ± 7.3 s vs. 25.3 ± 5.4 s,
respectively, P < 0.05) groups. L-CORT animals did not show
notable changes during either MWM. Moreover, L-CORT animals
spent more time in the target quadrant than SHAM and H-CORT
animals during the 2nd MWM, indicating that L-CORT attenuates
cognitive function decline in aged female rats, which is consistent
with data previously presented by Landfield.
The FST was a useful screen of the antidepressant efficacy of a

treatment. In the present study, we observed the effect of CORT on
the emotional variation of rats. As shown in Fig. 1g, H-CORT
animals showed increased immobility time in the 2nd FST
compared with that in the 1st FST (93.7 ± 31.4 s vs. 177.7 ± 30.2 s,
P < 0.05). In the 2nd FST, the L-CORT rats (78.5 ± 20.3 s) exhibited a
significantly reduced immobility time compared with the SHAM
(128.7 ± 25.2 s) and H-CORT (177.7 ± 30.2 s) animals, indicating that
L-CORT reduced depressive behavior in the aged animals.
The results of the OPT, which are expressed as the mean values

of the rearing and crossing counts during the 6-min test, revealed
the rat locomotive activity. Figure 1h, i show that there was a
significant decrease in locomotive activity in the SHAM and H-
CORT animals between the 1st OPT and 2nd OPT, as demon-
strated by the decrease in the crossing count (167.47 ± 26.17 vs.
95.05 ± 17.04 in the SHAM animals, respectively, P < 0.05; 159.49 ±
31.48 vs. 53.97 ± 28.19 in the H-CORT animals, respectively, P <
0.05) and the rearing count (17.40 ± 5.73 vs. 21.48 ± 5.58 in the
SHAM animals, respectively, P > 0.05; 11.23 ± 4.61 vs. 23.57 ± 6.49
in the H-CORT animals, respectively, P < 0.05). The 2nd OPT results
indicated that the H-CORT rats had a significantly lower motor
activity performance than the L-CORT rats, indicating that L-CORT
improved locomotive activity in late life. Taken together, these
results suggest that L-CORT significantly attenuated LLD.

Glutamatergic transmission was improved in L-CORT animals
To examine the impact of CORT on glutamatergic transmission,
synaptic responses in the perforant pathway were measured in
anesthetized rats. First, input/output curves were generated according
to the variation in PSA evoked by a series of stimuli with different
intensities (from 0 to 1.0mA). As shown in Fig. 2a, the PSA was
markedly improved in the L-CORT animals (0.62 ± 0.06mV at 1.0mA,
P< 0.01) compared with that in the H-CORT animals (0.22 ± 0.05mV
at 1.0mA). The PPR, which is sensitive to presynaptic glutamate
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release, was measured at 1mA after different stimulus intervals. The L-
CORT animals showed a significantly increased PPR at intervals of
0.025, 0.05, 0.1, and 0.2 s compared with the H-CORT animals (Fig. 2b).
All of these results suggest that presynaptic function was impaired at
high CORT levels, while lower CORT levels could improve the
presynaptic efficacy, although there was no difference in the PPR
when the interval was prolonged to 0.2 s.
To further investigate glutamatergic transmission in these

animals, TBS was used to evoke LTP. The PSA was recorded
during the first 30 min as the baseline, and neurons in the
perforant path were depolarized by TBS. As shown in Fig. 2c, the
PSA was increased significantly in the L-CORT animals compared
with that in the H-CORT animals within the first 20 min, indicating
that L-CORT attenuated the synaptic response evoked by TBS,
although it failed to evoke LTP. The H-CORT animals did not show
notable changes during this process.
To observe the sensitivity to CORT, the PSA was directly

measured after CORT exposure. As shown in Fig. 2d, CORT

exposure did not affect the PSA in the H-CORT animals, while the
L-CORT animals showed a remarkable increase in the PSA after 60
min, indicating that L-CORT maintained sensitivity to CORT, while
H-CORT impaired it.
CORT has two receptors, MR and GR. To further confirm which

one is involved in synaptic transmission after CORT exposure,
RU28318 (MR antagonist) and RU486 (GR antagonist) were
introduced in this study. As shown in Fig. 2e, no difference was
observed in the enhancement of synaptic transmission between
the L-CORT and L-CORT+ RU486 animals, indicating that GR was
not involved in this process. However, the action of CORT was
significantly blocked by RU28318, suggesting that MR plays an
important role in the evoked synaptic response.

