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Abnormal Glu/mGIuR,,;/PI3K pathway in the
hippocampal neurovascular unit leads to diabetes-
related depression
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Abstract

Our previous studies have shown that glutamate and hippocampal neuron apoptosis are key signals and direct factors associated with
diabetes-related depression, and structural and functional damage to the hippocampal neurovascular unit has been associated with diabetes-
related depression. However, the underlying mechanism remains unclear. We hypothesized that diabetes-related depression might be
associated with the glutamate (Glu)/metabotropic glutamate receptor2/3 (mGIuR,;)/phosphoinositide 3-kinase (PI3K) pathway, activated

by glucocorticoid receptors in the hippocampal neurovascular unit. To test this hypothesis, rat hippocampal neurovascular unit models,
containing hippocampal neurons, astrocytes, and brain microvascular endothelial cells, were treated with 150 mM glucose and 200 uM
corticosterone, to induce diabetes-related depression. Our results showed that under conditions of diabetes complicated by depression,
hippocampal neurovascular units were damaged, leading to decreased barrier function; elevated Glu levels; upregulated glucocorticoid
receptor, vesicular glutamate transporter 3 (VGLUT-3), and metabotropic glutamate receptor 2/3 (mGIuR,;) expression; downregulated
excitatory amino acid transporter 1 (EAAT-1) expression; and alteration of the balance of key proteins associated with the extracellular
signal-regulated kinase (ERK)/glial cell-derived neurotrophic factor (GDNF)/PI3K signaling pathway. Moreover, the viability of neurons was
dramatically reduced in the model of diabetes-related depression, and neuronal apoptosis, and caspase-3 and caspase-9 expression levels,
were increased. Our results suggest that the Glu/mGIuR,,;/PI3K pathway, induced by glucocorticoid receptor activation in the hippocampal
neurovascular unit, may be associated with diabetes-related depression. This study was approved by the Laboratory Animal Ethics Committee
of The First Hospital of Hunan University of Chinese Medicine, China (approval No. HN-ZYFY-2019-11-12) on November 12, 2019.
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Introduction depression (Ziegler and Neu, 2018). Individuals who suffer

According to the World Health Organization, in 2017, from diabetes mellitus are at higher risk of developing
approximately 425 million people, worldwide, suffer from depressive symptoms, including low mood, anhedonia,
diabetes mellitus. Diabetes has been associated with many sleep disorders, and suicidal tendencies than individuals
complications, such as eye disease, kidney disease, and without diabetes mellitus (Islam et al., 2015). Moreover,
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epidemiological studies have shown that almost one in four
adults with type 2 diabetes mellitus experience depression,
which represents a higher incidence than that observed
for non-diabetic patients (Khaledi et al., 2019). Moreover,
diabetes-related depression (DD) causes great economic
burden and a waste of medical resources. Thus, revealing the
pathogenesis of DD is considered an urgent need.

The pathogenesis of DD is complicated, and the exact
mechanism underlying DD has yet to be identified. The
hippocampus is recognized as a vital tissue that is affected by
diabetes mellitus and is also associated with depression (Ho
et al., 2013). In our previous study, we demonstrated that
the apoptotic process was controlled by the balance among
apoptotic proteins (Bax, caspase-8, and Bcl-2) within the
hippocampal neurons of DD model rats (Wang et al., 2015b).
These findings indicated that the apoptosis of hippocampal
neurons may be involved in triggering DD. Moreover, our
preliminary studies showed that the abnormal upregulation
of the glutamate (Glu) receptor metabotropic Glu receptor
2/3 (mGluR,;;) was closely related to the activation of
the glucocorticoid receptor (GR) and an imbalance in Glu
transporter expression (Liu et al., 2018). Furthermore, we
also found that the activation of mGluR,,;, caused by high Glu
levels, resulted in hippocampal neuron apoptosis (Liu et al.,
2019a).

The association between cortisol and Glu and their
destructive impacts on the hippocampus has drawn public
attention. Although our previous studies have confirmed
that Glu-mGluR,; signaling due to elevated Glu contents was
involved in the regulation of apoptosis among hippocampal
neurons in DD model rats (Liu et al., 2019a); however, the
origins of excess Glu and the roles played by cortisol and Glu
remain to be clarified. Evidence has shown that interactions
between cortisol and Glu are of great importance for
cognitive dysfunction syndromes, such as depression and
electroconvulsive therapy (Reisner, 2003; Andrews and Reisner,
2017). Mimicking DD conditions (DD model, 150 mM glucose
and 200 UM corticosterone) results in neuronal apoptosis.
Cortisol and Glu are involved in the process of neuronal
apoptosis, and studying the mechanism underlying apoptosis
may reveal the pathogenesis of DD. In addition, our previous
studies have shown that the expression levels of caspase-3
and mGluR,,; were significantly higher in the hippocampus,
and Glu levels were elevated in DD model rats, with increased
numbers of terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick-end labeling-positive hippocampal neurons
(Liu et al., 2019a). However, the mechanisms underlying these
changes remain unclear. Clarifying the mechanism through
which the apoptosis of hippocampal neurons is regulated by
Glu-mGluR,,; in the hippocampal neurovascular unit (NVU)
can improve our understanding of DD pathogenesis, which
may explain hippocampal damage and dysfunction.

