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Optogenetic Inhibition of Striatal GABAergic Neuronal
Activity Improves Outcomes After Ischemic Brain Injury

Lu Jiang, PhD; Wanlu Li PhD; Muyassar Mamtilahun, PhD; Yaying Song, MD;
Yuanyuan Ma, MD; Meijie Qu, MD; Yifan Lu, PhD; Xiaosong He, PhD; Jieyu Zheng, BS;
Zongjie Fu, MD; Zhijun Zhang, MD; Guo-Yuan Yang, MD, PhD; Yongting Wang, PhD

Background and Purpose—Striatal GABAergic neuron is known as a key regulator in adult neurogenesis. However, the
specific role of striatal GABAergic neuronal activity in the promotion of neurological recovery after ischemic stroke
remains unknown. Here, we used optogenetic approach to investigate these effects and mechanism.

Methods—Laser stimulation was delivered via an implanted optical fiber to inhibit or activate the striatal GABAergic
neurons in Gad2-Arch-GFP or Gad2-ChR2-tdTomato mice (n=80) 1 week after 60-minute transient middle cerebral
artery occlusion. Neurological severity score, brain atrophy volume, microvessel density, and cell morphological changes
were examined using immunohistochemistry. Gene expression and protein levels of related growth factors were further
examined using real-time polymerase chain reaction and Western blotting.

Results—Inhibiting striatal GABAergic neuronal activity improved functional recovery, reduced brain atrophy volume, and
prohibited cell death compared with the control (P<0.05). Microvessel density and bFGF (basic fibroblast growth factor)
expression in the inhibition group were also increased (P<0.05). In contrast, activation of striatal GABAergic neurons
resulted in adverse effects compared with the control (P<0.05). Using cocultures of GABAergic neurons, astrocytes, and
endothelial cells, we further demonstrated that the photoinhibition of GABAergic neuronal activity could upregulate
bFGF expression in endothelial cells, depending on the presence of astrocytes. The conditioned medium from the
aforementioned photoinhibited 3-cell coculture system protected cells from oxygen glucose deprivation injury.

Conclusions—After ischemic stroke, optogenetic inhibition of GABAergic neurons upregulated bFGF expression by
endothelial cells and promoted neurobehavioral recovery, possibly orchestrated by astrocytes. Optogenetically inhibiting
neuronal activity provides a novel approach to promote neurological recovery.

Visual Overview—An online visual overview is available for this article. (Stroke. 2017;48:3375-3383. DOI: 10.1161/

STROKEAHA.117.019017.)
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Ischemic stroke is a leading cause of death and disability
worldwide.! Effective treatment of ischemic stroke remains
a major challenge largely because the narrow treatment win-
dow of currently available treatment approaches is limited to
the acute phase. Ischemia can cause cell death and brain tissue
damage and result in behavioral functional deficit, leaving the
stroke survivors with long-term disability. In recent years, in
addition to acute treatments, other strategies aiming at pro-
moting functional recovery in the subacute and the chronic
phase are being explored. Neural stem cells (NSCs) trans-
plantation, as well as means to augment endogenous neuro-
genesis, showed promise in animal models.>* Gene therapies
and endothelial progenitor cell transplantation that promotes

angiogenesis had also been shown to enhance functional
recovery after ischemic brain injury.*> Recently, optogenetic
technique has been applied in experimental ischemic stroke
studies that established its ability in regulating blood flow,°®
promoting neurogenesis,”® and enhancing the survival and
migration of NSCs.? By using cell-type promotors and trans-
genic mouse lines, it is now possible to investigate the specific
roles played by a given type of neurons in the structural and
functional recovery after brain injury.

Striatal GABAergic neurons project axons to adjacent
subventricular zone (SVZ) and regulate the adult neurogen-
esis.!®"" The NSCs in the SVZ were also shown to migrate
to the peri-infarct area during ischemic stroke.'? Inhibition
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of striatal neuronal activity promoted the functional recovery
after stroke.” However, this inhibition is not neuron type—
specific and, therefore, not able to elucidate the specific roles
played by GABAergic neurons even though they constitute
the majority of striatal neurons.