Glutamate release from synaptosomes was improved in L-CORT
rats
Hippocampal synaptosomes were prepared from aged rats to
investigate glutamate release under different conditions. First,

Fig. 1 Late life depression was attenuated in L-CORT animals. a The concentration of CORT in rat plasma at 18 months (before surgery) and
26 months (before behavioral tests) of age. Plasma was obtained from tail vein blood, and CORT was determined by ELISA tests. ##P < 0.01 vs.
SHAM animals at 26 months old, **P < 0.01 vs. H-CORT animals at 26 months old. b–d L-CORT inhibited the aging-induced prolongation of the
escape latency in the MWM. MWM tests were conducted twice, when the rats were 18 months (1st MWM) and 26 months of age (2nd MWM).
For each MWM, a navigation trial (60 s) was conducted for 4 successive days, and the escape latency was analyzed by two-way ANOVA. *P <
0.05 vs. 1st MWM. e L-CORT animals showed a shortened escape latency in the 2nd MWM. #P < 0.05 vs. SHAM animals, *P < 0.05 vs. H-CORT
animals. f L-CORT increased the retention time in the target quadrant in the probe trial of the 2nd MWM. The probe trial was performed on
day 5 of each MWM, and the retention time in the target quadrant was analyzed by one-way ANOVA. #P < 0.05 vs. SHAM animals, *P < 0.05 vs.
H-CORT animals. g L-CORT decreased the immobility time in the FST. The FST was also conducted twice after each MWM. The immobility time
in the last 4 min was analyzed, #P < 0.05 vs. SHAM animals in the 2nd FST. *P < 0.05 vs. H-CORT animals in the 2nd FST. h, i L-CORT improved
locomotive activities in the OPT. Locomotive activities were assessed by determining the crossing counts and rearing counts in the 5min trial,
#P < 0.05 vs. SHAM animals in the 2nd OPT. *P < 0.05 vs. H-CORT animals in the 2nd OPT.
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15mM KCl was employed to induce synaptosomal membrane
depolarization, which mimicked stimulation at 100 Hz. The
amount of released glutamate is shown in Fig. 3a. L-CORT
synaptosomes (2.76 ± 0.19 ng/mg protein) were released more
quickly than SHAM (1.66 ± 0.28 ng/mg protein) and H-CORT (0.61
± 0.28 ng/mg protein) synaptosomes in the first min. Over time,
the release velocity decreased. After 4 min of exposure, the release
velocity decreased to the resting level. Then, CORT (100 nM) was
added to the synaptosomes to trigger glutamate release. As
shown in Fig. 3b, the L-CORT group (2.34 ± 0.29 ng/mg protein)
released more glutamate in the first min than the SHAM (0.94 ±
0.24 ng/mg protein) and H-CORT (0.43 ± 0.19 ng/mg protein)
groups, and the release rate decreased to that of the resting
state after 2 min. Figure 3c shows the amount of glutamate release
stimulated by KCl or CORT. In addition, MR played an important
role during glutamate release induced by CORT exposure (Fig. 3g).
Taken together, these results suggest that glutamate release from
the L-CORT animals was greater than that from the SHAM and H-
CORT animals.
To investigate the reason for the reduction of glutamate release

from the SHAM and H-CORT animals, ETM was employed to
observe the number of neurotransmitter vesicles in the readily

released pool in excitatory synapses located near the synaptoso-
mal membrane to control the rapid release of glutamate. As
shown in Fig. 3d, hippocampal synapses in the L-CORT animals
contained many small and bright vesicles in the readily released
pool, indicating that there was a large quantity of glutamate
waiting to be released. The SHAM and H-CORT synapses contained
fewer vesicles than the L-CORT synapses. One-way ANOVA
showed that L-CORT synapses had a significantly increased
density of vesicles. When compared with that in the SHAM or H-
CORT animals (P < 0.01), the vesicle density in the active zone was
also remarkably increased in the L-CORT animals (Fig. 3e, f), which
provided a rational explanation for the decrease in glutamate
release in SHAM and H-CORT animals.

