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Abstract Hypoxic stressors contribute to neuronal death
in many brain diseases. Astrocyte processes surround most
neurons and are therefore anatomically well-positioned to
shield them from hypoxic injury. Excitatory amino acid
transporters (EAATS), represent the sole mechanism of
active reuptake of glutamate into the astrocytes and neu-
rons and are essential to dampen neuronal excitation fol-
lowing glutamate release at synapses. Glutamate clearance
impairment from any factors is bound to result in an
increase in hypoxic neuronal injury. The brain energy
metabolism under hypoxic conditions depends on mono-
carboxylate transporters (MCTs) that are expressed by
neurons and glia. Previous co-immunoprecipitation exper-
iments revealed that MCT4 directly modulate EAATI in
astrocytes. The reduction in both surface proteins may act
synergistically to induce neuronal hyperexcitability and
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excitotoxicity. Therefore we hypothesized that astrocytes
would respond to hypoxic conditions by enhancing their
expression of MCT4 and EAATI1, which, in turn, would
enable them to better support neurons to survive lethal
hypoxia injury. An oxygen deprivation (OD) protocol was
used in primary cultures of neurons, astrocytes, and
astrocytes—neurons derived from rat hippocampus, with or
without MCT4-targeted short hairpin RNA (shRNA)
transfection. Cell survival, expression of MCT4, EAATI,
glial fibrillary acidic protein and neuronal nuclear antigen
were evaluated. OD resulted in significant cell death in
neuronal cultures and up-regulation of MCT4, EAATI
expression respectively in primary cell cultures, but no
injury in neuron-—astrocyte co-cultures and astrocyte cul-
tures. However, neuronal cell death in co-cultures was
increased exposure to sShRNA-MCT4 prior to OD. These
findings demonstrate that the MCT4-mediated expression
of EAAT] is involved in the resistance to hypoxia injury in
astrocyte—neuron co-cultures.

Keywords Monocarboxylate transporters - Excitatory
amino acid transporters - Oxygen deprivation - Astrocyte -
Co-culture

Introduction

Brain function involves much more than signaling between
neurons. Neuroglia constitute more than half the cells in
the adult vertebrate brain [1]. Almost 95 % of the vascular
surface of the blood—brain barrier is ensheathed by peri-
vascular astrocytes, and the opposite pole of each astrocyte
contacts approximately 30,000 synapses [2]. Actually,
astrocytes serve many essential physiological functions in
the central nervous system (CNS) on which neurons
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depend for their survival and peak functional performance.
These include inducing the formation and maintenance of
the blood-brain barrier, clearing extracellular potassium
that accumulates with neuronal activity and collecting and
metabolizing excitatory amino acids [3]. The latter is cru-
cial to survival of neurons under various physiological or
pathological conditions. Astrocytes are the largest glyco-
gen repository in the brain. Glycogen stores supply astro-
cytes with the energy required to maintain transmembrane
ion gradients, such as the sodium gradient that drives
glutamate uptake necessary to regulate glutamatergic
neurotransmission and prevent glutamate-mediated neuro-
nal excitotoxicity [4].

A subset of these astroglial functions are induced in
adult astrocytes in response to hypoxic or chemical pre-
conditioning [5-7]. During hypoxia/ischemia (H/I), the
transport of lactate and other monocarboxylates across the
glial and neuronal membranes is facilitated by a family of
monocarboxylate transporters (MCTs) [8]. MCTs belong to
the SLC16 gene family comprising 14 members, of which
MCT1-4 are proton symporters that mediate the trans-
membrane transport of lactate, pyruvate and ketone bodies
[9]. MCT1 is expressed mainly in endothelial cells of
microvessels, ependymocytes, astrocytes and oligoden-
drocytes but not in neurons, MCT2 is expressed primarily
in neurons, whereas MCT4 is expressed almost exclusively
in astrocytes [10]. Recent studies have shown that MCT4 is
involved in the pathophysiology of temporal lobe epilepsy
(TLE) [11], and upregulation of MCT4 induced by hypoxia
preconditioning may help decrease the susceptibility to
drug-induced epilepsy in rat [12].

