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Abstract Alpha-linolenic acid (LIN) has been shown to
provide neuroprotective effects against cerebral ischemia.
LIN is a potent activator of TREK-1 channel and LIN-
induced neuroprotection disappears in Trekl—/— mice,
suggesting that this channel is directly related to the LIN-
induced resistance of brain against ischemia. However, the
cellular mechanism underlying LIN induced neuroprotec-
tive effects after ischemia remains unclear. In this study,
using a rat photochemical brain ischemia model, we
investigated the effects of LIN on the protein abundance of
astrocytic glutamate transporter and AQP4, microglia
activation, cell apoptosis and behavioral recovery follow-
ing ischemia. Administration of LIN rescued the protein
abundance of astrocytic glutamate transporter GLT-1,
decreased the protein abundance of AQP4 and brain
edema, inhibited microglia activation, attenuated cell
apoptosis and improved behavioral function recovery.
Meanwhile, TREK-1 was widely distributed in the cortex
and hippocampus, primarily localized in astrocytes and
neurons. LIN could potentiate the TREK-1 mediated
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astrocytic passive conductance and hyperpolarize the
membrane potential. Our results suggest that LIN provides
multiple cellular neuroprotective effects in cerebral ische-
mia. TREK-1 may serve as a promising multi-mechanism
therapeutic target for the treatment of stroke.
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Introduction

The neuroprotective effects of polyunsaturated fatty acids
(PUFASs) and particularly alpha-linolenic acid (LIN) have
been well established in numerous central nervous system
(CNS) diseases [1-3]. Both in vitro and in vivo studies
have shown LIN protects neurons against hyperexcit-
ability-induced neuronal death and transient spinal cord
ischemia [3-5]. PUFAs are potent protectors against focal
and global ischemia [1, 3]. However, the cellular mecha-
nisms underlying LIN induced neuroprotective effects are
not fully clarified. The newly discovered TREK-1 channel
(TWIK related K™ channel) has been demonstrated to play
a critical role in the LIN-induced resistance to brain
ischemia since this neuroprotection disappears in
Trek1—/— mice [6]. Meanwhile, LIN is known to potently
activate the TREK-1 channel [7, 8].

TREK-1 is a member of newly discovered two-pore
domain background potassium channels which contribute
to the background leak K+ currents and play an important
role in regulating neuronal excitability [7]. Several studies
show a broad distribution of TREK-1 in neuronal, glial and
vascular elements in the rat brain [1, 9-11]. TREK-1
activity is modulated by membrane stretch, intracellular
acidification, temperature, volatile general anaesthetics and
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polyunsaturated fatty acids (PUFAs), which qualifies as a
signal integrator responsive to a wide range of physiolog-
ical and pathological stimuli [12]. TREK-1 has been shown
to play a key role in the cellular mechanisms of neuro-
protection after cerebral ischemia [6, 13].

In the present study, we investigated the TREK-1
expression and cytoprotective effects of alpha-linolenic
acid in a rat photochemical brain ischemia model. Our
results show that administration of LIN restores the protein
abundance of astrocytic glutamate transporter GLT-1,
decreases the protein abundance of AQP4 and edema, and
suppresses microglia activation, contributing to the reduc-
tion of cell apoptosis and behavioral function recovery of
rats after focal ischemia.

Experimental Procedures
Animal Model Preparation

All the experiments were performed in accordance with the
guidelines approved by the National Institute of Health
Guide for the Care and Use of Laboratory Animals and the
Institutional Animal Care and Use Committee at Tongji
Medical College.

Adult male Sprague—Dawley rats weighing between 220
and 270 g were randomly assigned into control, sham-
operated, ischemia, vehicle-treatment, and alpha-linolenic
acid (LIN)-treatment groups. The experiments about the
TREK-1 expression profile in central nervous system were
carried out in normal rats. Photochemical ischemia was
performed as previously described [14, 15]. In brief, the
animals were anesthetized with enflurane mixed with 70 %
N>0/30 % O, gas delivered by a closely fit mask. Using
aseptic technique, the scalp was incised and retracted to
expose the scalp. Rose Bengal (7.5 mg/ml, dissolved in
0.9 % NaCl, Sigma Aldrich, USA) was given via a tail vein
cannula at the dose of 0.133 ml/kg body weight. The rats
were placed in a stereotaxic frame and irradiated by the
cold light (15 W, 550 nm, KL1500LCD, Scott, Germany)
at the region of 4 mm posterior to the bregma and 3.5 mm
lateral from the midline for 20 min. Sham-operated rats
were given saline instead. Body temperature was moni-
tored with a rectal probe and maintained throughout the
surgery at 37 £ 0.5 °C. Alpha-linolenic acid (Sigma
Aldrich, USA) was administrated intra-cerebroven-
tricularly (100 uM, 5 pL) at 30 min before photochemical
ischemia. The dose used was selected based on our pilot
studies on rats searching for the best protection (data not
shown) and those reported previously [3]. Vehicle-treated
animals received the same volumes of 0.9 % NaCl.
Experimental rats were sacrificed on day 1, day 3, day 7,
and day 14 respectively after focal ischemia.
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Hippocampal Slice Preparation