Impairment of the glutamate/glutamine cycle was reduced in L-
CORT animals
The glutamate/glutamine cycle plays an important role in the
homeostasis of glutamatergic transmission. To reveal the cause of
decreases in the number of glutamatergic vesicles in the SHAM
and H-CORT animals, the glutamate and glutamine contents
were determined by a colorimetric method. As shown in Fig. 4a,
a one-way ANOVA indicated there was increased glutamate

Fig. 2 Glutamatergic transmission was improved in L-CORT animals. a L-CORT increased the slope of the input/output curve in the
perforant path. PSA was used to evaluate synaptic activity. The left image shows the summarized input/output curve in response to a series of
stimulation intensities. The right picture contains representative images of different synaptic responses at 0.6, 0.8, and 1.0 mA. b PPR was
improved by L-CORT treatment. The plot of the PPR evoked by double pulses at various intervals (0.025–0.2 s) is shown. c L-CORT enhanced
the PSA, which was significantly triggered by TBS. TBS was performed after obtaining a stable baseline for 30min, and the PSA was then
analyzed by two-way ANOVA for the next 60min. d L-CORT improved the PSA after icv CORT delivery. CORT (100 nM) was administered after a
stable baseline was recorded, and the PSA was then analyzed for the following 60min. e Inactivation of MRs abolished the improvement of
the PSA induced by CORT delivery. An MR antagonist (RU28318) or GR inhibitor (RU486) was administered 20min prior to CORT delivery as
previously described, and the PSA was analyzed for the following 60min by two-way ANOVA. **P < 0.01 vs. SHAM animals, #P < 0.05; ##P < 0.01
vs. H-CORT animals. n= 6.
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(5.72 ± 0.97 nmol/mg) and glutamine (2.67 ± 0.18 nmol/mg, P <
0.05, P < 0.01) content in the L-CORT rat hippocampus com-
pared with that in the SHAM (glutamate: 3.84 ± 0.73 nmol/mg;
glutamine: 1.53 ± 0.08 nmol/mg) and H-CORT (glutamate: 2.86 ±
0.60 nmol/mg; glutamine: 0.66 ± 0.13 nmol/mg) rat hippocampus.
Based on the variation in glutamate and glutamine, the L-CORT
animals exhibited glutamatergic homeostasis, which was reflected
as a lower ratio between glutamate and glutamine (red stars). This
ratio was also elevated with an increase in CORT (Fig. 4b).
The homeostasis of the glutamate system is disrupted in LLD,

which is characterized by excessive glutamate production or a lack

of glutamine. To test the role of the lack of glutamine in
glutamatergic transmission in the SHAM and H-CORT animals,
L-glutamine was administered to the hippocampus by icv. Two-way
ANOVA indicated that L-glutamine delivery did not have a notable
effect on the PSA in the SHAM and H-CORT animals (Fig. 4c, d). To
evaluate the role of an elevated extracellular glutamate concentra-
tion, an enzymatic glutamate scavenger system (glutamic-pyruvic
transaminase, GPT) was used to reduce extracellular glutamate
levels. As shown in Fig. 4e, f, GPT had no effect on the PSA before
TBS. However, it significantly increased the PSA in SHAM animals
under TBS compared with that in the vehicle-pretreated animals

Fig. 3 Glutamate release from synaptosomes was improved in L-CORT rats. a L-CORT increased the velocity of glutamate release triggered
by KCl (15mM). Synaptosomes were prepared as previously mentioned. After the basal outflow content was collected, 15 mM KCl was added,
and the medium was collected for the next 4min to determine the changes in the velocity of glutamate release. Glutamate content was
determined by the HPLC system combined with a fluorescence detector (excitation wavelength: 340 nm; emission wavelength: 450 nm). b L-
CORT increased the velocity of glutamate release triggered by CORT exposure (100 nM). c L-CORT significantly increased the amount of
released glutamate. d, e L-CORT increased the number of neurotransmitter vesicles in the excitatory synapse, as measured by ETM.
Hippocampal fractions were prepared to observe the neurotransmitter vesicles in the excitatory synapse, and the vesicles were counted
by Metaphor 7.0. e shows the representative images for each group, and the analysis is shown in (e, f). **P < 0.01 vs. SHAM animals, #P < 0.05;
##P < 0.01 vs. H-CORT animals. n= 6. g The inactivation of MR abolished the improvement of glutamate release induced by CORT exposure. An
MR antagonist (RU28318) or GR inhibitor (RU486) was administered 20min prior to CORT addition, and the glutamate released over the
following 4min was then analyzed by two-way ANOVA. $$P < 0.01; $$$P < 0.001 vs. RU28318.
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(Fig. 4e) but failed to increase the PSA in L-CORT animals (Fig. 4f).
All of these results suggest that excess glutamate, not glutamine
deficiency, is the key cause of impaired glutamatergic transmission
in aged rats.
Because there is no specific enzyme for the degradation of