Glutamate is the primary excitatory neurotransmitter in
the CNS. Glutamate transporters, referred to as excitatory
amino acid transporters (EAATS), represent the sole
mechanism of active reuptake of glutamate into the astro-
cytes and neurons and are essential to dampen neuronal
excitation following glutamate release at synapses. There
are five known members of the EAAT family, each having a
unique tissue distribution. EAAT1 and EAAT2 are
expressed mainly in astrocytes [13], EAAT3 and EAAT4
are expressed primarily in neurons [14], whereas EAATS is
only present in the retinal [15]. Failure of astroglial gluta-
mate uptake leads to hyperexcitability, seizures, and
excitotoxicity, Glutamate clearance impairment from any
factors is bound to result in an increase in hypoxic neuronal
injury [16]. In recent years, some studies have found that
MCT4 expression was associated with downregulation of
the astrocyte-specific excitatory EAATI in primary culture
rat cortical astrocytes and clinical epilepsy sample sections,
and co-immunoprecipitation experiments revealed a pro-
tein—protein interaction between MCT4 and EAATI1 [11]. It
is possible that EAAT] is a substrate for MCT4, implying
MCT4 may directly modulate EAATI1 in astrocytes. The

reduction in both surface proteins may act synergistically to
induce neuronal hyperexcitability and excitotoxicity.

Therefore we were interested in establishing whether
astrocytes would respond to hypoxic conditions by
enhancing their expression of MCT4 and EAAT1, which,
in turn, would enable them to better support neurons to
survive lethal hypoxia injury. To test this hypothesis, pri-
mary neuronal, astrocyte cultures, and astrocyte—neuron
co-cultures derived from rat hippocampus, with or without
MCT4-targeted short hairpin RNA (shRNA) transfection,
were subjected to oxygen deprivation (OD), then cell sur-
vival, expression of MCT4, EAATI, glial fibrillary acidic
protein (GFAP) and neuronal nuclear antigen (NeuN) were
evaluated.

Materials and Methods

Reagents were obtained from Gibco Life Technologies
Corporation (Gibco, Grand Island, NY, USA) except where
noted otherwise.

Rat Primary Astrocyte—Neuron co-Cultures

All procedures were approved by the Animal Care and Use
Committee of LanZhou University (Lanzhou, China) and
followed the National Guidelines for Animal Experimen-
tation. Embryonic hippocampuses were obtained from
18-day Sprague—Dawley rat embryos (n = 7) from the
Laboratory Animal Center of Lanzhou University, using a
modification of a previously-described method [17].
Embryos were removed under deep isoflurane anesthesia.
Hippocampuses were collected and mechanically dissoci-
ated in 2 mg/mL papain (Worthington Biochemical,
Lakewood, NJ, USA) and 50 pg/mL DNase I (Sigma-
Aldrich, St. Louis, MO, USA) in sterile Hank’s Balanced
Salt Solution (HBSS) at 37 °C for 20 min. The tissues were
then washed three times in sterile HBSS to inactivate the
papain and switched to 5 % fetal bovine serum (FBS) in
Neurobasal-A  growth medium supplemented with
0.5 mM L-glutamine, 0.5 mM GlutaMax, 0.01 % antibi-
otic—antimycotic and 0.02 % SM1 (StemCell Technolo-
gies, Vancouver, BC, Canada). The tissue mixture was then
triturated three times using a 5-mL pipette followed by a
Pasteur pipette, and filtered through an 80-pm pore size
nylon mesh (BD Biosciences, Franklin Lakes, NJ, USA).
The cell mixture was then centrifuged at 200g for 3 min
and resuspended in fresh Neurobasal-A medium. The cells
were plated into 0.1 % polyethyleneimine (in 25 mM
borate buffer, pH 8.3)-coated culture flasks or glass cov-
erslips (25 mm diameter, Dekglassen, Warner Instruments,
Hamden, CT, USA) in a 6-well uncoated plate at around
100,000-200,000 cells/cm?. Cells were maintained in
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Neurobasal-A growth medium (containing 25 mM b-glu-
cose) without FBS at 37 °C in a 5 % CO,/95 % air (bal-
anced nitrogen and 85 % humidity) incubator (i.e.,
normoxic conditions). The culture medium was replaced
completely 4-6 h after plating and then changed by half
every 2 days until the experiment finished. On the 4th day
after plating, 1.5 mM leucine—leucine methyl ester was
added to the medium to deplete microglia in the astrocyte—
neuron co-cultures. The cells were used for experiments
2 weeks after plating.