An NVU consists primarily of microvessels, astrocytes,
neurons, and the extracellular matrix and is defined as
a completely functional and structural unit of the brain
(ladecola, 2004; Li et al., 2019). Current studies examining the
pathological basis of diabetes mellitus and depression have
focused on the NVU (Najjar et al., 2013; Bogush et al., 2017).
Our previous study also indicated that the pathogenesis of
DD was strongly associated with the abnormal increase in Glu
levels and hippocampal neuronal apoptosis in the NVU (Liu et
al., 2019a); however, the definite mechanism remains to be
elucidated. Therefore, in the current study, we hypothesized
that the pathogenesis of DD might involve the Glu/mGIuR,,,/
phosphoinositide 3-kinase (PI3K) signaling pathway, which is
activated by GR in the hippocampal NVU. We used an in vitro
model of DD and agonists and antagonists for key signaling
pathway proteins, to test this hypothesis.

Materials and Methods

Animals

Specific-pathogen-free Sprague-Dawley rats [E17 embryos
from pregnant females (n = 4; for hippocampal neuronal
cultures), 3-day-old rats (n = 6; for hippocampal astrocytic
cultures), and 9-day-old rats (n = 5; for brain microvascular
endothelial cell cultures)] were purchased in Hunan Slac
Jingda Laboratory Animal Co., Ltd., Changsha, China (license
No. SCXK (Xiang) 2019-0004). All rats were allowed free access
to food and water. All experiments were approved by the
Laboratory Animal Ethics Committee of The First Hospital of
Hunan University of Chinese Medicine, China (approval No.
HN-ZYFY-2019-11-12) on November 12, 2019.

Establishment of the hippocampal NVU, in vitro, and cell
identification

Hippocampal neurons, astrocytes, and brain microvascular
endothelial cells from rats were isolated, purified, and
cultured, as described in our previous study (Liu et al., 2019a).
The hippocampal NVU model was established as described
in our previous study (Liu et al., 2019a). Briefly, as shown in
Figure 1, after neurons were seeded into a 24-well culture
plate, for 3-5 days, purified astrocytes were seeded on the
outer sides of the well inserts, and the well inserts were
placed into matching 24-well plates. After 2 days of co-culture,
purified brain microvascular endothelial cells were seeded
on the inner side of the well inserts. The NVU, consisting of
neurons, astrocytes, and brain microvascular endothelial
cells, was successfully established (Xue et al., 2013). The
identification of neurons, astrocytes, and brain microvascular
endothelial cells was performed using specific markers,
including neuron-specific enolase, glial fibrillary acidic protein,
and platelet endothelial cell adhesion molecule-1/CD31,
respectively, via immunocytochemical staining (Liu et al.,
2019a). In brief, cells were fixed with 4% paraformaldehyde,
for 30 minutes. Afterward, they were incubated in 0.25%
Triton X-100, for 15 minutes, and blocked in 5% bovine
serum albumin for 30 minutes, before incubation with
different primary antibodies (neuron-specific enolase: 1:100,
Cat# BAO535, Boster, Wuhan, China; glial fibrillary acidic
protein: 1:200, Cat# BA0O56, Boster; platelet endothelial cell
adhesion molecule-1/CD31: 1:100, Cat# BA2966, Boster).
After incubation at 4°C overnight, cells were incubated with
anti-rabbit 1gG conjugated to fluorescein isothiocyanate
(1:400; Cat# SA00003-2; Proteintech, Chicago, IL, USA) at
37°C for 30 minutes. Then, the cell nucleus was stained with
4',6-diamidino-2-phenylindole, for 20 minutes. Images were
captured using a high-content analysis system (PerkinElmer,
Boston, MA, USA) and an inverted fluorescence microscope
(Olympus, Tokyo, Japan).