Hippocampal slices were prepared from 3- to 4- week-old
Sprague-Dawley (SD) rats. Animals were anesthetized
with 100 % CO, before decapitation and their brains were
removed from the skull and placed in an ice-cold, oxy-
genated (5 % CO,/95 % O,, pH = 7.4) slice preparation
solution containing (in mM): 26 NaHCO3;, 1.25 NaH,POQ,,
2.5 KCl, 10 MgCl,, 10 glucose, 0.5 CaCl,, 240 sucrose.
Final osmolarity was 350 & 2 mOsm. Coronal slices of
300 pm thickness were cut with a Vibratome (Pelco 1500)
and transferred to a nylon slice holder basket immersed in
artificial cerebral spinal fluid (aCSF) containing (in mM):
125 NaCl, 25 NaHCOg;, 10 glucose, 3.5 KCl, 1.25 NaH,
POy, 2.0 CaCl,, 1 MgCl, (osmolarity 295 £ 5 mOsm) at
room temperature (20-22 °C). The slices were kept in
aCSF with continuous oxygenation for at least 60 min.
before recording.

Electrophysiology

For in situ recording, individual hippocampal slices were
transferred into the recording chamber which was con-
stantly perfused with oxygenated aCSF (2.0 ml/min).
Astrocytes located in the CAl region were identified by
infrared-differential interference contrast (IR-DIC) video
microscopy (Olympus BX51W1) using a 40x water
immersion objective and an IR-sensitive CCD camera with
the images displayed on a monitor. Whole-cell membrane
currents were amplified by a MultiClamp 700B amplifier,
sampled by a DIGIDADA 1322A Interface, and the data
acquisition was controlled by pClamp 9.0 software (all
from Axon Instruments Inc., Foster City, CA, USA)
installed on a Dell personal computer. The patch pipettes
were fabricated from borosilicate capillaries (OD: 1.5 mm,
Warner Instrument Corporation, Hamden, CT, USA) using
a Flaming/Brown Micropipette Puller (Model P-97, Sutter
Instrument Co., Novato, CA, USA). When filled with KCI-
based pipette solution (140 KCl, 0.5 Ca,Cl, 1.0 MgCl,, 5
EGTA, 10 HEPES, 3 Mg-ATP, 0.3 Na-GTP (pH = 7.3,
290 + 5 mOsm), the open pipette resistance was 3—-5 MQ.
Membrane potential (Vm) was read in the “I = 0” mode
when astrocytes were in voltage clamp recording mode, or
directly measured in current clamp mode. The membrane
capacitance (Cy;), membrane resistance (Ry;) and access
resistances (R,) were measured from the “Membrane test”
protocol built into the pClamp 9.0. An average of R, value
of 15 MQ was the most common and stable R, value
achieved routinely in mature astrocytes from rats older than
3 weeks. Also in all the pharmacological studies, the
recordings having the Ra value varied greater than 10 %
throughout experiment were excluded from the data
analyses.
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Nissl Staining, Immunohistochemical Staining
and TUNEL Staining