glutamate, the clearance of glutamate relies on the transporter
activity. To observe glutamate transporter activity, [3H]-gluta-
mate was incubated with hippocampal synaptosomes. Figure 4g
indicates that more glutamate was taken up by the L-CORT
synaptosomes than by the SHAM and H-CORT rat synaptosomes.
All of these results suggest that poor glutamate uptake may be

the key mechanism of impaired glutamate transmission in
aged rats.

Expression of Glt-1 was suppressed by CORT and contributed to
neural impairment
Glt-1 is the main executor of forebrain glutamate uptake in the
adult CNS, especially in the hippocampus. Figure 5a shows that
the expression of Glt-1 in the L-CORT hippocampus (2.66 ± 0.37)
was much higher than that in the SHAM (1.00 ± 0.15) and H-CORT
(0.49 ± 0.18) hippocampus. To directly observe the effect of CORT
on the expression of Glt-1, primary astrocytes were exposed to

Fig. 4 Impairment of the glutamate/glutamine cycle was restored in L-CORT animals. a L-CORT increased the concentration of glutamate
and glutamine in the hippocampus. Glutamate and glutamine content in the hippocampus were separated by the HPLC system and
monitored using a fluorescence detector at an excitation wavelength of 340 nm and an emission wavelength of 450 nm. b The relationship
between the CORT concentration and the Glu/Gln ratio in the hippocampus is shown. The CORT level in the hippocampus was measured by
ELISA according to a standard protocol. c, d L-glutamine supplementation did not significantly change synaptic activity. L-glutamine (1 μM)
was delivered into the lateral ventricle of the SHAM and H-CORT animals prior to TBS for 20min, and the PSA was measured for the following
60min. e, f Inactivation of extracellular glutamate attenuated synaptic activity in SHAM animals (e) but abolished synaptic activity in L-CORT
animals (f). Extracellular glutamate was inactivated by the delivery of GPT before TBS was performed, and the PSA was determined as
previously described. *P < 0.05 vs. vehicle animals. g The glutamate uptake capacity was improved in L-CORT animals. Hippocampal
synaptosomes were prepared in KHBS for 30 min, and the initial rate of glutamate uptake was then determined at various concentrations by a
liquid scintillation counter. Substrate levels reflect the sum of the endogenous and exogenous glutamate at the start of uptake determination.
**P < 0.01, ***P < 0.001 vs. H-CORT group, #P < 0.05, ##P < 0.01 vs. SHAM group. n= 3.
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Fig. 5 Expression of Glt-1 was suppressed by CORT, contributing to neural impairment. a Total hippocampal protein was extracted by RIPA
buffer, and Glt-1 expression was detected by a specific antibody (upper lane). The relative density of the bands was analyzed by one-way
ANOVA (lower lane). *P < 0.05; **P < 0.01 vs. SHAM animals, ##P < 0.01 vs. H-CORT animals. b The expression of Glt-1 was not affected by CORT
exposure in astrocytes. Astrocytes were exposed to CORT at a concentration of 200 nM for 1, 3, and 5 days, and the cell lysates were used to
determine Glt-1 expression by Western blotting. The upper lane contains the representative bands, and the bottom lane shows the
normalized density analysis performed with one-way ANOVA. c Glutamate release was significantly suppressed by CORT exposure in
hippocampal synaptosomes. Synaptosomes were isolated after exposure for 1, 3, and 5 days by the discontinuous Percoll gradient procedure.
Glutamate release was triggered by CORT (200 nM) as previously described. *P < 0.05; **P < 0.01 vs. D1. d CORT exposure impaired the
expression of synaptic markers and glutamate receptors in hippocampal neurons. The left column contains representative images of the
synaptic marker (synapsin I), postsynaptic marker (PSD95), and glutamate receptors (NR2A, NR2B), which were labeled using specific
antibodies, and β-actin was employed as a loading control. The relative density of these bands was analyzed using one-way ANOVA (right
lane). *P < 0.05; **P < 0.01 vs. D1; #P < 0.05 vs. D3. e The expression of Glt-1 was decreased with the increase in the hippocampal neuron
percentage in the gradient neuron–astrocyte coculture. Different ratios of neurons and astrocytes were cocultured in a separate manner
(insert culture system). CORT (200 nM) was added to this system for 5 days, and then, Glt-1 in the astrocytes was measured by Western
blotting. The upper row contains representative images, and the bottom row shows the normalized analysis with a one-way ANOVA. *P < 0.05;
**P < 0.01 vs. 0% neurons. f The expression of Glt-1 did not change with the increase in midbrain neurons in the gradient neuron–astrocyte
coculture. The upper row contains a representative image, and the bottom row shows the normalized analysis performed with one-way
ANOVA. g Glutamate significantly impaired the expression of Glt-1 in astrocytes. Astrocytes were cultured with high concentrations of
glutamate (1, 10mM) for 5 days, and then Glt-1 expression was examined in the same manner as in (e, f). *P < 0.05; **P < 0.01 vs. 0 mM
glutamate.
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CORT (200 nM) for 5 days. One-way ANOVA revealed that the Glt-1
level was not significantly affected (Fig. 5b). However, hippocam-
pal neurons suffered serious damage when cultured in the same
conditions, as shown by the loss of synaptic markers and
decreased glutamate release and expression of its receptor (Fig. 5c,
d), suggesting that hippocampal neurons were more vulnerable to
CORT than astrocytes. Therefore, we speculated that the decrease
in Glt-1 may result from the contribution of CORT to neural
impairment.
To verify our speculation, a gradient neuron–astrocyte coculture