Modeling of the hippocampal NVU under DD conditions and
pharmacological interventions

DD conditions were established, as described in our previous
study (Liu et al., 2019a). In brief, 150 mM glucose (Solarbio,
Beijing, China) and 200 uM corticosterone (Sigma, St.
Louis, MO, USA) were added to each well, for 18 hours,
to establishing an in vitro DD model. After DD model was
successfully established, the GR blocker RU-486 (1 uM; Cat#
M8046; Sigma), the GR agonist dexamethasone (5 uM; Cat#
D8040; Solarbio), the mGIuR,; receptor blocker LY341495 (0.1
uM; Cat# A3577; Apexbio, Houston, TX, USA), and the mGIuR,,;
receptor agonist LY379268 (1 uM; Cat# ab120196; Abcam,
Cambridge, UK), were added to the transwell, individually,
for 18 hours, and the effects of each intervention on protein
expression, apoptosis, and cell survival in the in vitro
hippocampal NVU model were assessed. A hippocampal NVU
not subjected to DD condition was used as a control group.

Determination of hippocampal NVU barrier function
The barrier function was detected, as described in our
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Figure 1 | Diagram of the in vitro hippocampal NVU system.

Astrocytes were seeded in the outer side of the matching Transwell inserts,
after neurons were seeded into a 24-well culture plate and cultured for 3-5
days. After 2 days of co-culture, brain endothelial cells were seeded on the
inner side of the matching well inserts. The hippocampal NVU system could
be successfully established after these three cell types were co-cultured for
3 days. AS: Astrocyte; BM: brain microvascular endothelial cell; NE: neuron;
NVU: neurovascular unit.

previous study (Liu et al., 2019a). Briefly, a Millipore
resistor (Millipore, Boston, MA, USA) was used to measure
transendothelial electrical resistance. The permeability within
4 hours, between the inner and outer levels, was measured
using a vernier caliper (Chiib, Shanghai, China).

Detection of immunopositivity against GR, vesicular Glu
transporter 3, excitatory amino-acid transporter 1 and
mGIluR,; in the astrocytes of the hippocampal NVU

After the establishment of the DD model, RU-486 and
dexamethasone treatments were applied to the NVU,
and astrocytes in the NVU were washed with phosphate-
buffered saline, three times, followed by fixation with
4% paraformaldehyde, for 30 minutes. Astrocytes were
then treated with 0.25% Triton X-100, for 15 minutes, and
blocked in 5% bovine serum albumin, for 30 minutes, before
incubation with primary antibodies, overnight, in the dark, in
a humidified container, at 4°C. The following antibodies were
used: rabbit anti-GR polyclonal antibody (1:100; Cat# 24050-
1-AP; Proteintech), rabbit anti-vesicular Glu transporters 3
(VGLUT-3) polyclonal antibody (1:100; Cat# ab23977; Abcam),
rabbit anti-excitatory amino-acid transporter 1 (EAAT-1)
polyclonal antibody (1:100; Cat# ab416; Abcam), and rabbit
anti-mGluR,,; polyclonal antibody (1:200; Cat# ab254078;
Abcam). The astrocytes were then incubated with anti-rabbit
lgG, conjugated to fluorescein isothiocyanate (1:400; Cat#
SA00003-2; Proteintech) at 37°C for 30 minutes, and stained
with 4',6-diamidino-2-phenylindole (1:800; Cat# ab228549;
Abcam) at room temperature for 15 minutes. A high-content
analysis system was used to analyze protein expression.

Detection of Glu content in the hippocampal NVU

The cell supernatant from the hippocampal NVU was collected
after the establishment of the DD model. The level of Glu was
measured using an enzyme-linked immunosorbent assay kit
(R&D, Minneapolis, MN, USA).

Detection of immunopositivity against extracellular signal-
regulated kinase, glial cell-derived neurotrophic factor, and
PI3K in the neurons of the hippocampal NVU

After the establishment of the DD model, RU-486,
dexamethasone, LY341495, and LY379268 treatment was
applied to hippocampal neurons in the NVU, similar to the
method used in astrocytes. Neurons were incubated with
rabbit anti-extracellular signal-regulated kinase (ERK; 1:100;
Cat# 16443-1-AP; Proteintech), rabbit anti-glial cell-derived
neurotrophic factor (GDNF; 1:200; Cat# ab18956; Abcam)
and rabbit anti-PI3K (1:100; Cat# 20584-1-AP; Proteintech)
at 4°C overnight. Cells were then incubated with anti-rabbit
lgG, conjugated to fluorescein isothiocyanate (1:400; Cat#
SA00003-2; Proteintech) at 37°C for 30 minutes, and stained

with 4',6-diamidino-2-phenylindole (1:800; Cat# ab228549;
Abcam), at room temperature for 15 minutes. A high-content
analysis system was used to analyze protein expression.

Detection of cell survival among neurons in the hippocampal
NVU

After DD model establishment and treatment with RU-486,
dexamethasone, LY341495, or LY379268, neurons were
incubated with 10 uL Cell Counting Kit-8 (Bioss, Beijing, China)
for 4 hours at 37°C and 5% CO,. Afterward, cell survival was
measured at 450 nm, using a microplate reader (Thermo,
Waltham, MA, USA).