Animals were given an overdose of anaesthetic and sacri-
ficed by decapitation. The brain were removed and rapidly
frozen in nitrogen-cooled isopentane, and stored in —80 °C
until processing. The brain tissues were cut at 10 pm
thickness at the level of —4.0 mm relative to bregma and
mounted to poly-L-lysine coated slides. Nissl staining was
performed to determine the neuronal cells loss and the
general histologic features of the tissues in the cortex. The
tissue sections were placed in 1 % toluidine blue for 5 min,
and then rinsed under tapping water for 5 min, dehydrated
in graded alcohols, cleared in xylene and mounted on
slides. For immunohistochemical staining, the cryostat
sections were fixed for 15 min by ice-cold 4 % parafor-
maldehyde in 0.1 M phosphate-buffered saline and then
permeablized by 0.25 % Triton-X100 in PBS. The cryo-
sections were treated with 10 % bovine serum albumin to
bind non-specific antigen for 2 h at room temperature and
then incubated with primary antibody at 4 °C overnight.
The following primary antibodies were used: rabbit anti-
TREK-1 (1:200, Alomone Labs, Israel), mouse anti-GFAP
(1:200, Neomarkers, USA), rabbit-anti-Ki67 (1:100, Merck
Millipore, USA), rabbit anti-Ibal (1:200, Wako, Japan),
and mouse anti-AQP4 (1:100, Santa Cruz, USA). As neg-
ative controls, the primary antibody for TREK-1 was
blocked with immunizing peptides from the suppliers. For
negative controls of other primary antibodies, we used
nonspecific IgG instead of the primary antibody. After
incubation of primary antibodies and rinsed with 0.01 M
PBS, the sections were incubated with corresponding sec-
ondary antibodies (Cy3-conjugated anti-rabbit or FITC-
conjugated anti-mouse IgG; 1:400, Cy3-conjugated anti-
mouse, 1:400, FITC-conjugated anti-rabbit IgG; 1:400,
Jackson ImmunoResearch Laboratories, USA) for 1 h at
room temperature. The cryosections were rinsed three
times with PBS and mounted in 50 % glycerol/0.01 %
NaN; in PBS. Sections were observed blindly under Laser
scanning confocal microscope (Olympus, FV500, Japan).
Data were collected by sequential excitation to minimize
“bleed through”. All images were acquired under the same
exposure time. The TREK-1 immunoreactivity was
observed in five different fields in the boundary zone per
section, three section per animal (n = 5). The number of
Ibal positive cells and DAPI in five different fields of
boundary zone per section, three section per aninal (n = 5)
was counted using a defined rectangular field area (x40
objective) with image soft (NIH Image, USA) by an
observer blinded to the research.

To determine the percentage of cell death, terminal
deoxynucleotidyl transferase—mediated deoxyuridine tri-
phosphate nick-end labeling (TUNEL) staining was

performed using the Red In situ Apoptosis Detection Kit
(Merck Millipore, USA) strictly according to the manu-
facture’s protocol. Then the slices were co-stained with
DAPI (10 pg/ml, Sigma Aldrich, USA). The total number
of TUNEL positive cells and DAPI in the five fields of the
ischemic border area per section, three section per animal
(n = 5) was counted with soft image (NIH Image, USA).
The results were observed blindly under an Olympus BX-
51 fluorescence microscope.

Western Blot

Animals were euthanized by deep anesthesia at observa-
tion times. The peri-infarct area is easily distinguished
from the ischemia core due to the pale appearance of the
infarct tissue. The peri-infarct cortex
(2 mm x 2 mm x 2 mm) was quickly removed and was
homogenized by sonification in RIPA lysis buffer with
protease inhibitor cocktail (Roche, USA). After centrifu-
gation of 12,000xg at 4 °C for 15 min, the supernatants
were collected and the protein concentration was detected
by a BCA Kit (Pierce, USA). Then the proteins were
mixed with loading buffer (31.2 mM Tris, 1 % sodium
dodecyl sulfate, 5 % glycerol, and 2.5 % [-mercap-
toethanol) and boiled for 5 min. Samples containing 50 ng
total protein were loaded on 12 % SDS-PAGE. After
electrophoresis, the proteins were transferred to nitrocel-
lucose membrane (0.45 um, Millipore, USA). The non-
specific binding was blocked by 5 % non-fat milk in TBS
containing 0.1 % Tween-20 for 2 h at room temperature.
The membranes were then incubated with the following
primary antibody: rabbit anti-B-actin (1:1,000, Santa Cruz,
USA), rabbit anti-TREK-1 (1:500, Alomone, Israel), rabbit
anti-GLT-1 (1:500, Cell Signaling, USA), rabbit anti-
GLAST (1:300, Santa Cruz, USA) and mouse anti-AQP4
(1:300, Santa Cruz, USA) overnight at 4 °C. Thereafter,
the membranes were incubated with horseradish peroxi-
dase conjugated IgG (1:5,000, Santa Cruz, USA) for 1 h at
room temperature and visualized with ECL kit (Pierce,
USA). The integrated optical density (OD) of signals was
semi-quantified by Kodak Digital Science 1D system. The
integrated optical density (OD) of the signals was semi-
quantified and expressed as the ratio of OD from the tested
proteins to OD from f-actin.