was established. As shown in Fig. 5e, with the increase in the

hippocampal neuron percentage, the expression of Glt-1
decreased gradually. Interestingly, dopaminergic neurons failed
to affect the expression of Glt-1 when they were cocultured with
astrocytes under the same concentration of CORT (Fig. 5f).
Moreover, long-term exposure of glutamate to astrocytes
significantly decreased the level of Glt-1 (Fig. 5g). All of these
results suggest that the decrease in Glt-1 may result from the
contribution of CORT to neural impairment in the hippocampus.

Enhancement of glutamate uptake attenuated LLD
RIL, a drug currently used to slow the progression of amyotrophic
lateral sclerosis, is believed to increase the expression of Glt-1 and
to facilitate astrocytic glutamate uptake. DHK has been shown to
block the clearance of glutamate. Both of these drugs were used
to examine the role of Glt-1 in LLD. Administration of DHK to the
SHAM animals significantly increased LLD symptoms compared
with those in vehicle-treated animals. These effects were reflected
by impaired cognition, decreased locomotive activity and
increased helplessness. In the MWM, DHK significantly prolonged
the escape latency (P < 0.05, Fig. 6a) in the navigation trials and
shortened the retention time (P < 0.05, Fig. 6b) in the target
quadrant in the probe trial compared with the results observed for
vehicle-treated animals. DHK treatment increased the immobility
time in the FST compared with vehicle treatment in the SHAM
animals (Fig. 6c). Furthermore, DHK notably decreased the
crossing count (Fig. 6d) and rearing count (Fig. 6e) compared
with those in vehicle-treated animals in the OPT. The H-CORT
animals were used as positive controls in this study. In summary,
impairment of Glt-1 activity induced the occurrence of LLD.
However, RIL treatment significantly attenuated cognitive

function, as evidenced by a decrease in the escape latency (Fig. 6f)
and an increase in the retention time (Fig. 6g) in the target
quadrant of the MWM in the H-CORT animals. FST showed that RIL
significantly decreased the immobility time compared with that
observed for the vehicle-treated animals (Fig. 6h). Furthermore, RIL
improved locomotive activity in the OPT, as shown by an increase
in the crossing count (Fig. 6i) and rearing count (Fig. 6j). Taken
together, these results suggest that increased Glt-1 function
attenuated LLD.