Detection of neuronal apoptosis in the hippocampal NVU
After DD model establishment and treatment with RU-486,
dexamethasone, LY341495, or LY379268, neurons in the NVU
were fixed with 4% paraformaldehyde, 0.2% Triton X-100,
and 0.3% H,0,. Then, apoptosis among hippocampal neurons
was observed by terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick-end labeling staining (Roche, Basel,
Switzerland) and examined by microscopy (Olympus).

Western blot assay was used to detect the apoptosis-
associated proteins caspase-3 and caspase-9. The total protein
content was detected by bicinchoninic acid assay. Proteins
were separated on polyacrylamide gels and transferred
to polyvinylidene fluoride membranes. Membranes were
blocked in skimmed milk and probed with rabbit anti-
caspase-3 (1:1000; Cat# 19677-1-AP; Proteintech), rabbit anti-
caspase-9 (1:1000; Cat#t 10380-1-AP; Proteintech), and rabbit
anti-B-actin (1:3000; Cat# 20536-1-AP; Proteintech), at 4°C
overnight. The blots were washed twice with Tris-buffered
saline before incubation with anti-rabbit secondary antibody-
horseradish peroxidase (1:400; Cat# BM5180; Boster), at
room temperature for 1 hour. Finally, the expression levels
of apoptosis-associated proteins were quantified, using
AlphaEase FC (Alpha Innotech, San Leandro, CA, USA).

Statistical analysis

Data are expressed as the mean * standard deviation (SD), and
calculated for each test group. All data were analyzed by SPSS
16.0 (SPSS, Chicago, IL, USA). A one-way analysis of variance,
followed by Dunnett’s post hoc test, was performed for
comparisons among groups. P < 0.05 was considered significant.

Results

Cell morphological characteristics and the identification of
the hippocampal NVU

As shown in Figure 2A1-3, the neuronal somas were
clearly visible, with crisscrossing dendrites, weaving a rich
neural network. Astrocytes possessed intensive and slender
dendrites. Microvascular endothelial cells presented with
the typical pavement structural characteristics. Furthermore,
the cytoplasmic compartments of neurons, astrocytes, and
brain microvascular endothelial cells were demonstrated the
expression of neuron-specific enolase, glial fibrillary acidic
protein, and platelet endothelial cell adhesion molecule-1/
CD31, respectively. Immunofluorescent staining results
indicated that the cultured cells were the targeted cells, which
could be ascribed to specific cell types (Figure 2B1-3).

Barrier function in the NVU is impaired by DD conditions
The barrier function of the NVU was assessed by performing
transendothelial electrical resistance and permeability assays.
As shown in Figure 3A, transendothelial electrical resistance
was reduced in the hippocampal NVU after DD establishment,
compared with that in the control group (P < 0.01). Moreover,
the permeability within 4 hours increased under simulated DD
conditions compared with control conditions (P < 0.01; Figure
3B). These findings suggested that the barrier function of the
NVU was impaired under DD conditions.
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Al A2 A3
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Figure 2 | Cell morphological characteristics and the identification of a
hippocampal neurovascular unit.

(A1-3) Cell morphologies of hippocampal neurons, astrocytes, and brain
microvascular endothelial cells (BMECs). (B1-3) The identification of neurons,
astrocytes, and BMECs (immunofluorescence staining). Arrows show the
positive expression of neuron-specific enolase (B1), glial fibrillary acidic
protein (B2), and platelet endothelial cell adhesion molecule-1/CD31 (B3).
Scale bars: 100 um.

Aberrant immunopositivity against of GR, VGLUT-3, and
mGIluR,; in astrocytes of the hippocampal NVU after DD
model establishment

Immunopositivity against GR, Glu transporters, and
Glu receptors was detected by immunofluorescence
staining. As shown in Figure 4, the immunopositivity
against GR (P < 0.05), VGLUT-3 (P < 0.01), and mGluR,;
(P < 0.05) increased, whereas immunopositivity against
EAAT-1 (P < 0.05) significantly decreased after DD model
establishment compared with control conditions. The
GR agonist aggravated the upregulation of GR (P < 0.01),
VGLUT-3 (P < 0.01), and mGluR,; (P < 0.01), as determined
by increased immunopositivity, and downregulated EAAT-
1 immunopositivity (P < 0.05). The upregulation of GR,
VGLUT-3, and mGluR,;, and the downregulation of EAAT-1
were reversed by RU-486 treatment (P < 0.01). These results
revealed that DD conditions adversely affected the functions
of Glu transporters and the expression levels of the Glu
receptor mGluR,;; in astrocytes of the hippocampal NVU,
which may be associated with the GR activation.