To pinpoint the effects of GABAergic neuronal activities on
poststroke recovery, we used optogenetic tools to specifically
regulate the activities of GABAergic neurons using transgenic
mice with cell type—specific promoter-driven opsin expres-
sion.”® Using Arch (archaerhodopsin) or ChR2 (channelrhodop-
sin-2) expressed under the control of glutamate decarboxylase-2
(GAD?2) promoter, the GABAergic neuronal activity can be
silenced or activated when a 530 nm green laser or 473 nm
blue pulse laser was applied. The effect of inhibiting or excit-
ing GABAergic neurons on neurobehavioral outcomes after
ischemic injury was assessed. Cellular and molecular changes
were examined. The in vivo experimental data suggested that
the inhibition of striatal GABAergic neuronal activity attenu-
ated ischemic brain atrophy and promoted functional recovery,
with increased microvessel density and level of endothelial bFGF
(basic fibroblast growth factor) observed in the inhibition group.
The intercellular communication between the components of
neurovascular unit, namely neurons, astrocytes, and endothelial
cells (ECs), was tested in cell coculture systems. Results revealed
that augmented bFGF expression by ECs occurred only when the
neuronal activities of cocultured GABAergic neurons were opti-
cally inhibited and with the presence of astrocytes. Furthermore,
the conditioned medium (CM) from the aforementioned cocul-
ture protected neurons from oxygen glucose deprivation (OGD)
damage. These in vitro experimental results showed that EC
received information from neurons via astrocytes and responded
by changing its secretion profile to change its microenviron-
ment, which could in turn regulate neuronal survival.

Materials and Methods

We will or make our data, analytic methods, and study materials
available to other researchers on request through the corresponding
authors.

Animals

All animal experimental procedures were approved by the Institutional
Animal Care and Use Committee of Shanghai Jiao Tong University,
China, and conformed to the ARRIVE guidelines (Animal Research:
Reporting In Vivo Experiments). Three strains of transgenic mice,
Gad2-Cre (010802#), Arch-GFP (012735#), and ChR2-tdTomato
(012567#), from the Jackson Laboratory were used. Homozygous
Gad2-Cre male mice were bred with Arch-GFP and ChR2-tdTomato
female mice. The Gad2-Arch-GFP and Gad2-ChR2-tdTomato het-
erozygous were used in the experiments when they were 16 weeks
old and weighting 25 to 28 g. Only male mice were used in this work
because of housing constrains.

Experimental Design

The experimental design with the overall study timeline is shown in
Figure I in the online-only Data Supplement. A 60-minute transient
middle cerebral artery occlusion (tMCAO) surgery was performed to
induce a focal cerebral ischemic injury. Optical fiber was implanted at 5
days after tMCAO, and laser stimulation was performed at 7 to 13 days
after tMCAO, twice a day, with 15 minutes each session, followed by
a daily 5-bromo-2’-deoxyuridine injection (50 mg/kg; Sigma, St Louis,
MO). A modified neurological severity score test was performed to

assess the neurological function before brain injury and at 1, 3, 7, and 14
days after tMCAO by a researcher blind to the animal treatment design.

Transient Middle Cerebral

Artery Occlusion in Mice

Eighty adult male transgenic mice (inhibition group, n =21; noninhi-
bition control group, n,=17; activation group, n,=23; and nonactiva-
tion control group, n,=19) were used in this study. A formal sample
size and power calculations were not performed because this was the
first investigation using this intervention. The tMCAO surgery was
performed as described previously,'*!> which is described in more
detail in the online-only Data Supplement.

Optrode Implantation and Electrophysiology

Optrode implantation and light stimulation were performed according
to a previous study, with minor modification.” Five days after tMCAO
model, a hole, AP=-0.02, ML=-2.50, DV=-2.00 mm relative to
the bregma, was drilled for fiber implantation into peri-infarct area.
The activity of neurons was recorded using eight 35 pm diameter
nichrome electrodes around the fiber. The raw signals were sampled
at 30 kHz and transformed into digital signals by an analog to digital
converter (ADC; Plexon, Dallas, Texas). The local field potential was
obtained from the raw signal with a fourth-order Butterworth band-
pass filter from 250 to 3000 Hz. A detection threshold method was
used to detect the neuronal Spikes.

Optical Fiber Implantation and Laser Stimulation
Optical fiber was implanted into peri-infarct area at 5 days after
tMCAO, as previously described.” Animals were randomly assigned
to laser stimulation groups or nonstimulation control groups.
Continuous 530 nm green laser was used to inhibit the activity of
GABAergic neurons in Gad2-Arch-GFP transgenic mice with 1 mW
power. A 473 nm pulse blue laser with 0.5 mW power was used to
activate the GABAergic neuronal activity in Gad2-ChR2-tdTomato
transgenic mice. The laser power was measured by an optical power
meter (Thorlabs). The laser power levels were sufficient to elicit
action potentials or inhibit neuronal activity without causing adverse
effects. It has been shown that optogenetic stimulation in this power
range causes no physical damage to the tissue.'®!”

Neurological Function Evaluation and

Brain Atrophy Volume Assessment

Neurobehavioral tests were performed before tMCAO and at 1, 3, 7,
and 14 days after tMCAO by an investigator blind to the experimental
design using the modified neurological severity score (online-only
Data Supplement).