Rat Primary Neuronal Cultures

Pure neuronal cultures were derived from the same
embryonic hippocampal cell suspensions and maintained in
the same culture medium as the co-cultures above. Astro-
cyte growth was inhibited by adding cytosine arabinoside
(10 pM) 72 h after plating and decreasing the serum con-
tent in the medium. The cells were used for experiments
2 weeks after plating. The culture medium was changed by
half every 2 days until the experiment finished.

Rat Primary Astrocyte Cultures

Hippocampal astrocytes were obtained from postnatal day
1 Sprague—Dawley rats (n = 10) as for co-cultures, except
that hippocampal cells were plated and maintained in
Dulbecco’s Modified Eagle’s Medium/F-12 (DMEM/F12,
1:1: Thermo Fisher Scientific, Waltham, MA, USA) (con-
taining 17.5 mM bp-glucose) supplemented with 10 % FBS
and a mixture of 100 U/mL penicillin and 100 pg/mL
streptomycin. The culture medium was replaced com-
pletely 1 h after plating to eliminate fibroblasts, and then
changed by half every 3—4 days until the experiment fin-
ished. On the 4th day after plating, 1.5 mM leucine—leucine
methyl ester was added to the medium to deplete microglia.
Cells were detached with trypsin and replated at least twice
before use. The cells were used for experiments 3 weeks
after plating.

Immunocytochemistry in Cultured Cells

The purities of the cell cultures were confirmed by
immunocytochemistry, as described previously, with
modifications [18]. Cell cultures plated on coverslips were
fixed with 4 % (w/v) paraformaldehyde in phosphate-buf-
fered saline (PBS) (pH 7.4) for 30 min at room temperature
and blocked with PBS supplemented with 1 % bovine
serum albumin and 0.3 % Triton X-100 for 1 h at room
temperature. Cells were incubated with rabbit polyclonal
anti-NeuN (Catalog #: ab104225, 1:1,000; Abcam, Cam-
bridge, MA, USA) and (or) mouse monoclonal anti-GFAP
(Catalog #: 3670, 1:500; Cell Signaling Technology, Inc.,
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Danvers, MA, USA) antibodies overnight at 4 °C on an
orbital shaker. The following day, cells were washed with
PBS and incubated with fluorescein isothiocyanate (FITC)-
conjugated anti-mouse and tetramethyl rhodamine isothi-
ocyanate (TRITC)-conjugated anti-rabbit (both 1:100;
CoWin Biotech, Co. Ltd., Beijing, China) secondary anti-
bodies for 2 h at room temperature. After washing with
PBS for 15 min, cells were treated with the nuclear
counterstain 4’,6-diamidino-2-phenylindole (DAPI) for
10 min, washed, and mounted on glass slides. Images were
acquired using a fluorescence microscope (Nikon Eclipse
Ti-S, Tokyo, Japan) using FITC and TRITC filter sets
(excitation/emission, 480/535 and 535/610 nm, respec-
tively). Images were analyzed using Image J software
(National Institutes of Health, Bethesda, MD, USA).

OD Model and Cell Treatment

Three kinds of primary cultures were subjected to hypoxia
injury by OD which was produced in an anaerobic chamber
(Coy Laboratory Products Inc., Grass Lake, MI, USA).
Oxygen levels were monitored continuously with a gas
analyzer (Coy Laboratory Products Inc.). On the day of OD
treatment, cells were placed in the anaerobic chamber
flushed with 1 % O4/5 % CO,/95 % N, at 37 °C for 24 h,
then the cells were used for subsequent experiments under
normoxic conditions.