Levels of Glu in the hippocampal NVU increase after DD
model establishment

Figure 5 shows the levels of Glu in the hippocampal NVU after
DD model establishment. The levels of Glu under simulated
DD conditions in the dexamethasone treatment group were
significantly higher than those in the control group (P <
0.01). These increases were significantly inhibited by RU-
486 treatment (P < 0.05). Therefore, we can conclude that
the simulated DD conditions increased the levels of Glu in
the hippocampal NVU, which may be associated with the
activation of GR.

Aberrant immunopositivity against ERK, GDNF, and PI3K

in the neurons of the hippocampal NVU after DD model
establishment

Immunopositivity against ERK, GDNF, and PI3K were detected
by immunofluorescence staining. As shown in Figure 6,
simulated DD conditions resulted in the marked upregulation
of ERK immunopositivity and the downregulation of GDNF and
PI3K immunopositivity in hippocampal neurons of the NVU
compared with the control conditions (P < 0.01 or P < 0.05).
Immunopositivity against ERK, GDNF, and PI3K in the neurons
of the hippocampal NVU, after DD model establishment,
was significantly inhibited by both RU-486 and LY341495
treatments (P < 0.01 or P < 0.05). However, dexamethasone
and LY379268 aggravated the disordered ERK, GDNF, and PI3K
immunopositivity in the neurons of the hippocampal NVU
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Figure 3 | Transendothelial electrical resistance and leakage liquid height
in the neurovascular unit are impaired by diabetes-related depression
conditions.

(A) Transendothelial electrical resistance was detected by a resistor. (B)
Leakage liquid height was detected by a vernier caliper. Data are shown as
the mean + SD (n = 3). ¥*P < 0.01, vs. control group (one-way analysis of
variance followed by Dunnett’s post hoc test). Experiments were performed
in triplicate. G&P: Glucose and corticosterone, i.e., simulated diabetes-related
depression conditions.

after DD model establishment. These findings suggested that
the simulated DD conditions adversely impacted imbalances in
the ERK/GDNF/PI3K signaling pathway, such as the expression
levels of the key proteins ERK, GDNF, and PI3K in the neurons
of the hippocampal NVU, which may be associated with GR
activation and the activation the Glu receptor mGIuR ;.

Neuronal cell survival in the hippocampal NVU is reduced
after DD model establishment

As shown in Figure 7, the cell viability of neurons under
simulated DD conditions was markedly decreased compared
with that in the corresponding control group (P < 0.01).
This reduced cell viability was significantly inhibited by
treatment with RU-486 and LY341495 (P < 0.05). In contrast,
both dexamethasone and LY379268 aggravated declining
cell survival after DD model establishment (P < 0.01). These
results indicated that cell survival among the neurons in
the hippocampal NVU after DD model establishment was
associated with the activation of both GR and mGIuR,,.

DD dramatically accelerates neuronal apoptosis in the
hippocampal NVU

As shown in Figure 8, apoptosis among hippocampal neurons
under simulated DD conditions was increased compared
with control neurons. Furthermore, neuronal apoptosis was
substantially reduced following pharmacological intervention
with RU-486 and LY341495. However, both dexamethasone
and LY379268 aggravated apoptosis among neurons in the
hippocampal NVU. As shown in Figure 9, the results of the
western blot analysis indicated that the expression levels of
the apoptosis proteins caspase-3 and caspase-9 were markedly
increased under simulated DD conditions compared with the
corresponding control group (P < 0.01). Both dexamethasone
and LY379268 increased the expression levels of caspase-3
and caspase-9 (P < 0.01). However, the upregulation of
apoptotic proteins was significantly ameliorated after
treatment with RU-486 and LY341495 (P < 0.05). These results
suggested that apoptosis among hippocampal neurons was
regulated by the Glu/mGluR,,;/PI3K pathway, induced by GR
and mGluR,; activation in the hippocampal NVU.

Discussion

The NVU, which primarily consists of microvessels, astrocytes,
neurons, and extracellular matrix, was first introduced by Lo et
al. (2003). Neurons, neurogliocytes, and brain microvascular
endothelial cells in the NVU are interrelated and influence
each other and maintain a dynamic balance between
homeostasis and neurotransmitter release, which play
essential roles in central nervous system diseases, such as DD
(Han and Suk, 2005; Liu et al., 2011; Adriani et al., 2017). The
current study examining DD primarily focused on the neuron,
as a single target; however, few studies have examined
neurons within the overall environment of the hippocampal
NVU (Wang et al., 2015a; Liu et al., 2019a). Consequently,
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Figure 4 | Aberrant immunopositivity against GR, glutamate transporters, and glutamate receptor in hippocampal neurovascular unit astrocytes after
diabetes-related depression induction.