Mouse brain was perfused with 0.9% saline and followed by
fixation with 4% paraformaldehyde (Sinopharm Chemical Reagent,
Shanghai, China). After perfusion, 30-pum-thick brain sections were
cut using a microtome and kept in antifreeze solution (20% glycerol,
30% ethylene glycol, 50% PBS, vol/vol). Slides were stained with
0.1% Cresyl Violet for brain atrophy measurement. The brain volume
was calculated by the cubature formula of circular truncated cone as

V=Sh/ 3[AS” +(As, xAS,.,)" + ASM].

Immunostaining and Quantification

Immunostaining was performed as described previously'® and in more
detail in the online-only Data Supplement. Antibodies for cluster of
differentiation 31 (CD31), Nestin, DCX (doublecortin), 5-bromo-2’-
deoxyuridine, neuronal nuclei, bFGF, GFAP (glial fibrillary acidic
protein), Iba-1 (ionized calcium binding adapter molecule 1), and
GAD were used to assess neurogenesis, angiogenesis, and growth
factor production. For apoptosis analysis, TUNEL staining (termi-
nal dexynucleotidyl transferase mediated dUTP nick end labeling)
was performed by using an in situ Cell Death Detection Kit (Roche,
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Diagnostics, Basel, Switzerland). Zo-1 (zonula occludens-1) antibody
(1:200; Invitrogen) was used for the integrity of blood brain barrier
measurement, and the corresponding brain samples were not treated
with paraformaldehyde, instead of frozen with methyl alcohol. Gap
formation in microvessels was quantified as the ratio of gap length
to the whole length of microvessels as previously described.'> Three
fields in the ischemic boundary zone in each slice were imaged with
confocal microscope (Leica, Solms, Germany). Photomicrographs
were taken using the same parameters. The number of Nestin* cells,
TUNEL* cells, and microvessel were quantified by an investigator
who was blind to the identity of each image. The amount of DCX*
cells were quantified based on the area of fluoresce signal, using
Image J software (NIH, Bethesda, MD). All photographs were taken
under the same condition.

Western Blot and Real-Time Polymerase

Chain Reaction Analysis

The ipsilateral striatum was collected to extract protein with protein
lysate (RIPA with cocktail, phosphatase inhibitor) as described previ-
ously' and used for Western blot analysis.

The cortex and striatum of each hemisphere are separated, and the
total RNA from the ipsilateral striatum was extracted using a TRIzol
reagent (Invitrogen). The cDNA was synthesized by reverse tran-
scriptase polymerase chain reaction (PCR) using a SYBR Premix Ex
Taq Kit (Takara, Dalian, China). All procedures were performed fol-
lowing the manufacturer’s protocol. The primers sequences are given
in Table I in the online-only Data Supplement.

Cells Culture and Laser Stimulation In Vitro

Primary neuron and astrocytes were prepared as previously described”
with minor modification. Briefly, the striatum was isolated from
Gad2-Arch-GFP transgenic mice at postnatal day 0, digested with
0.25% trypsin for 10 minutes at 37°C, and terminated with 10% fetal
bovine serum (FBS; GIBCO, Carlsbad, CA). After a quick rinse with
PBS, the tissue was dissociated and suspended in DMEM (with 4.5
g/L glucose), followed by a filtration step using a 40 pm strainer. The
cells (5x10° cells/mL) were plated in a 6-well plate precoated with
poly-»-Lysine (Sigma). Mouse brain endothelial cells (1x10°/mL)
were plated in a 6-well plate at 9 days after the plating of neurons/
astrocytes to prepare the 3-cell cocultured system. Cocultured cells
were stimulated for 5 minutes with a 530 nm continuous laser. The
laser stimulation was performed every 12 hours for a total of 3 ses-
sions. The laser power was 0.6 to 0.8 mW, measured by an optical
power meter (Thorlabs). Protein and RNA were extracted at 6 hours
after the last stimulation for real-time PCR analysis. To investigate the
role of astrocytes in the intercellular communication of this system,
in a separate experiment, 2 pmol/L cytosine arabinoside (Sigma) was
added to the neuron culture medium at 3 days after neuron/astrocytes
plating to inhibit the proliferation of astrocytes to obtain predominant
neuron culture. Mouse brain endothelial cells were then plated in the
neuron culture to create a neuron/EC coculture setup. Photoinhibition
of the neuronal activity was performed in the neuron/astrocyte and
neuron/EC systems using the same stimulation parameters. RNA was
extracted at 6 hours after the last stimulation for reverse transcriptase
PCR analysis. The CM from inhibited or noninhibited neuron/astro-
cytes coculture was collected every 12 hours and was used to treat EC
cells to test its ability to induce gene expression in ECs. Six hours after
CM treatment, RNA was extracted from the ECs for PCR analysis.