Transfection of Astrocytes with a shRNA Targeting
MCT4

Primary astrocyte—neuron co-cultured cells with MCT4-
targeted ShRNA (shRNA-MCT4) or a scrambled sequence
control for off-target effects (sShRNA-NC) were generated
using a previously published method with modification
[19]. All lentiviral short hairpin RNA (shRNA) particles
were purchased from Open Biosystems (Thermo Scientific,
Huntsville, AL). The shRNA sequences for MCT4 are
5-CCCACGUCUACAUGUACGU-3 (forward) and 5-AC
GUACAUGUAGACGUGGG-3 (reverse). Briefly, the
culture medium was replaced by normal culture medium
without antibiotics, then 2 x 10* primary cells were cul-
tured in 24 well plates and transduced with lentiviral par-
ticles or the same amount of non-target shRNA control
transduction particles following the manufacturer’s proto-
col (multiplicity of infection = 2 viral transducing units/
cell, transfection time = 72 h). The transduced clones
were selected in puromycin-containing cell culture medium
(0.5 mg/mL) (Invitrogen Australia Pty Ltd, Melbourne,
VIC, Australia), propagated and finally transferred to the
25 cm? cell culture flasks and maintained in medium
containing 1.0 mg/mL puromycin for the following
experiments.
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Immunofluorescence Analysis to Determine Cell
Survival and Apoptosis

The survival of cells on coverslips was assessed using a
live/dead cell viability assay kit (Molecular Probes, Invit-
rogen, Singapore). Ethidium homodimer-1 cannot pene-
trate live cells but stains the DNA in dead cells red when
exposed to 528 nm light. In contrast, calcein-AM pene-
trates live cells, where an esterase cleaves the molecule,
which then fluoresces green when exposed to 494 nm light.
The assay was performed on the cultures 1, 2, 3,4, 5, 6, or
7 days after OD. The reagents were diluted, applied to
coverslips, incubated for 15-30 min and then examined
under an epifluorescence microscope (Nikon Eclipse),
using a blue excitation filter (488/515 nm) and a green
excitation filter (514/550 nm). Ten fields on each coverslip
were photographed using the filter sets for each fluorescent
label. The percentages of live (green) and dead (red) cells
were calculated, with the total cell count represented by the
sum of the live and dead cells.

Cells on the coverslips were then fixed with 4 % para-
formaldehyde, rinsed and treated with the nuclear coun-
terstain DAPI for apoptotic analysis on the 7th day after
OD, the cells without OD as controls. DAPI-stained cells
(10 per coverslip) were captured, and apoptotic cells were
identified by their bright, condensed or multi-fragmented
nuclei.

Western Blotting

The cellular protein of primary astrocyte—neuron co-cul-
tured cells was extracted as described previously with some
modifications [20]. Concentrations were determined using
the bicinchoninic acid method (Pierce, Rockford, IL,
USA). Samples were resolved by 10 % sodium dodecyl
sulfate—polyacrylamide gel electrophoresis, then trans-
ferred to immobilon polyvinylidene difluoride membranes
(Millipore, Billerica, MA, USA), blocked with 5 % (w/v)
non-fat milk in Tris-buffered saline with 0.1 % Tween
buffer (10 mM Tris—HCI, pH 7.5; 150 mM NaCl; 1 %
Tween 20) for 2 h at room temperature. Then the mem-
branes were incubated overnight with gentle agitation at
4 °C with primary antibodies against MCT4 (Catalog #:
PAB21410, 1:500; Abnova Corporation, Taipei City, Tai-
wan), EAAT1 (Catalog #: 4166, 1:1,000; Cell Signaling
Technology, Inc., Danvers, MA, USA), GFAP (Catalog #:
3670, 1:1,000; Cell Signaling Technology, Inc., Danvers,
MA, USA), NeuN (Catalog #: ab104225, 1:5,000; Abcam,
Cambridge, MA, USA) and a-tubulin (Catalog #: 2144,
1:1,000; Cell Signaling Technology, Inc., Danvers, MA,
USA), which served as a loading control. Signals were
detected using anti-mouse or anti-rabbit horseradish per-
oxidase-conjugated secondary antibodies (1:5,000; Abcam,

Cambridge, MA, USA) and an enhanced chemilumines-
cence kit (Millipore). Signal intensity was analyzed using
Image J software. All experiments were performed at least
three times.

Statistical Analysis

SPSS v.16.0 for Windows (SPSS Inc., Chicago, IL, USA)
was used for statistical analyses. All values are presented as
mean =+ standard deviation (SD) and differences were
determined using two-tailed Student’s ¢ tests or one-way
ANOVA with Bonferroni or Tamhane’s post hoc tests.
P values < 0.05 were considered statistically significant.