(A) Typical images showing GR, VGLUT-3, EAAT-1, and mGluR,,; immunopositivity (immunofluorescence staining). Positive detection of GR, VGLUT-3, EAAT-1,
and mGluR,,; appear in green, stained by fluorescein isothiocyanate. Simulated DD conditions (G&P) resulted in the upregulation of GR, VGLUT-3, and mGIuR,;
and the downregulation of EAAT-1 compared with control conditions. The upregulation of GR, VGLUT-3, and mGluR,,; and the downregulation of EAAT-1 could
be reversed by RU-486 treatment relative to the G&P group. Dexamethasone aggravated the changes in immunopositive detection among these proteins. Scale
bars: 100 pm. (B) Quantitative analysis of GR, VGLUT-3, EAAT-1, and mGluR,,; immunopositivity. Data are expressed as the mean £ SD (n = 3). *P < 0.05, **P <
0.01, vs. control group; ##P < 0.01, vs. model group (G&P) (one-way analysis of variance followed by Dunnett’s post hoc test). Experiments were performed in
triplicate. Dex: Dexamethasone, i.e., glucocorticoid receptor agonist; EAAT-1: excitatory amino-acid transporter 1; GR: glucocorticoid receptor; G&P: glucose
and corticosterone, i.e., simulated diabetes-related depression conditions; mGluR,,;: metabotropic glutamate receptor 2/3; RU-486: mifepristone, i.e.,
glucocorticoid receptor blocker; VGLUT-3: vesicular glutamate transporter 3.
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Figure 5 | Levels of glutamate in the hippocampal NVU after the
simulation of diabetes-related depression, as detected by enzyme-linked
immunosorbent assay.
Data are shown as the mean + SD (n = 4). **P < 0.01, vs. control group;
#P < 0.05, vs. model group (G&P) (analysis of variance). Experiments were
performed in triplicate. Dex: Dexamethasone, i.e., glucocorticoid receptor
agonist; G&P: glucose and corticosterone, i.e., simulated diabetes-related
depression conditions; RU-486: Mifepristone, i.e., glucocorticoid receptor
blocker.
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Figure 7 | Cell survival among hippocampal neurovascular unit neurons
after diabetes-related depression induction, as detected by the Cell
Counting Kit-8 assay.
Data are expressed as the mean = SD (n = 3). **P < 0.01, vs. control group;
#P < 0.05, vs. model group (G&P) (one-way analysis of variance followed
by Dunnett’s post hoc test). Experiments were performed in triplicate.
Dex: Dexamethasone, i.e., glucocorticoid receptor agonist; G&P: glucose
and corticosterone, i.e., simulated diabetes-related depression condition;
LY341495: metabotropic glutamate receptor 2/3 receptor blocker; LY379268:
metabotropic glutamate receptor 2/3 receptor agonist; RU-486: mifepristone,
i.e., glucocorticoid receptor blocker.
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Figure 6 | Aberrantimmunopositivity against ERK, BDNF, and PI3K in hippocampal neurovascular unit neurons after diabetes-related depression

induction.

(A) Typical images showing ERK, BDNF, and PI3K immunopositivity (immunofluorescence staining). The detection of ERK, BDNF, and PI3K is shown in green, stained
by fluorescein isothiocyanate. Simulated DD conditions (G&P) significantly upregulated ERK and down-regulated GDNF and PI3K when compared with the control
conditions. The upregulation of ERK and the downregulation of GDNF and PI3K could be reversed by both RU-486 and LY341495 treatment when compared with
the G&P group. However, dexamethasone and LY379268 aggravated the disordered expression patterns of these proteins. Scale bars: 100 um. (B) Quantitative
analysis of ERK, BDNF, and PI3K immunopositivity. Data are expressed as the mean + SD (n = 3). **P < 0.01, vs. control group; #P < 0.05, ##P < 0.01, vs. model group
(G&P) (one-way analysis of variance followed by Dunnett’s post hoc test). Experiments were performed in triplicate. BDNF: Brain-derived neurotrophic factor; Dex:
dexamethasone, i.e., glucocorticoid receptor agonist; ERK: extracellular signal-regulated kinase; G&P: glucose and corticosterone, i.e., simulated diabetes-related
depression conditions; LY341495: metabotropic glutamate receptor 2/3 receptor blocker; LY379268: metabotropic glutamate receptor 2/3 receptor agonist; PI3K:
phosphoinositide 3-kinase; RU-486: Mifepristone, i.e., glucocorticoid receptor blocker.

the concept of the NVU has not only revolutionized the
understanding of central nervous system pathophysiology
but has also provided a new perspective for studying the

pathogenesis of DD.

DD occurs secondary to diabetes. The hippocampus is a key
target of DD, which is caused by hippocampal damage (Ho et
al., 2013; Lenart et al., 2019). Our previous studies elucidated
that DD may be associated with structural and functional
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Figure 8 | Apoptosis of neurons in the hippocampal neurovascular unit, detected by terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick-

end labeling.