Oxygen Glucose Deprivation and

Cytotoxicity Assessment

To test whether inhibiting the neurons in the 3-cell cocultured system
would promote trophic factor secretion and prevent injury, the CM
was collected from the 3-cell cocultured system at 24 hours after laser
inhibition. Another neuron/astrocyte/EC coculture was subjected to
OGD for 30 minutes. The CM was used to treat the neuron/astro-
cyte/EC coculture at 12 hours prior, 0, and 12 hours after OGD. Six
hours after the last CM treatment, the supernatant of the OGD cells
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was collected for cytotoxicity assessment using a lactate dehydro-
genase kit (LDH; Beyotime, Shanghai, China). All procedures were
performed according to the manufacturer’s protocol.

Statistical Analysis

All data were presented as mean+SEM. Two-tailed unpaired Student’s
t test was performed, and a value of P<0.05 was considered signifi-
cantly different. All statistical analysis was performed with SPSS
v21.0 (SPSS Inc, Chicago, IL)

Results

Striatal GABAergic Neurons Can Be Effectively
Inhibited or Activated by Laser Stimulation

Because >95% of striatal neurons are GABAergic neurons,!
most part of the striatum expressed Arch-GFP in Gad2-Arch-
GFP transgenic mice (Figure 1A). To ensure that GABAergic
neurons expressed Arch-GFP, we used GAD, a specific marker
of gamma amino butyric acid (GABA), to stain GABAergic
neurons in brain sections. GAD is the key enzyme for GABA
synthesis. Its cellular localization is mainly in the areas that
near the nucleus (Figures IIA and IIB in the online-only
Data Supplement). The GAD staining of laser-stimulated
brains is also performed (Figure III in the online-only Data
Supplement). The staining result showed that the cells express-
ing Arch-GFP were GABAergic neurons. To demonstrate that
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Figure 1. Successful regulation of striatal GABAergic neuronal
activity by optogenetic tools. A, Fluorescent image of the left
striatum of Gad2-Arch-GFP transgenic mice and local field
potential (LFP) signal before, during, and after laser-induced
neuronal inhibition (upper). Lower, The spike counts corre-
sponding to power spectral density (PSD) analysis of LFP. B,
Fluorescent image of the left striatum of Gad2-ChR2-tdTomato
transgenic mice and LFP signal during pulsed laser stimulation.
The rectangles (green) in (A) and the funnel in (A) and (B) repre-
sent laser projection, bar=250 um.
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laser stimulation can inhibit or activate the neuronal activity
successfully, a homemade optrode was used to stimulate the
GABAergic neurons and simultaneously record their activ-
ity. The local field potential signals showed that the neuronal
activity was inhibited during the 530 nm laser stimulation.
The corresponding power spectral density during laser stimu-
lation was also decreased compared with before or after laser
stimulation. In addition to the continuous local field potential
signal, the discrete SPIKE also showed that the firing rate was
reduced during stimulation (Figure 1A). Laser stimulation of
473 nm in Gad2-ChR2-tdTomato transgenic mice activated
striatal neuronal activity as expected (Figure 1B).

Photo Inhibition of GABAergic Neuronal Activity
Improved Neurological Function and Reduced
Brain Atrophy Volume After Ischemic Stroke

The details of the modified neurological severity scoring criteria
were described previously.” In our experiments, the 4 experi-
mental groups included inhibition (Arch/light*) group, noninhi-
bition (Arch/light”) group, activation group (ChR2/light*), and
nonactivation (ChR2/light”) group. We found that after a 7-day

stimulation, the modified neurological severity score was lower
in the Arch/light* group compared with the Arch/light™ group
(Figure 2A; P<0.01), indicating that the inhibition of striatal
GABAergic neuronal activity improved neurobehavioral recov-
ery. In contrast, the activation of striatal GABAergic neuronal
activity hindered functional recovery (Figure 2C; P<0.01).

The brain atrophy volume was measured after 14 days
of tMCAO. The brain atrophy volume in the Arch/light*
group was much smaller than that of the Arch/light™ group
(Figure 2B), while the brain atrophy volume was larger in
the ChR2/light" group than that of the ChR2/light™ group
(Figure 2D). The ratios of ipsilateral to contralateral brain vol-
ume were also calculated and compared across the 4 groups.
The results are consistent with those from the absolute brain
atrophy volume measurements.