Results
Composition of Primary Cell Cultures

The co-cultures were prepared from 18-day embryonic
hippocampuses and maintained in Neurobasal-A growth
medium with 5 % FBS. This medium is widely used for
neuronal cultures. After 2 weeks in vitro, the cultures
comprised >50 % neurons and >45 % astrocytes, as
determined by NeuN and GFAP immunofluorescence
double labeling (Table 1, Fig. 1a). Neuronal-enriched
cultures were also made from embryonic hippocampal cell
suspensions with the addition of cytosine arabinoside to
inhibit astrocyte growth. These cultures were identified as
>80 % neurons by NeuN and DAPI immunofluorescence
double labeling after 2 weeks of growth (Table 1, Fig. 1b).
Hippocampal astrocyte cultures were obtained from post-
natal-day 1 rats, and different culture media and methods
yielded a population of >95 % astrocytes, as determined by
GFAP and DAPI immunofluorescence double labeling
(Table 1, Fig. 1c).

Effect of OD on Cell Survival

We identified the effect of OD on survival of different
primary cell cultures at various time-points using a live/
dead cell viability assay kit. The cell death curves con-
structed from independent experiments per day revealed
an increased cell death percent in neuronal cultures, but
no significant changes in co-cultures and astrocyte cul-
tures. The average cell death percent for the different
primary cell cultures are shown in Fig. 2. In contrast,
OD resulted in significant higher average cell death
percent in neuronal cultures than co-cultures and astro-
cyte cultures (P < 0.05). Apoptosis was determined by
nuclear staining with DAPI on the 7th day after OD, and
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Table 1 Cell culture composition

Non-neurons %
of total cells

Astrocytes %
of total cells

Non-astrocytes %
of total cells

Culture type® N Neurons %
of total cells

Astrocyte—neuron Co-cultures 521 £12

Neuronal cultures 82.6 £ 1.5

Astrocyte cultures 3 -

459 £ 0.7 - —
- 145 £ 04

96.2 £ 1.1 - 21+£05

 Cells from indicated culture type were counted following NeuN, GFAP and DAPI immunofluorescence double labeling to identify neurons,

astrocytes and cell nucleus, respectively. Values are the mean £+ SD

Fig. 1 Cell culture compositions were determined by immunofluorescence double labeling. a Astrocyte—neuron co-culture; b neuronal culture;

¢ astrocyte culture. Scale bar = 50 pm

the result indicated that 64.5 5.3 % of neurons in
neuronal cultures were apoptotic, compared with
6.2+ 1.1 % in control cells (P < 0.05) (Fig.3). In
contrast, the percentages of apoptotic cells in co-cultures
and astrocyte cultures were unaffected by OD. Collec-
tively, these data suggest that interactions between
astrocytes and neurons in the co-culture system may be
an important factor limiting neuronal death caused by
hypoxic stressors. The main pathway of hypoxia-induced
neuron death was apoptosis.

@ Springer

Effect of MCT4 Knockdown on Survival of Astrocyte—
Neuron co-Cultures Under OD

Based on the above results, OD resulted in significant cell
death in cultured neurons, but not in astrocyte—neuron co-
cultures. Therefore astrocyte—neuron co-cultures were
transfected with a lentivirus vector containing a MCT4-
targeted shRNA (shRNA-MCT4) or a scrambled control
shRNA (shRNA-NC) for 72 h before exposure to OD, and
the effects of MCT4 knockdown on cell survival were
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1d 2d 3d 4d 5d 6d 7d
Time after OD (days)

Fig. 2 Effect of OD on survival of different primary cell cultures.
a The cell death curves constructed from independent experiments per
day. Note that OD resulted in significant higher average cell death
percent in neuronal cultures than co-cultures and astrocyte cultures.
*P < 0.05 versus neuronal cultures (ANOVA with post hoc Tamhane
correction; n = 10 per group). Culture coverslips were stained with

Fig. 3 Apoptotic analysis of A
neuronal cultures determined by
immunofluorescence double
labeling with specific markers
of NeuN and DAPI. a Staining
with DAPI in neuronal cultures
to label nuclei blue allowed the
determination of apoptotic cells,
which exhibit condensed or
fragmented nuclei. White
arrows indicate apoptotic
neurons. Scale bar = 25 pm.