Apoptosis of neurons in simulated DD conditions increased compared with control conditions. The number of apoptotic cells was markedly reduced by RU-
486 and LY341495 treatment. However, both dexamethasone and LY379268 aggravated apoptosis among neurons. Arrows indicate apoptotic cells. Scale bars:
100 um. Dex: Dexamethasone, i.e., glucocorticoid receptor agonist; G&P: glucose and corticosterone, i.e., simulated diabetes-related depression conditions;
LY341495: metabotropic glutamate receptor 2/3 receptor blocker; LY379268: metabotropic glutamate receptor 2/3 receptor agonist; RU-486: mifepristone, i.e.,

glucocorticoid receptor blocker.
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Figure 9 | Apoptotic protein expression in the hippocampal neurovascular unit, detected by western blot assay.

Simulated diabetes-related depression conditions resulted in the significant upregulation of caspase-3 and caspase-9 expression in the hippocampal NVU
compared with control conditions. The upregulation of caspase-3 and caspase-9 was reversed by both RU-486 and LY341495 treatment compared with the
untreated model. However, dexamethasone and LY379268 aggravated the upregulation of these two proteins. Data are expressed as the mean + SD (n = 3). **P
< 0.01, vs. control group. #P < 0.05, ##P < 0.01, vs. model group (G&P) (one-way analysis of variance followed by Dunnett’s post hoc test). A—F: Control, model
(glucose and corticosterone, i.e., simulated diabetes-related depression conditions), RU-486 (glucocorticoid receptor blocker), dexamethasone, (glucocorticoid
receptor agonist), LY341495 (mGluR,; receptor blocker), and LY379268 (mGluR,; receptor agonist). mGluR,,;: metabotropic glutamate receptor 2/3.

damage to the hippocampal NVU, after we determined
that Glu concentrations and hippocampal neuron apoptosis
were key signals and direct factors associated with DD
development (Liu et al., 2019a). Furthermore, research has
revealed that the permeability of the hippocampal blood-
brain barrier was destroyed by high glucose concentrations
and that high corticosterone concentrations in plasma can
affect astrocytes through microvascular endothelial cells,
affecting the structures and functions of astrocytes (Yang
et al., 2015). The association between cortisol and Glu
and their destructive impacts on the hippocampus have
begun to receive attention (Reisner, 2003, 2013). Glu is an
amino acid that acts as an excitatory neurotransmitter in
the hippocampus. The amount of excitatory amino acid
release may be proportional to memory and cognitive
dysfunction. Cortisol is a type of glucocorticoid, and excessive
cortisol is released in response to the dysregulation of the
hypothalamic-pituitary-adrenal axis among patients with
depression. The interaction between cortisol and Glu is of
great importance for cognitive dysfunctional syndromes, such
as depression, post-traumatic stress disorder, and memory
deficits following electroconvulsive therapy (Andrews and
Reisner, 2017). Evidence has shown that the stimulation
of Glu and cortisol are not mutually exclusive (Chamberlin
and Tsai, 1998; Reisner, 2003, 2013). On the one hand, the
overstimulation of Glu receptors in the hippocampus can
be exacerbated by high levels of glucocorticoids. Cortisol
may maintain Glu receptors in an open position for longer
periods of time and more frequently, which may augment
glutamatergic hyperstimulation. On the other hand,
glutamatergic stimulation can result in free radical formation,
which can gradually disrupt cerebrovascular endothelial cells,
accelerating the release of cortisol.

Elevated cortisol levels, in combination with increased
glutamatergic stimulation, may have a particularly negative
effect on memory, due to the excessive release of excitatory
amino acids and the activation of their receptors. This effect
not only supports the role of Glu and cortisol but also provides

a useful model for DD condition-induced neuronal damage.
Moreover, the expression levels of the Glu transporters EAAT-
1 and VGLUT in astrocytes were affected by GR binding with
corticosterone in astrocytes, resulting in the abnormal increase
in intracellular glutamic acid levels (Xu et al., 2016). In this
article, we found that simulated DD conditions adversely
affected the barrier function of the NVU, including the
dramatic reduction of transendothelial electrical resistance
and increased permeability, within 4 hours. In addition, the
expression levels of GR and VGLUT-3 were upregulated,
whereas the level of EAAT-1 was downregulated. The abnormal
expression patterns observed for GR, VGLUT-3, and EAAT-
1 were reversed by the GR blocker (RU-486). Therefore, we
speculated that the barrier function of cerebral microvascular
endothelial cells was destroyed by high glucose concentrations
in the hippocampal NVU. Subsequently, GR in astrocytes was
activated by the massively elevated corticosterone contents,
as a result of barrier dysfunction. The over-stimulation of
GRs, which was activated by corticosterone, may result
in disordered EAAT-1 and VGLUT in astrocytes, resulting
in increased Glu concentrations. These results provided
evidence regarding the origins of excess Glu and demonstrated
the potential successive roles played by Glu and cortisol.
Simultaneously, these findings indicated that simulated DD
conditions adversely impact barrier function in the NVU and
the expression of Glu transporters in NVU astrocytes, which
may be closely associated with the activation of GR.