Photo Inhibition of GABAergic Neuronal

Activity Increased Vascular Density in the
Peri-Infarct Region and Reduced Apoptosis

We examined the number of microvessels in the peri-infarct
area in each group of mice. The results showed that Arch/
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Figure 2. Inhibition of striatal GABAergic neuronal activity promoted the neurobehavioral recovery and reduced atrophy volume. A and

B, The modified neurological severity score (MNSS) test and atrophy volume of Arch/light- and Arch/light* group, respectively (n=4-10
per group). C and D, The mNSS test and atrophy volume of ChR2/light- and ChR2/light* group, respectively (n=4-11 per group), *P<0.05,
#P<0.01. Arch indicates archaerhodopsin; ChR2, channelrhodopsin-2; and MCAQO, middle cerebral artery occlusion.
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light* group had a significantly higher vascular density than
the Arch/light™ group. In contrast, the ChR2/light* group
had a significantly lower vascular density than the ChR2/
light™ group (Figure 3A). We quantified the apoptotic cells
in the peri-infarct area at 14 days after ischemic stroke by
TUNEL staining. DAPI* and TUNEL* double-positive cells
were verified as apoptotic cells (Figure IV in the online-
only Data Supplement). The results showed that much less
apoptotic cells were detected in the Arch/light* group than
in the Arch/light” group. In contrast, the activation of stria-
tal GABAergic neuronal activity led to increased apoptosis
(Figure 3B). We also checked the integrity of blood brain
barrier by double staining Zo-1 protein and CD31. The
results showed that there are no statistically significant
differences between the groups but a trend of reduced gap
formation in Arch/light* group comparing to Arch/light
group and a trend of increased gap formation in ChR2/light*
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versus ChR2/light groups (Figure V in the online-only Data
Supplement).

Photo Inhibition of GABAergic Neuronal

Activity Did Not Improve Neurogenesis in the
Subacute Phase

We examined the number of NSCs and neural progenitor cells
in the SVZ and peri-infarct area. The results showed that the
Arch/light* group had more Nestin* NSCs in the SVZ, and the
ChR2/light* group has fewer NSCs than that of corresponding
unstimulated control group (Figure 3C). However, the num-
bers of DCX* cells in the SVZ and the peri-infarct region in
the Arch/light* group were both smaller than those of the Arch/
light™ group (Figure 3D). Activation of striatal GABAergic
neuronal activity resulted in opposite consequences. We per-
formed 5-bromo-2’-deoxyuridine/neuronal nuclei double
staining to examine the newborn mature neurons, but few
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double-positive newborn mature neurons were observed, nei-
ther Arch/light nor Arch/light* group, in areas including the
SVZ, the peri-infarct, and the core region (Figure VI in the
online-only Data Supplement).

Photoinhibition of GABAergic Neuronal

Activity Increased bFGF Expression

in the Peri-Infarct Region

The fact that the Arch/light* group had higher microvascular
density in the peri-infarct region point to the tissue protec-
tion and proangiogenic effects of the intervention. To fur-
ther explore the mechanisms of such effect, we extracted
RNAs from the ipsilateral striatum to evaluate the expres-
sion of growth and trophic factors, including VEGF (vascu-
lar endothelial growth factor), bFGF, PDGF (platelet-derived
growth factor), and BDNF (brain-derived neurotrophic fac-
tor). Reverse transcriptase PCR results showed that bFGF
was significantly overexpressed in the Arch/light" group
comparing to the Arch/light™ group, while no difference was
observed for other factors (Figure 4A). Western results con-
firmed that the Arch/light* group had a higher bFGF expres-
sion than the Arch/light™ group, and the activation group had
an opposite consequence (Figure 4B). The immunostaining
results also presented a similar consequence (Figure 4C). To
determine the cellular source of bFGF, we performed bFGF/
CD31 (Figure 5A), bFGF/GFAP (Figure 5B), and bFGF/
Iba-1 (Figure 5C) double staining. The results showed that

the increased bFGF was mainly secreted by ECs in microves-
sels. It was noted that the activation of striatal GABAergic
neuronal activity led to a decrease of bFGF in microvessels.

Photoinhibition of GABAergic Neuronal Activity
Promoted the Expression of bFGF by EC