Measurement of Brain Water Content

Water content of the ischemic hemisphere was determined
to evaluate the brain edema after focal ischemia. After
division into right and left hemispheres along the midline,
the ischemic hemispheres were immediately weighed pre-
cisely (wet weight). Then the tissues were dried for 24 h at
100 °C and weighed again (dry weight). The brain water
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Fig. 1 Linolenic acid reduces
cell apoptosis and contributes to

functional recovery after focal { * \

ischemia al Schematic of
photochemical ischemia model.
The dark area shows the infarct
core which is surrounded by the
boundary zone (red frame)
where we took images for
analysis. a2 The nissl staining
on day 7 post ischemia indicates
an infarct lesion with neuronal
cells loss. b Apoptotic cells in
the cortex on day 3 after
ischemia were detected by
double staining of TUNEL (red)
and DAPI (blue) in sham,
ischemia, vehicle and LIN
groups. Scale bar 100 pm.

¢ Statistic analysis of percentage
of TUNEL (+) cells at 3 days
post-ischemia in sham,
ischemia, vehicle and LIN
treatment groups. d Statistic
analysis of neurological deficit
score evaluated before and after
ischemia in sham, ischemia,
vehicle and LIN treatment
groups. Values are expressed as
mean £+ SD (n = 5). *p < 0.05
LIN treatment groups versus
vehicle treatment groups by
one-way ANOVA (Color figure
online)

sham

TUNEL(+)cells(%)
n B, B ;

(]

content was calculated by the formula: water con-
tent = 100 % (wet weight — dry weight)/wet weight.

Behavioral Measurements

All animals were operated on and tested in parallel. In all
animals of the 2-week group, behavioral tests were performed
before and on days 1, 3, 7, 14 after photochemically induced
ischemia by a blinded investigator as previously described
method [16]. A set of modified Neurological Severity Scores
(NSS) composite of motor, sensory, and reflex tests were used
to evaluate the functional impairment, including flexion of
forelimb, flexion of hindlimb, head movement, floor walking,
pinna reflex, corneal reflex, startle reflex and abnormal
movements. Neurological function is graded on a scale 0
(normal score) to 10 (maximal deficit score).

Statistical Analysis

Statistical analyses were performed using SPSS 13.0. Sta-
tistically ~significant differences between data were
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evaluated by Student’s ¢ test or one-way analysis of vari-
ance (ANOVA) followed by turkey’ post hoc test. Signif-
icance was considered at p < 0.05.

Results

Alpha-Linolenic Acid Inhibits Cell Apoptosis
and Improves Behavioral Recovery After Focal
Ischemia

In this study, we used the photochemical model to induce a
consistently reproduced small cortical infarct (about 4 mm
wide and 2 mm deep) in cerebral cortex (Fig. lal). After
photochemical ischemia operation, rats had a higher sur-
vival rate in contrast to MCAO induced focal ischemia.
Nissl staining revealed a dramatic neuronal loss in the
cortex corresponding to ischemia core on day 7 following
ischemia (Fig. 1a2). The adjacent cortex (about 1 mm wide
around the margin of infarct) was depicted as boundary
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Fig. 2 Effect of linolenic acid

on astrocytic proliferation and A
glutamate transporter protein

abundance after ischemia.

a Double immunofluorescent

staining of GFAP (green) and

Ki67 (red) in the boundary zone

at day 3 post-ischemia. Scale

bar 50 pm. b Quantitative

analysis of percentage of Ki67

(+) astrocytes under sham,

vehicle and LIN treatment

groups. ¢ Representative

western blots of GLT-1,

GLAST and f-actin expression

in sham, vehicle and LIN

treatment groups. d Statistic B

+ GEAP

analysis of western blots signals _
of GLT-1 in sham, vehicle and °: 30
LIN treatment groups on days 1, &
3, 7 after ischemia. e Statistic g' 20
analysis of western blots signals =
of GLAST in each group after ﬁ 10
ischemia. Values are expressed :i'
as mean = SD (n = 5). =)
*p < 0.05 LIN treatment group M0 hain viliidle
versus vehicle group by one- o
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zone where reactive gliosis could be detected (data not
shown).

To assess the effect of LIN on cell apoptosis after focal
ischemia, the double staining of TUNEL and DAPI was
performed. As shown in Fig. 1b, TUNEL positive cells
were rarely observed in the cortex of sham-operated
groups. On day 3 after ischemia, the TUNEL positive cells
increased significantly in the ischemic boundary zone of
cortex in ischemia and vehicle groups whereas there was
no significant difference between ischemia group and
vehicle group. In rats receiving LIN, the percentage of
TUNEL positive cells was reduced significantly compared
to that of vehicle group (Fig. 1b, c).