DISCUSSION
In the present study, we showed that LLD was attenuated by
reducing the level of CORT in female rats via enhanced
glutamatergic neurotransmission. The core feature of glutamater-
gic transmission in LLD is a deficiency in glutamate uptake, which

Fig. 6 The role of Glt-1 activity in LLD. a–e Inhibition of Glt-1
activity induced LLD in the SHAM animals. DHK, a Glt-1 antagonist,
was delivered by icv every other day to block Glt-1 activity. The
vehicle-treated and H-CORT animals received vehicle administration
in the same manner. The MWM was conducted as previously
described after three administrations of DHK. DHK treatment
prolonged the escape latency (a) and decreased the retention time
in the target quadrant (b) in the SHAM animals. After the MWM, the
FST was performed the next day, and DHK delivery increased
immobility time in the FST (c). The OPT was conducted after the FST,
and DHK administration decreased locomotive activity, as shown by
the crossing (d) and rearing counts (e). The H-CORT animals were
used as a positive control. f–j Enhanced Glt-1 activity attenuated
LLD in the H-CORT animals. RIL (Glt-1 activity enhancer) was orally
administered for 21 days, and behavioral tests were performed as
previously described. In the MWM, RIL administration decreased the
escape latency (f) and increased the retention time in the target
quadrant (g). In the FST, RIL treatment significantly shortened the
immobility time (h) in the FST and increased locomotive activity
in the OPT (i, j). The L-CORT animals were used as a positive control.
*P < 0.05; **P < 0.01 vs. corresponding vehicle-treated animals (n=
8–10).
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is due to Glt-1. The results of the gradient neuron–astrocyte
coculture suggested that the expression of Glt-1 was down-
regulated with the increase in the number of hippocampal
neurons, indicating that impairment of Glt-1 induced by H-CORT
contributed to neuron impairment.
As previously mentioned, MDD is always accompanied by

hyperactivation of the HPA axis and poor cognitive function
[35, 36]. Decreasing the level of CORT could improve the spatial
memory capacity of aged rats [9], suggesting that there is a close
relationship between CORT and discrete spatial function [37–39].
Our MWM results led to similar conclusions regarding the
modulation of CORT levels in late life. Locomotive activity, as
indicated by the OPT, indicated that L-CORT rescued the
impairment of exploratory behaviors, as evidenced by the
increases in the crossing and rearing counts. In addition, the L-
CORT animals exhibited reduced helplessness compared to the H-
CORT and SHAM animals in the FST. These behavioral changes
suggest that H-CORT induced LLD and that L-CORT alleviated LLD
according to multiple lines of evidence.
The dysfunction of glutamatergic neurotransmission is consid-

ered a core feature of stress-related mental illness [5]. This
dysfunction is broadly distributed throughout the central nervous
system, especially in the hippocampus. Models of short- and long-
term plasticity, such as the PPR and LTP, can be readily induced in
the hippocampus [40]. LTP, which is characterized by a persistent
increase in synaptic potential, is considered a cellular model of
cognition [41]. PPR, which is characterized by an increase in
synaptic transmission potential, is regarded as a readout of
presynaptic function [24]. In the present study, the H-CORT animals
exhibited worse short-term plasticity than the SHAM animals, as
shown by the decrease in the I/O curve and the impairment of the
PPR. L-CORT significantly reversed these changes, indicating that L-
CORT could act to prevent the impairment of the glutamatergic
synaptic response observed in LLD. In addition to short-term
plasticity, TBS was used to induce LTP after the baseline result was
recorded, which showed that synaptic transmission failed to be
improved by TBS in the H-CORT and SHAM animals. L-CORT
significantly attenuated synaptic transmission. An electrophysiolo-
gical evaluation suggested that there was a notable decrease in
the impairment of glutamatergic neurotransmission in LLD and
that L-CORT could significantly reverse this impairment.
Converging lines of evidence suggest that the acute adminis-

tration of CORT rapidly increases glutamate release [6] and
induces LTP [7] in adult animals. Adrenalectomy attenuates stress-
induced elevations in extracellular glutamate concentrations in
the hippocampus [42]. In the present study, the delivery of CORT
did not significantly increase the PSA in the SHAM animals,
indicating that there was a poor synaptic response to elevated
CORT levels. Moreover, similar findings were observed in the H-
CORT animals. Unlike the SHAM and H-CORT animals, CORT
exposure induced a significant increase in PSA in the L-CORT
animals, indicating that decreases in CORT could maintain CORT
sensitivity in late life.
Microdialysis demonstrated an increase (above 68%) in basal