b Percentage of apoptotic
neurons was determined on the
7th day after OD in neuronal
cultures. One-way ANOVA
followed by Bonferroni post hoc
tests indicated a significant
difference between control and
OD neurons. *P < 0.05 versus
control neurons (n = 10 per
group) (Color figure online)

=

Apoptotic neurons (%)

identified by using live/dead cell viability assay kit. Cell
cultures subjected to OD alone were used as controls. The
cell death curves constructed from independent

80 -
60
40

20 4

0 v

Molecular Probes live/dead assay reagents and viewed under a
fluorescence microscope. b, ¢, and d Astrocyte—neuron co-culture,
neuron culture and astrocyte culture, respectively, with intracellular
calcein fluorescence signifying viable cells. b/, ¢/ and d’ Ethidium
homodimer fluorescence in the same fields as b, ¢, and d,
demonstrating injured and non-viable cells. Scale bar = 100 um

Control oD
experiments per day revealed an increased cell death per-

cent in co-culture cells transfected with shRNA-MCT4
(Fig. 4). The cell death percent was 53.2 = 4.9 % at 7th
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Fig. 4 Effect of MCT4 knockdown on survival of astrocyte—neuron
co-cultures under OD. a The cell death curves constructed from
independent experiments per day revealed an increased cell death
percent in ShRNA-MCT4-infected co-culture cells, still no significant
changes in shRNA-NC-infected cells and OD alone co-culture cells.
*P < 0.05 versus OD alone cells (ANOVA with post hoc Tamhane
correction; n = 10 per group). Culture coverslips were stained with

day after OD compared with OD alone co-culture cells
(P < 0.05), whereas shRNA-NC transfection had no effect
(P > 0.05). So MCT4 knockdown resulted in a significant
increase in average cell death percent in astrocyte—neuron
co-cultures.

The Evaluation of MCT4, EAATI1, GFAP and NeuN
in Primary Astrocyte—Neuron co-Cultures by Western
Blotting

We evaluated the expression levels of MCT4 and EAAT1
in primary astrocyte—neuron co-cultures 24 h later after
transfection alone or OD alone by Western blotting, with
normal cultured cells as controls. MCT4 and EAATI
proteins were respectively visible as 43 and 58-kDa band in
the immunoblot (Fig. 5a). The results of relative quantita-
tive analysis are shown as Fig. 5b. Compared with the
control cells, MCT4 and EAATI1 expression levels were
respectively 68.1 and 64.5 % higher in the OD alone cells
(P < 0.05), but declined respectively by 93.5 and 89.1 %
in the shRNA-MCT4 alone cells (P < 0.05), whereas
shRNA-NC transfection had no effect (P > 0.05). A posi-
tive correlation between MCT4 and EAAT was observed in
the entire astrocyte—neuron co-culture system. These data
reveal that MCT4 expression was associated with expres-
sion change of the astrocyte-specific excitatory EAATI in
primary astrocyte—neuron co-cultures. MCT4 and EAAT1

@ Springer

Molecular Probes live/dead assay reagents and viewed under a
fluorescence microscope. b, ¢, and d shRNA-MCT4, shRNA-NC and
OD alone, respectively, with intracellular calcein fluorescence
signifying viable cells. b/, ¢ and d’: Ethidium homodimer fluores-
cence in the same fields as b, ¢ and d, demonstrating injured and non-
viable cells. Scale bar = 100 pm

expression levels can be up-regulated by hypoxic stimu-
lation, but significantly inhibited by RNAi-mediated sup-
pression of MCT4.

We also evaluated the expression levels of GFAP and
NeuN on the 7th day after OD in four groups of primary
astrocyte—neuron co-cultures: control group (always nor-
mal cultured), OD alone group, shRNA-MCT4 group, and
shRNA-NC group. GFAP and NeuN proteins were
respectively visible as 48 and 38-kDa band in the immu-
noblot (Fig. 5¢). The results of relative quantitative ana-
lysis are shown as Fig. 5d. Compared with the control
group, the remaining three groups showed no comparable
change in GFAP expression level (P > 0.05), only NeuN
expression level in shRNA-MCT4 group significantly
declined by 95.1 %(P < 0.05). These data suggest that the
survival of astrocyte—neuron co-cultures was unaffected by
24 h OD treatment and neuronal cell death was increased
by RNAi-mediated suppression of MCT4 prior to OD in
astrocyte—neuron co-cultures.