We further studied the effect of LIN on neurological
outcome of rats after ischemia. All rats exhibited obvious
function deficiency after ischemia. The neurological def-
icit scores of the ischemia and vehicle-treated groups
were comparable which increased on day 1 after ische-
mia, and partially recovered spontaneously on days 3, 7
and 14. This indicates that the solvent in vehicle group

0.3 ) .
0.2 s
0.1 .
0 0]
1d 3d 7d

1d 3d 7d

induces marginal effects on both neuronal damage and
functional recovery after focal ischemia. Administration
of LIN significantly promoted the behavioral recovery on
days 7, 14 compared with the vehicle-treated groups
(Fig. 1d).

Effect of Alpha-Linolenic Acid on the Protein
Abundance of Astrocytic GLT-1 After Focal Ischemia

Astrocytes play a fundamental role in the pathogenesis of
ischemic neuronal death [17, 18]. Here we investigated the
effect of LIN on astrocyte proliferation after ischemia. As
shown in Fig. 2a, few Ki67 positive cells were observed in
the cortex of sham control brain. On day 3 after ischemia,
Ki67 positive cells increased significantly, indicating that
cell proliferation occurred after ischemia. Double immu-
nofluorescence of GFAP and Ki67 demonstrated that Ki67
positive cells co-localized well with GFAP positive astro-
cytes. However, the number of Ki67 positive astrocytes in
the cortex of rats after LIN treatments showed no
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Fig. 3 Effect of linolenic acid
on the protein abundance of
AQP4 and brain water content.
a Representative images of
immunofluorescent staining of
AQP4 (red) and TREK-1(green)
in the cortex of sham rats. Scale
bar 50 pm.

b Immunofluorescent staining
of AQP4 (red) in the boundary
zone on day 3 post-ischemia of

° ischemiald
sham, vehicle and LIN treated
rats. Scale bar 50 pm.
¢ Representative western blots
of AQP4 and f-actin expression
in the boundary zone after . .
ischemia3d

ischemia. d Statistic analysis of
western blots signals of AQP4
in the boundary zone of sham
and vehicle, LIN treatment
groups after ischemia. e Statistic
analysis of brain water content
of sham, vehicle, and LIN C
treatment groups. Values are

expressed as mean £ SD AQP4 34KDa
(n =5). *p < 0.05 LIN
treatment groups versus vehicle B -actin 42KDa
treatment groups by one-way
ANOVA (Color figure online)
D 3.0 ——— sham E 82
mmmm vehicle X *
- -
s 20 £ 78
~ . e
= =
¥ b
A LO = 74
o 2
< . . 5
0 — 70

significant change compared with that in vehicle ischemic
group (Fig. 2a, b).

Astroglial glutamate transporters, GLT-1 and GLAST,
play an essential role in removing released glutamate from
the extracellular space to prevent glutamate-induced ex-
citotoxicity [19]. The protein abundance of glutamate
transporters extracted from the ischemic boundary zone
was evaluated by western blot analysis. As shown in
Fig. 2c—e, both the protein abundance of GLT-1 and
GLAST were reduced after ischemia whereas GLT-1 pre-
sented much greater decrease than GLAST. After pre-
treatment with LIN intra-cerebroventricularly 30 min
before ischemia, the protein abundance of GLT-1 was
significantly rescued compared to vehicle groups (relative
O.D.,, 0344 +£0.021 vs. 0.254 £0.023 on day 1,
0.359 £ 0.037 vs. 0.289 £ 0.014 on day 3, 0.313 £ 0.057
vs. 0.199 4+ 0.019 on day 7 post ischemia, p < 0.05).
Nevertheless, another subtype of astrocytic glutamate
transporter GLAST showed no significant change after
administration of LIN (p > 0.05) (Fig. 2c, e).
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Alpha-Linolenic Acid Decreases the Protein
Abundance of Aquaporin 4 and Reduces Edema After
Focal Ischemia

AQP4 has been found to play a role in the pathophysiology
of brain edema after ischemia [20]. In this study, we
investigated the effect of LIN on the protein abundance of
AQP4 and brain water content after ischemia. As shown in
Fig. 3a, AQP4 immunostaining was co-localized with
TREK-1, especially in the astrocyte endfeet covering blood
vessels, in the cortex of sham-operated rats. After ischemia,
the AQP4 immunoreactivity increased significantly in the
boundary zone on day 1 and day 3 compared to sham-
operated groups. However, after treatment with LIN, the
immunoreactivity of AQP4 was reduced compared with
that of vehicle groups (Fig. 3b). In agreement with the
immunostaining results, the western blot analysis revealed
that administration of LIN significantly reduced the protein
abundance of AQP4 after focal ischemia compared with
vehicle groups (1.102 &£ 0.194 vs. 2.13 £ 0.475 on day 1,
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Fig. 4 Effect of linolenic acid
on microglial activation

a Representative images of
double staining of Ibal (red)
and DAPI (blue) in the
boundary zone at 24 h post-
ischemia. Scale bar 50 pm.