glutamate release in the hippocampus of 24-month-old rats
compared with that in young rats [43]. However, the glutamate
distribution was heterogeneous in the extracellular matrix, and the
released glutamate may have contacted receptors or transporters
on neighboring terminals [5]. Therefore, microdialysis analysis
cannot be interpreted to reflect neurotransmitter release. To
determine whether there was excessive or inadequate glutamate
release in these animals, hippocampal synaptosomes were
isolated to observe the release of glutamate induced by KCl. H-
CORT synaptosomes showed reduced glutamate release com-
pared with that in the SHAM groups, suggesting that there was a
reduction in glutamate release. To confirm whether abundant
glutamate-containing vesicles were readily released, the number

of neurotransmitter vesicles in the excitatory synapses of the
hippocampus was investigated by ETM. The results showed that
H-CORT animals had fewer vesicles that were ready to be released
than the SHAM animals, suggesting that excessive rapid release of
glutamate is impossible in H-CORT animals. L-CORT synaptosomes
released more glutamate at higher rates than the SHAM and H-
CORT synaptosomes, indicating that decreased levels of CORT
preserve presynaptic functions during the aging process. In
addition, glutamate release was also triggered by CORT exposure.
H-CORT synaptosomes released lower levels of glutamate at a
slower velocity compared to SHAM synaptosomes, and L-CORT
significantly reversed this release. All of these results suggest that
L-CORT could ameliorate presynaptic function and maintain CORT
sensitivity in LLD.
Two types of CORT receptors are enriched in the hippocampus:

MRs and GRs. Previous studies have demonstrated that high-
affinity, rapidly activated MRs are implicated in the onset of stress
responses, whereas low-affinity, progressively activated GRs are
involved in the termination of stress reactions [44, 45]. The
presence of membrane MR-like signaling can mediate the fast
nongenomic actions of CORT, which manifest as the reversible
increase in presynaptic glutamate release and facilitate LTP in
hippocampal neurons. A mechanistic study showed that MR was
involved in the surface trafficking of the AMPA receptor and the
distribution and dynamics of the NMDA receptor. In this study, we
demonstrated that increased synaptic transmission (triggered by
CORT delivery) was disrupted when MR capability was blocked in
L-CORT animals. GR was not involved in this process. Further
studies have shown that glutamate release also relies on the
activation of MR, suggesting that MR plays an important role in
the improvement of glutamatergic transmission induced by CORT.
Decreased release of glutamate and vesicles from synapto-

somes indicated that there may be an inadequate quantity of
glutamate in the neurons, which is replenished mainly by the
glutamate/glutamine cycle [46, 47]. In this pathway, glutamate is
taken up by glia and converted to glutamine by glutamine
synthetase. Glutamine is then released to the extracellular fluid,
where it is taken up by neurons and converted back into
glutamate by the action of phosphate-activated glutaminase [48].
It has been shown that a decreased glutamate/glutamine ratio
may mediate the efficacy of cytidine in treating bipolar depression
[49]. In this study, we demonstrated that H-CORT animals
experienced a greater increase in the ratio of Glu/Gln than L-
CORT rats, while L-CORT decreased the ratio significantly.
However, increased glutamate levels were found in the medial

prefrontal cortex in patients with postpartum depression [50], and
glutamine deficiency in the prefrontal cortex increases depressive-
like behavior in male mice [51]. To identify whether glutamate or
glutamine is the cause of LLD, further studies were conducted.
First, L-glutamine was supplemented to observe the variations in
synaptic transmission. However, the PSA showed no remarkable
changes. Second, increases in glutamate were inactivated by GPT,
and the PSA was improved significantly in the H-CORT animals but
was decreased in the L-CORT animals, suggesting that increased
extracellular glutamate levels are the root cause of LLD. Excitatory
synaptic transmission relies on the glutamate level in the synaptic
cleft, which is responsible for the activation of glutamate receptors
on the postsynaptic density, contributing to the influx of positive
ions and promoting synaptic transmission. However, it was found
that elimination of glutamate increased the PSA in the SHAM and
H-CORT groups in this study, which seems to contradict the results
of the previous study. It was found that the distribution of
glutamate is heterogeneous, which is manifested by the fact that
the highest level of glutamate in the brain is located in the
presynapse, followed by the synaptic cleft, and the concentration
of extrasynaptic glutamate is very low. Extrasynaptic glutamate
elevation is not only unrelated to PSA but also activates
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extrasynaptic NMDA receptors, which then exert neurotoxicity. In
this study, we assumed that the increase in the PSA induced by
the elimination of glutamate may result from the decrease in
extrasynaptic glutamate levels, which needs further investigation.
Because there is no specific enzyme for the degradation of