Cells in the Presence of Astrocytes In Vitro

To better understand the regulation of bFGF expression
by GABAergic neuronal activity, we cocultured neurons/
astrocytes/ECs in vitro. The primary neurons were extracted
from Gad2-Arch-GFP newborn PO transgenic mice, express-
ing Arch-GFP on the membrane of GABAergic neurons.
After laser stimulation, RNAs were extracted and analyzed
using real-time PCR. The results showed that the inhibition
of GABAergic neuronal activity promoted the expression of
bFGF (Figure 6A; P<0.05). When we omitted the ECs and kept
all other conditions the same, no significant change of bFGF
mRNA level was detected in the neuron/astrocyte Arch/light*
group (Figure 6B; P=0.66). When we deleted the astrocytes
and kept all other conditions the same, no significant change of
bFGF mRNA level was detected in the neuron/EC Arch/light*
group either (Figure 6C; P=0.83). The omitting efficiency
of astrocytes is shown in Figure VII in the online-only Data
Supplement. We then treated ECs with the CM collected from
the light* or light™ neuron/astrocytes coculture. Results showed
that CM from light* neuron/astrocyte group promoted the bFGF
expression in ECs (Figure 6D). These results demonstrated
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Figure 4. Striatal GABAergic neuronal activity influenced the bFGF (basic fibroblast growth factor) secretion in vivo. A, The mRNA level
of bFGF, VEGF (vascular endothelial growth factor), PDGF (platelet derived growth factor), and BDNF (brain-derived neurotrophic factor)
from the 4 groups. B, Western blot result of bFGF in the 4 groups and the quantitative gray value ratio analysis of bFGF bands to cor-
responding actin bands. C, bFGF fluorescent staining in the peri-infarct area from the 4 groups and the quantitative analysis, bar=50 pm,
*P<0.05, #P<0.01. Arch indicates archaerhodopsin; and ChR2, channelrhodopsin-2.
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Figure 5. bFGF (basic fibroblast growth factor) was mainly pro-
duced by blood vessels. A, Double staining of CD31 (upper left,
green) and bFGF (upper middle, red). B, Double staining of GFAP
(glial fibrillary acidic protein; middle left, green) and bFGF (middle,
red). C, Double staining of Iba-1 (bottom left, green) and bFGF
(bottom middle, red). The 3 images in the right column were the
corresponding merging images (CD31/bFGF, GFAP/bFGF, and
Iba-1/bFGF), bar=50 pm. CD31 indicates cluster of differentiation
31; and Iba-1, ionized calcium binding adapter molecule 1.

that inhibition of GABAergic neuronal activity promoted the
bFGF expression from ECs, and this regulation was dependent
on the presence of astrocytes. Our working hypothesis is that
astrocytes relay the signal from striatal GABAergic neurons to
regulate the secretion of bFGF by ECs, as illustrated in Figure
VIII in the online-only Data Supplement.

CM From Arch/light* Neuron/Astrocyte/EC
Cocultures Protected Cells From OGD Injury

We cocultured neuron, astrocytes, and ECs and subjected
the system to OGD for 1 hour to induce cell injury. Then we
treated the injured cells with CM collected from another neu-
ron/astrocyte/EC coculture with or without light inhibition.
The results showed that the CM from light* group improved
the viability of cells (Figure 6D). This protective effect is con-
sistent with the results observed in vivo.

Discussion
In this work, we demonstrated that inhibiting striatal
GABAergic neuronal activity promoted neurobehavioral
recovery and reduced brain atrophy volume at 14 days after
tMCAO in mice, while activating striatal GABAergic neu-
rons exacerbated brain injury. Such regulation of the striatal
GABAergic neuronal activities is likely to initiate biochemi-
cal changes in other components of the neurovascular unit,
namely astrocytes, ECs, and pericytes. Using an in vitro
3-cell coculturing system that includes GABAergic neurons,
astrocytes, and ECs, we were able to confirm that the pres-
ence of astrocytes is necessary for this signal relay between
the neurons and the ECs, supporting that the neuronal
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activity serves as a trigger of the repair process that involves
multiple components.

Multiple factors contribute to improved neurobehavioral
outcomes and reduced brain atrophy volume at different
phases after ischemic brain injury. In the acute phase, anti-
inflammatory strategies and blood brain barrier protection
have been shown to be beneficial for reducing brain injury
in animal experiments.?*-? In the subacute phase and recov-
ery phase, treatments aimed at promoting blood flow, tis-
sue regeneration, and neuroplasticity had shown promising
results.*¢%27 Optogenetic technique has been used as a pow-
erful tool to delineate the contribution of specific neuronal
types in the recovery after ischemic stroke. Cheng et al® have
shown that targeted optogenetic stimulation of the ipsile-
sional primary motor cortex produces functional recovery in
rodent stroke models, with increased level of the plasticity
markers BDNF, NGF (nerve growth factor), and NTF3 (neu-
rotrophin-3) at 14 days after stroke. We showed that inhibit-
ing striatal neuronal activity promoted functional recovery
and neurogenesis at 5 weeks after tMCAO in mice.” Recent
report demonstrated that stimulating endogenous glutama-
tergic activity in the striatum triggered glutamate release into
the SVZ region and increased proliferation of SVZ neuro-
blasts.® Here, we revealed that GABAergic neuronal activity
regulated the secretion profile of brain ECs via astrocytes
and protects the neurovascular units against ischemic injury.