b Quantitative analysis of
percentage of Ibal (+) cells in
sham, vehicle and LIN
treatment groups. Values are
expressed as mean £+ SD

(n =5). *p < 0.05 LIN
treatment groups versus vehicle
groups by one-way ANOVA
(Color figure online)
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0.771 £ 0.087 vs. 1.67 £ 0.081 on day 3, p <0.05)
(Fig. 3c, d). Next, we studied the effect of LIN on brain
edema development on day 1 after ischemia. Increased
water content in the ipsilateral hemispheres was observed
on day 1 post ischemia compared to sham-operated groups
(0.803 £ 0.003 vs. 0.778 £ 0.003, p < 0.05); However,
this edema was significantly attenuated by LIN treatment
(0.793 £ 0.003 vs. 0.803 £ 0.003, p < 0.05) (Fig. 3e).

Effect of Alpha-Linolenic Acid on Microglia
Activation After Focal Ischemia

Microglial activation is an early response to brain ischemia
and microglial activation mediated inflammatory responses
may exacerbate acute ischemic injury [21, 22]. We next
investigated the effect of LIN on microglia activation after
focal ischemia. Immunofluorescence revealed that the Ibal
positive microglia became activated characterized by the
amoeboid morphology with an enlarged cell body and
shortened processes in the boundary zone on day 1 after
ischemia, while in the sham-operated groups, the microglia

sham vehicle LIN

in resting state were mainly ramified (Fig. 4a). Moreover,
the number of Ibal positive microglia increased signifi-
cantly compared with that in sham groups (Fig. 4a, b).
However, administration with LIN significantly decreased
the number of Ibal positive microglia compared with
vehicle groups (10.8 £ 1.5% vs. 19.2 + 2.1 %,
p < 0.05). In addition, the cell body of microglia in LIN
treatment groups was much smaller than that of the vehicle
groups (Fig. 4a, b).

Expression of TREK-1 in the Cortex and Hippocampus

Previous study has shown that LIN-induced neuroprotection
against ischemia is mediated by TREK-1 channel [6]. Here
we studied the expression of TREK-1 in the cortex and
hippocampus, areas susceptible to ischemic damage. Under
normal condition, the TREK-1 immunoreactivity was
widely observed in cortex, CA1 region and DG region of the
hippocampus (Fig. 5a). According to the cellular morpho-
logical features of TREK-1-immunostained cells, both glia
and neurons were labeled. Double immunofluorescent
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analysis revealed that the TREK-1 immunoreactivity co-
localized well with GFAP positive astrocytes in cortex
(Fig. 5b).

Up-Regulated TREK-1 Expression in Reactive
Astrocytes in Ischemic Boundary Zone After Focal
Ischemia

Subsequently we investigated the temporal changes of
TREK-1 protein expression after ischemia. Immunofluo-
rescence staining demonstrated that the expression of
TREK-1 was relatively low in sham operated animals.
After ischemia, the TREK-1 immunoreactivity increased
on day 3, peaked on day 7 whereas it decreased slightly on
day 14 after ischemia. In addition, the up-regulation of
TREK-1 was found to be paralleled with the enhanced
expression of GFAP and swelling processes of astrocytes
(Fig. 6a). To confirm our immunofluorescent findings, we
assessed the changes of protein abundance of TREK-1
following focal ischemia by western blot analysis. Con-
sistent with the immunofluorescence staining result, the
TREK-1 immunoreactivity was elevated on day 3 and
peaked on day 7 whereas decreased on day 14 after
ischemia (Fig. 6b, c). Meanwhile, LIN treatment did not
induce significant changes of TREK-1 protein abundance
in the cortex of rats following ischemia compared with
those in vehicle ischemic group (data not shown).