glutamate in vivo, the clearance of glutamate relies on transporter
activity to maintain glutamate/glutamine cycle homeostasis
[52, 53]. In this study, we found that the capacity for glutamate
uptake in H-CORT synaptosomes was less than that of the SHAM
group and that L-CORT significantly restored glutamate uptake. All
of these results suggest that glutamate uptake is insufficient in
LLD animals and that glutamate uptake activity can be increased
by lowering CORT levels.
Astrocytes regulate glutamate levels by removing glutamate via

the glutamate transporter (EAAT1-5) [54]. In the rat hippocampus,
the predominant glutamate transporters are Glt-1 (EAAT2), which
shapes synaptic transmission by limiting the leakage of glutamate
into extrasynaptic receptors or glutamate spillover into neighbor-
ing synapses [52, 55, 56]. Chronic restraint stress upregulates GLT-
1 mRNA and protein expression in the adult hippocampus [57].
However, we found that there was reduced Glt-1 expression in the
H-CORT hippocampus, and a larger quantity of glutamate was
accumulated in the extracellular space, which induced LLD.
Lowering CORT levels restored Glt-1 expression, which maintained
stable glutamatergic neurotransmission and improved LLD.
Unlike hippocampal granule neurons and microglia, astrocytes

are resistant to CORT-induced apoptosis due to their reduced
production of reactive oxygen species (ROS) and their increased
buffering capacity against the cytotoxic actions of ROS [58, 59]. To
directly determine the effect of CORT on the expression of Glt-1,
primary astrocytes were exposed to CORT for 5 days. No gliosis
was found (data not shown), and the activity of glutamate
transporters was not significantly changed, indicating that the
decrease in Glt-1 was independent of CORT impairment.
Consistent with previous studies, we found that hippocampal
neurons endured substantial damage after long-term exposure to
CORT, including synaptic loss and glutamate receptor dysfunction.
These distinct results suggest that CORT mediates the interaction
between astrocytes and neurons in the hippocampus in a way
that is unclear.
A 5-day gradient hippocampal neuron–astrocyte coculture

under CORT exposure was used to further investigate the
interaction between astrocytes and neurons. The expression of
Glt-1 decreased with an increase in the hippocampal neuron
percentage. To exclude the nonspecific role of glutamate, a
dopaminergic neuron–astrocyte coculture was generated under
the same exposure to glutamate. Interestingly, there was no
significant change in the expression of glutamate transporters. All
of these results suggest that the accumulation of extracellular
glutamate over a long duration decreases Glt-1 expression.
To further investigate the role of Glt-1 deficiency in LLD, its

activity was regulated by pharmacological methods in SHAM
animals. We tested whether LLD-like signs could be induced by
dihydrokainic acid (DHK, an inhibitor of Glt-1) [53] via behavioral
tests, including the MWM, FST, and OPT. We found that DHK
impaired performance in the MWM in a depressive-like manner,
which could reflect reduced cognitive function or an increased
immobility time (helplessness). All of these behavioral changes
suggest that the inactivation of Glt-1 leads to LLD. Glt-1 was
elevated by Riluzole (RIL, a drug that elevates Glt-1 expression [60]
and facilitates glutamate uptake [46, 61, 62]) in LLD animals. The
behavioral tests showed that RIL significantly attenuated depres-
sive signs compared with those observed in the vehicle-treated
animals, as shown by the increase in locomotive movement and
improvement of cognitive function. Two sets of comprehensive
behavioral experiments found that Glt-1 activity plays an
important role in the incidence and treatment of LLD.

Taken together, these data suggest that the dysfunction of
glutamatergic neurotransmission in LLD may result from deficient
Glt-1 activity, which directly contributes to the accumulation of
extracellular glutamate, directly contributing to the overactivation
of glutamatergic receptors, especially extrasynaptic NMDA recep-
tors, which are considered the main sources of excitatory
neurotoxicity. Moreover, the poor uptake of glutamate contrib-
uted to the reduced production of glutamine, which is an
important substrate for neuron survival. Moreover, the decrease
in glutamine production led to poor neural viability and the
deficiency of excitatory neurotransmission, resulting in enhance-
ment of Glt-1 activity and a significant anti-LLD effect, which
provides promising clues for the treatment of LLD.
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