The inhibition of striatal GABAergic neuronal activity
seems to trigger a cascade of downstream events, resulting
in the increase of microvessel density and bFGF secretion
in the peri-infarct region compared with the control. bFGF
played an important role in brain repair and cell growth and
could be secreted by many cell types, including ECs.?' To
identify the cellular source of bFGF in our model, we dou-
ble-stained the brain sections with bFGF/GFAP, bFGF/Iba-
1, and bFGF/CD31 antibodies and found that the majority
of double-positive signal was detected in the bFGF/CD31
group but not in the bFGF/GFAP or bFGF/Iba-1 groups.
To further investigate the effects of inhibiting GABAergic
neuronal activity on bFGF secretion, we designed 3 cocul-
ture systems, neurons/astrocytes/ECs, neurons/ECs, and
neurons/astrocytes, and treated the cocultures with a 530
nm green laser to inhibit the neuronal activity in vitro. We
found that only in the neurons/astrocytes/ECs coculture sys-
tem, bFGF was upregulated in Arch/light* group when com-
pared with Arch/light™ control group. Neither the neurons/
astrocytes nor the neurons/ECs coculture yielded significant
increase of bFGF expression after laser stimulation. We
treated ECs with the CM collected from neuron/astrocytes
system and observed a similar level of bFGF upregulation
compared with 3-cell coculture system. This result, together
with the absence of bFGF upregulation in the neurons/ECs
coculture, supported that astrocytes were essential for the
signal relay between neurons and ECs. Given the important
roles played by bFGF in brain repair,*? vessel formation, and
cell division,**** the increased bFGF could account for the
improved outcomes of the inhibition group. Previous reports
showed that GABAergic neurons regulated blood pressure
through various molecules, including GABA, nitric oxide
synthase, neuropeptide Y, vasoactive intestinal peptide,
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Figure 6. Inhibition of GABAergic neuronal activity promoted bFGF (basic fibroblast growth factor) expression in endothelial cells
(ECs) dependent of astrocytes in vitro. A, The neurons/astrocytes/ECs 3-cell coculture system and quantitative analysis of bFGF.
B, The neurons/astrocytes coculture system and the corresponding quantitative analysis of bFGF. C, The neurons/ECs coculture
system and the corresponding quantitative analysis of bFGF, bar=50 um. Conditioned medium (CM) from the stimulated neurons
and astrocytes coculture system increased the bFGF expression (D, left) and promoted the viability of ECs after oxygen glu-

cose deprivation (OGD; D, right), *P<0.05. Arch indicates archaerhodopsin; GFAP, glial fibrillary acidic protein; and LDH, lactate

dehydrogenase.

somatostatin, and cholecystokinin, acting through their cor-
responding receptors.*3* GABA was also believed to trig-
ger the intracellular calcium ion influx and the translocation
of endothelial nitric oxide synthase in ECs.* In this work,
we demonstrated that inhibiting striatal GABAergic neuro-
nal activity resulted in an increased microvessel density and
heightened secretion of bFGF from ECs after tMCAO. Such
regulation was shown to depend on the presence of astro-
cytes in vitro. The detailed mechanisms by which striatal
GABAergic neuronal activity regulated bFGF, via astro-
cytes, warrant further study.

Sources of Funding

This work was supported by the National Natural Science Foundation
of China (NSFC) projects 81371305 (Dr Wang), 81522015 (Dr
Wang), 81471178 (Dr Yang), 81501014 (Dr He), and 61361160415.

Disclosures
None.

References

1. Krishnamurthi RV, Feigin VL, Forouzanfar MH, Mensah GA, Connor M,
Bennett DA, et al; Global Burden of Diseases, Injuries, Risk Factors Study
2010 (GBD 2010); GBD Stroke Experts Group. Global and regional bur-
den of first-ever ischaemic and haemorrhagic stroke during 1990-2010:
findings from the Global Burden of Disease Study 2010. Lancet Glob
Health. 2013;1:¢259—-e281. doi: 10.1016/S2214-109X(13)70089-5.

2. Tang Y, Wang J, Lin X, Wang L, Shao B, Jin K, et al. Neural stem cell
protects aged rat brain from ischemia-reperfusion injury through neuro-
genesis and angiogenesis. J Cereb Blood Flow Metab. 2014;34:1138—
1147. doi: 10.1038/jcbfm.2014.61.

3. Parent JM, Vexler ZS, Gong C, Derugin N, Ferriero DM. Rat forebrain
neurogenesis and striatal neuron replacement after focal stroke. Ann
Neurol. 2002;52:802-813. doi: 10.1002/ana.10393.

4. Cai H, MaY, Jiang L, Mu Z, Jiang Z, Chen X. et al. Hypoxia response
element-regulated MMP-9 promotes neurological recovery via glial
scar degradation and angiogenesis in delayed stroke. Mol Ther.
2017;25:1448-1459. doi: 10.1016/j.ymthe.2017.03.020.

5. LiY,HuangJ, He X, Tang G, Tang YH, Liu Y, et al. Postacute stromal cell-
derived factor-1a expression promotes neurovascular recovery in isch-
emic mice. Stroke. 2014;45:1822—1829. doi: 10.1161/STROKEAHA.
114.005078.