Effect of Alpha-Linolenic Acid on TREK-1 Mediated
Astrocyte Passive Conductance

Our previous study has demonstrated that TREK-1 con-
tributes significantly to the astrocytic characteristic passive
conductance and helps to establish the highly negative

membrane potential [23]. We now studied the effect of LIN
on the conductance and membrane potential of astrocytes
in hippocampal slice. As shown in Fig. 7a, changing the
bath solutions from normal aCSF to aCSF containing LIN
(10 M) potentiated the passive conductance expressed in
astrocytes. The mean current—voltage relationship from 4
recordings showed that 10 pM LIN increased 10 % of
passive conductance at the command voltages of +20 and
—160 mV (Fig. 7b). We next investigated the effect of LIN
on the membrane potential of mature astrocytes in hippo-
campal slices. As shown in Fig. 7c, d, LIN could hyper-
polarize membrane potential of astrocytes reversibly (from
—89.30 £ 0.55 to —90.98 £ 0.46 mV, n = 5, p < 0.05).

Discussion

Recent research suggests that brain function and dysfunc-
tion are manifested at the level of cell-cell signaling
between neuronal, glial and vascular (neurovascular unit)
elements [24]. It is increasingly evident that therapeutic
approaches that target these various players in the ischemic
cascade hold considerable promise for the treatment of
acute ischemic stroke [25]. Polyunsaturated fatty acids
(PUFAs) and particularly LIN have been shown to provide
neuroprotective effects against focal and global ischemia
[1, 3]. The present study shows major cytoprotective
effects upon several components of the neurovascular unit
by LIN in rats following focal ischemia.

The neuroprotection induced by PUFAs against ische-
mia is related to their action on the TREK-1 channel since
this neuroprotection disappears in Trekl—/— mice [6].
TREK-1 is widely distributed throughout the brain and
spinal cord [6, 9, 10], whereas its cellular location remains

Fig. 5 Cellular localization of TREK-1 in cortex and hippocampus of
rat brain. a Representative images of immunofluorescence of TREK-1
(red) in the region of cortex, CAl, dentate gyrus of hippocampus
respectively. b Double immunofluorescence of TREK-1 (red) and
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GFAP (green) in cortex. Solid arrow indicates cell with astrocytic
morphology. Dashed arrow indicates cells with neuronal morphol-
ogy. Scale bar represents 50 pum (Color figure online)
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Fig. 6 Temporal changes of
TREK-1 expression in the
cortex after focal cerebral
ischemia. a Double
immunofluorescence of
TREK-1 (red) and GFAP
(green) in the boundary zone of
rats in control and on day 3, day
7 and day 14 after focal cerebral
ischemia. Scale bar represents
50 um. b Representative
western blots of TREK-1 and f3-
actin expression in the boundary
zone after ischemia. ¢ Statistic
analysis of western blots signals
of TREK-1 in the boundary
zone of control, sham and
ischemic rats. Values are
expressed as mean £+ SD

(n = 5). *p < 0.05 ischemia
groups versus sham groups by
one-way ANOVA (Color figure
online)

Sham
3d
7d

14d

[, - A,
TREK-1 %% S5 S0 S8 @ "= @' 50kDa

B -actin DS ——— 42k Da

controversial. Early studies showed TREK-1 was found in
cells with the morphology of neurons but not in cells with
glial characteristics [9, 10]. However, recent data demon-
strated the TREK-1 expression in astrocytes both in vivo
and in vitro [23, 26, 27]. TREK-1 channel expression has
also been found in the rat basilar artery and endothelial
cells [2, 11]. In agreement with these results, we show that
TREK-1 immunoreactivity displays a widespread distri-
bution in the glial and neuronal cells in prefrontal cortex,
CA1 region and DG region of the hippocampus (Fig. 5).
The established astrocytic homeostatic functions
including glutamate uptake and K* buffering are exerted
by a number of electrogenic transporters and exchangers,
which are driven by the hyperpolarized membrane poten-
tial [28]. We previously have shown that TREK-1 con-
tributes significantly to the astrocyte passive conductance
and helps to set the hyperpolarized membrane potential
[23]. Here we found that LIN could potentiate the astro-
cytic passive conductance and hyperpolarize the membrane
potential (Fig. 7). Since TREK-1 channel is resistant to
hypoxia and is activated with acidosis and arachidonic acid

and other PUFAs [12, 29], conditions that accompany
cerebral ischemia, the activation of TREK-1 might partic-
ipate in repolarizing astrocytes to maintain the homeostatic
function under ischemic conditions.