Discussion

Recent studies have examined the role of astrocytes in
ischemic injury [21]. Interactions between astrocytes and
neurons have been proposed as an important factor pro-
moting neuronal survival during ischemia or other
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Fig. 5 Western blot analysis of MCT4, EAAT1, GFAP and NeuN in
primary astrocyte—neuron co-cultures. a Representative Western blot
showing MCT4 and EAATI expression levels corresponding to
different protocols, with a-tubulin as a loading control. b Results of
relative quantitative analysis. Compared with the control cells, MCT4
and EAAT1 expression levels were increased in the OD alone cells,
but markedly decreased in the sShRNA-MCT4 alone cells. *P < 0.05
versus control cells for MCT4 quantitative analysis (ANOVA with
post hoc Tamhane correction; n = 3 independent experiment/per
group). P < 0.05 versus control cells for EAATI quantitative

pathological states, by limiting neuronal damage and death
from excitotoxins [22], reactive oxygen species [23], and
other stressors. However, evidence for the specific mech-
anisms involved in these astrocyte—neuron interactions is
lacking. Hypoxia regulates the expression of a subset of
astrocyte-specific transporters, including glucose and glu-
tamate transporters, as well as MCTs [8, 24], which are
involved in interactions between astrocytes and neurons.
Comparisons between cultured primary astrocytes and
neurons in isolation, as well as in combination, have been
used to investigate astrocyte—neuron interactions in several
studies. The present co-culture system contained both
neurons and astrocytes in similar proportions to those
recently calculated to exist in vivo [25] and reported by
others in vitro [26]. Compared with neuronal- or astrocyte-
enriched cultures used by many researchers, the presence
of astrocytes as well as neurons in mixed culture more
closely mimics the in vivo environment. Astrocytes have
been shown to be important for neuronal survival in vivo
[27]. Several studies have shown that astrocytes protect
cultured neurons against serum deprivation [28], copper-
induced toxicity [29] and glutathione depletion [30]. A co-
culture technique was used to show that the addition of
astrocytes or astrocyte-conditioned medium during the
recovery period protected neurons from oxygen and

C

Control  ODalone  shRNA-MCT4 shRNA-NC

GFAP(48KD) #SS S S  ——
NeuN(3SKD) s Si— i —

o-tubulin(S2KD) e S—— — —

1.0 - Bl GFAP
D .;:~ 3 NeuN
§ 0.8 1 T T T
=
.g 0.6 4
-3
D)
@ 044
2
§' 0.2
g .
0.0 - T T -'-.‘ T
o \one ‘ C'(A ~NC
on 2 M A
c ov s\\‘{?\ﬁ R\

analysis (ANOVA with post hoc Bonferroni correction; n =3
independent experiment/per group). ¢ Representative Western blot
showing GFAP and NeuN expression levels corresponding to
different protocols, with a-tubulin as a loading control. d Results of
relative quantitative analysis. Compared with the control group, only
NeuN expression level in shRNA-MCT4 group significantly declined.
*P < 0.05 versus control cells for NeuN quantitative analysis
(ANOVA with post hoc Tamhane correction; n = 3 independent
experiment/per group)