Our previous studies have found that simulated DD conditions
adversely impact the barrier function of the NVU, resulting
in abnormal expression patterns for GR and Glu transporters,
following by the activation of the Glu receptor mGluR,,; and
elevated levels of Glu in astrocytes (Liu et al., 2018, 2019b).
Furthermore, our findings showed that abnormal Glu-mGluR,
pathway activation can result in hippocampal neuronal
apoptosis, which was found to be a direct factor associated
with DD onset and may also be strongly associated with GR
and mGIuR,,; activation (Liu et al., 2019b). Consequently, the
present study implied that the underlying pathogenesis of DD
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is based on the activation of the Glu-mGluR,,; pathway by GR
and mGIuR,; in the NVU.

Damage to hippocampal neurons can be caused by the
excitatory toxicity associated with excessive Glu levels. The
Glu contents dramatically increased after the abnormal
expression of the Glu transporters VGLUT and EAAT-1 in
astrocytes (Hubbard et al., 2016). Abnormally elevated Glu
levels stimulated the over-expression of the Glu receptor
mGIuR,,; (Losonczy et al., 2003). On the one hand, the
synthesis and secretion of GDNF through the ERK signaling
pathway was interrupted by the abnormal activation of
the Glu receptor mGluR,;; (Di Liberto et al., 2011). On the
other hand, the expression levels of GDNF receptor growth
differentiation factor-family receptor alpha-1 and-2 were
downregulated, which also resulted from the activation of the
Glu receptor mGIuR,,; (Chen et al.,, 2001). Moreover, GDNF,
after binding growth differentiation factor-family receptor
alpha-1, phosphorylated the proto-oncogene rearranged
during transfection and regulated the PI3K/AKT signaling
pathway (Gleason et al., 2013). In the present study, we
observed increased levels of Glu in the hippocampal NVU
after DD model establishment, and simulated DD conditions
resulted in the upregulation of ERK and the downregulation
of GDNF and PI3K in hippocampal neurons of the NVU. These
effects were significantly inhibited by both the GR blocker RU-
486 and the mGluR,,; blocker LY341495 but were aggravated
by the GR agonist dexamethasone and the mGIuR,,; receptor
agonist LY379268. Therefore, these findings suggested that
simulated DD conditions may adversely impact imbalances in
the ERK/GDNF/PI3K signaling pathway, among key proteins
expressed in the neurons of the hippocampal NVU, which may
be associated with the activation of GR and mGIuR, ..

In our previous study, we demonstrated that hippocampal
neuronal apoptosis was involved in triggering DD onset (Liu
et al., 2019a). The PI3K/AKT signaling pathway, which is
downstream of the mGluR,,;-GDNF pathway, affected the
survival and apoptosis of hippocampal neurons by regulating
cyclic adenosine monophosphate response element-binding
protein, nuclear factor kappa B, glycogen synthase kinase,
caspases, and their phosphorylated proteins (Tsai et al.,
2014). Interestingly, in this study, we demonstrated that the
cell viability of neurons was markedly decreased, whereas
the apoptosis of neurons increased in the hippocampal NVU
after DD model establishment. Furthermore, cell viability and
the apoptosis of neurons were closely associated with GR and
mGIuR,; activation, which was consistent with our previous
results in an animal DD model (Liu et al., 2019b). Thus, this
study provides evidence that the Glu/mGluR,,,/PI3K pathway
may be involved in the regulation of cell viability and neuronal
apoptosis in the hippocampal NVU.

Although the in vitro study described in the present paper
revealed that the pathogenesis of DD was associated with
the Glu/mGIuR,,;/PI3K signaling pathway, additional studies
using the DD model rat should be repeated, and in vivo
pharmacological approaches should be explored, to support
these conclusions. Additionally, the exact mechanism
and targets associated with DD that are regulated by the
Glu/mGluR,,;/PI3K pathway remain to be uncovered, in
subsequent experiments.

In conclusion, the findings of the present study implied that
hippocampal neuron apoptosis was regulated by the Glu/
mGIluR,;;/PI3K signaling pathway, activated by GR in the
hippocampal NVU and may be involved in the pathogenesis
of DD. However, further studies elucidating the explicit
mechanisms associated with this pathway remain necessary.
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