Glutamate excitotoxicity is one major mechanism
underlying ischemic damage in the CNS [19]. It was
hypothesized that impaired function of glial glutamate
transporters induced by ischemia may lead to an elevated
level of extracellular glutamate and subsequent excitotoxic
neuronal death [30]. Potassium channels especially Kir4.1
and astrocytic glutamate transporter GLT-1 have been
found to cooperate functionally whereby the activity of
potassium channels assures a sufficient electrochemical
potential to drive glutamate uptake via GLT-1 [31, 32]. We
have previously shown that inhibition of TREK-1 activity
with quinine suppressed the uptake of glutamate by astro-
cytes under hypoxia conditions [33]. Polyunsaturated fatty
acids may also directly affect astrocytic glutamate trans-
porters via the lipid environment [34]. As shown in this
study, LIN could hyperpolarize the astrocyte resting
membrane potential and rescue the decreased protein
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Fig. 7 Linolenic acid potentiates astrocyte passive conductance and
hyperpolarizes membrane potential by whole-cell patch clamp
recording. a Representative astrocyte whole-cell passive currents
recorded first in aCSF and then after addition of linolenic acid
(10 uM). For whole-cell recordings, the cells were held at —70 mV
and the membrane currents were activated by stepping the recorded
cell from —160 to 420 mV in 10 mV increments. The step duration
was 50 ms and the consecutive steps were separated by a 1-s interval
at —70 mV. b The mean current-voltage relationship shows that

abundance of GLT-1 in the penumbra after focal ischemia
(Figs. 2, 7).

Brain edema is a severe complication of stroke and is a
major cause of disability and mortality in many neurolog-
ical disorders. AQP4, the principle astrocytic water chan-
nel, has been shown to play a critical role in modulating the
brain water transport and be involved in the formation and
dissolution of brain edema [20]. Previous work demon-
strated that AQP4 co-localized well with inwardly recti-
fying potassium channel Kir4.1, suggesting a functional
coupling between these proteins [35-37]. In this study, we
demonstrated AQP4 immunostaining was co-localized with
TREK-1 and LIN down-regulated the expression of AQP4
in the penumbra and reduced brain tissue edema after
cerebral ischemia (Fig. 3). The underlying mechanisms of
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10 puM linolenic acid potentates 10 % of passive conductance at the
command voltages of —20 mV and 4160 mV. ¢ Representative
membrane potential recordings in current clamp mode. The record-
ings show the membrane potential changes when the recorded
astrocytes were exposed to aCSF and aCSF containing 10 uM
linolenic acid. Each response was a 5 s segment taken at the steady-
state level from a continuous recording. d Analysis of the effect of
10 pM linolenic acid on membrane potential of astrocytes. (n = 5,
paired ¢ test,* represents p < 0.01)

the coupling between TREK-1 and AQP4 remain to be
determined in the future study.

Cerebral ischemia results in intracellular acidosis, cell
swelling and arachidonic acid release. These pathological
mediators might contribute to the opening of TREK-I,
which may hyperpolarize both presynaptic neurons and
postsynaptic neurons and thus protect against glutamate
excitotoxicity [38]. Meanwhile, the selective expression
and activation of TREK-1 in brain collaterals has been
shown to play a significant role in the protective mecha-
nisms of polyunsaturated fatty acids against stroke by
providing residual circulation during ischemia [2]. We
have previously shown that inhibition of TREK-1 activity
increased neuronal apoptosis in neuron and astrocyte
coculture exposed to hypoxia [33]. Here we demonstrated
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that LIN significantly reduced cell apoptosis and amelio-
rated neurological deficit after focal ischemia (Fig. 1). The
neuronal protective effects of LIN may be mediated by
multiple mechanisms including enhanced glutamate uptake
capacity by astrocytes, reduction of AQP4 expression and
brain edema, inhibition of microglia activation and
increased neuronal resistance to glutamate excitotoxicity.

It should be noted that LIN may have multiple effects on
glutamate receptors and ion channels besides TREK-1. It can
partially inhibit voltage-sensitive Na™ channels and voltage-
sensitive Ca®t channels [39—41]. LIN is a potent agonist of
G-protein coupled free fatty acid (FFA) receptors that are
widely distributed within the CNS [42, 43] and may poten-
tially activate TREK-1 indirectly. Moreover, LIN can activate
other background TREK-2 and TRAAK potassium channels
[44-46]. Nevertheless, the polyunsaturated fatty acids
including LIN induced neuroprotection is absent in Trek 1 —/—
mice, indicating that protection by polyunsaturated fatty acids
is primarily mediated by TREK-1 opening [6].

In summary, LIN provides multiple cellular neuropro-
tective effects in cerebral ischemia. The present data sug-
gest that activation of TREK-1 provides a crucial multiple
cellular neuroprotective mechanism in the ischemic
pathology and might be a potential promising therapeutic
target for stroke.
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