glucose deprivation (OGD)-induced cell death [31].
Knockout mice lacking GFAP and vimentin genes, which
are expressed by astrocytes, are more severely affected by
ischemia [32], while increasing astrocyte resistance by
targeted overexpression of Hsp72 or SOD2 decreased
neuronal vulnerability to ischemia [33]. In the present
study, we identified the effect of OD on cell survival using
live/dead cell assays. The reported durations of OD applied
in studies of ischemia and hypoxia injury range from
15 min to 48 h [26, 34]; we exposed cells to OD for 24 h,
as used in most studies. The selective vulnerability of the
hippocampus is considered important in primary cell OD
models derived from the CNS, because animal models of
stroke have reported selective delayed death in the CA1 of
hippocampus, and CA1 neurons in particular appear to be
more vulnerable to hypoxia injury [35]. Compared with the
other two culture preparations, neuronal cultures appeared
to be more sensitive to OD, which was consistent with the
results of a previous research that found greater sensitivity
of neurons to hypoxia in co-culture systems [36]. All these
lines of evidence suggest that astrocytes in astrocyte—neu-
ron co-cultures may protect neurons from mimetic ische-
mia and hypoxia injury by activating endogenous
protective mechanisms, while the lack of astrocytes con-
tributes to enhanced neuronal vulnerability. In addition,
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immunofluorescence double labeling with specific markers
for neurons and nuclei also revealed that OD induced
apoptosis in neurons, but not astrocytes. Compared with
neurons in isolation, astrocytes in isolation or neurons and
astrocytes in combination appeared to be resistant to OD.
However, these findings do not mean that astrocytes are
unaffected by shorter durations of OD. The survival of
astrocytes under hypoxic conditions did not depend totally
on MCTs. Astrocytes, but not neurons, synthesize and store
glycogen [37], because of the absence of glycogen synthase
in the latter [38]. Astrocytes are thus the largest glycogen
repository in the brain. Glycogen can be rapidly converted
to pyruvate/lactate and metabolized in the tricarboxylic
acid cycle or used for the biosynthesis of glutamate [39].
So we speculate that aggravation of cell injury should be
observed in primary astrocyte cultures in response to fur-
ther extended anoxia time.

Chemical factors that play a role in this protective
mechanism interfere with the action of proteins involved in
the cell-damage response, or act as intracellular signal
transducers [40-42]. Many of these factors may induce
protective effects, further complicating the elucidation of
the underlying mechanisms [43]. The regulation mecha-
nism of lactate transmembrane transport by MCTs between
astrocytes and neurons postulates the key role during brain
energy metabolism crises under hypoxic conditions. Some
previous researches have already focused on the roles of
MCT]1 [44] and MCT?2 [45] in epilepsy in vivo. However,
it is not known the relationship between neuronal hyper-
excitability and expression change of MCT4. Previous
researches have shown that the loss of MCT4 on astrocytes
may contribute to the energy impairment and seizure sus-
ceptibility in TLE. An energy deficiency in astrocytes is
likely to impair the uptake of extracellular glutamate [46],
which can cause seizures and neuronal death in animals
[47]. Moreover, increased extracellular glutamate concen-
trations are present in the epileptogenic hippocampal for-
mation in patients with TLE [48]. Glutamate is normally
taken up by astrocyte glutamate transporters and rapidly
converted to glutamine. EAAT]1 is expressed by astrocytes
[48]. Tanaka et al. [49] demonstrated that reduced
expression of glutamate transporters can cause seizures in
animal models. In present study, we demonstrate that
MCT4 knockdown in primary astrocyte—neuron co-cultures
led to reduced EAATI1 expression in astrocytes, and
resulted in further disturbance of apoptosis in neurons,
suggesting that neuronal death may be due to deleterious
effects of hyperexcitability via allowing accumulation of
extracellular glutamate in primary co-cultures.

These results taken together indicate that neuronal
independent cultures were sensitive to hypoxia injury, but
resistant to OD in co-culture with astrocytes. However,
hypoxic tolerance in primary astrocyte—neuron co-cultures

@ Springer

was almost completely abolished by RNAi-mediated sup-
pression of MCT4 prior to OD. The variation tendency of
neuronal survival under different oxygen contents condi-
tion followed the same trend as the EAATI1 expression
levels which were mediated by MCT4 in primary co-cul-
tures, to some extent. So we believe that various factors
contributed to hypoxic neuronal injury, of which energy
crisis and excitotoxicity are two most important lethal
stresses. More recently, the conceptual role of lactate
metabolism and function in the normal brain have under-
gone major changes, shifting from developmental fuel and
glycolytic waste product to include its use as a supple-
mental fuel and signaling molecule [50]. So MCT4-medi-
ated suppression of EAATI1 may be due to energy failure.
Further studies will investigate the concrete mechanism of
MCT4-mediated EAATI, as well as the functional synergy
between these factors in hypoxia—ischemia brain injury.
The results of these studies will help in the development of
effective treatment strategies for patients with brain dis-
eases characterized by hypoxia and ischemia.
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