6. Cheng MY, Wang EH, Woodson WJ, Wang S, Sun G, Lee AG, et al.
Optogenetic neuronal stimulation promotes functional recovery after



2202 ‘Sz aunt uo Ag Bio'sjeunofeye//:dny wo.j papeoumod

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Jiang et al

stroke. Proc Natl Acad Sci USA. 2014;111:12913-12918. doi: 10.1073/
pnas.1404109111.

. He X, LuY, Lin X, Jiang L, Tang Y, Tang G, et al. Optical inhibition of

striatal neurons promotes focal neurogenesis and neurobehavioral recov-
ery in mice after middle cerebral artery occlusion. J Cereb Blood Flow
Metab. 2017;37:837-847. doi: 10.1177/0271678X16642242.

. Song M, Yu SP, Mohamad O, Cao W, Wei ZZ, Gu X, et al. Optogenetic

stimulation of glutamatergic neuronal activity in the striatum enhances
neurogenesis in the subventricular zone of normal and stroke mice.
Neurobiol Dis. 2017;98:9-24. doi: 10.1016/j.nbd.2016.11.005.

. Lu Y, Jiang L, He X, Yang GY, Wang Y. Abstract 129: optogenetic

inhibition of striatal neurons improves the survival of implanted neu-
ral stem cell and neurological outcomes after ischemic stroke. Stroke.
2016;47:A129.

Ge S, Goh EL, Sailor KA, Kitabatake Y, Ming GL, Song H. GABA regu-
lates synaptic integration of newly generated neurons in the adult brain.
Nature. 2006;439:589-593. doi: 10.1038/nature04404.

Young SZ, Lafourcade CA, Platel JC, Lin TV, Bordey A. GABAergic
striatal neurons project dendrites and axons into the postnatal subven-
tricular zone leading to calcium activity. Front Cell Neurosci. 2014;8:10.
doi: 10.3389/fncel.2014.00010.

Zhang RL, Zhang ZG, Chopp M. Ischemic stroke and neurogenesis in
the subventricular zone. Neuropharmacology. 2008;55:345-352. doi:
10.1016/j.neuropharm.2008.05.027.

Ribak CE, Vaughn JE, Roberts E. The GABA neurons and their axon
terminals in rat corpus striatum as demonstrated by GAD immuno-
cytochemistry. J Comp Neurol. 1979;187:261-283. doi: 10.1002/
cne.901870203.

Yang G, Chan PH, Chen J, Carlson E, Chen SF, Weinstein P, et al.
Human copper-zinc superoxide dismutase transgenic mice are highly
resistant to reperfusion injury after focal cerebral ischemia. Stroke.
1994;25:165-170.

Tang G, Liu Y, Zhang Z, Lu Y, Wang Y, Huang J, et al. Mesenchymal
stem cells maintain blood-brain barrier integrity by inhibiting aquapo-
rin-4 upregulation after cerebral ischemia. Stem Cells. 2014;32:3150—
3162. doi: 10.1002/stem.1808.

Yizhar O, Fenno LE, Davidson TJ, Mogri M, Deisseroth K.
Optogenetics in neural systems. Neuron. 2011;71:9-34. doi: 10.1016/j.
neuron.2011.06.004.

Barrett DW, Gonzalez-Lima F. Transcranial infrared laser stimulation pro-
duces beneficial cognitive and emotional effects in humans. Neuroscience.
2013;230:13-23. doi: 10.1016/j.neuroscience.2012.11.016.

Hao Q, Chen Y, Zhu Y, Fan Y, Palmer D, Su H, et al. Neutrophil deple-
tion decreases VEGF-induced focal angiogenesis in the mature mouse
brain. J Cereb Blood Flow Metab. 2007;27:1853-1860. doi: 10.1038/
$j.jcbfm.9600485.

He X, Li Y, Lu H, Zhang Z, Wang Y, Yang GY. Netrin-1 overexpres-
sion promotes white matter repairing and remodeling after focal cerebral
ischemia in mice. J Cereb Blood Flow Metab. 2013;33:1921-1927. doi:
10.1038/jcbfm.2013.150.

Singer CA, Figueroa-Masot XA, Batchelor RH, Dorsa DM. The mito-
gen-activated protein kinase pathway mediates estrogen neuroprotec-
tion after glutamate toxicity in primary cortical neurons. J Neurosci.
1999;19:2455-2463.

Yager LM, Garcia AF, Wunsch AM, Ferguson SM. The ins and outs of
the striatum: role in drug addiction. Neuroscience. 2015;301:529-541.
doi: 10.1016/j.neuroscience.2015.06.033.

May, LiY, Jiang L, Wang L, Jiang Z, Wang Y. et al. Macrophage deple-
tion reduced brain injury following middle cerebral artery occlusion in
mice. J Neuroinflammation. 2016;13:38.

GABAergic Neurons Affect Outcomes After Ischemia

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

3383

Schwarting S, Litwak S, Hao W, Bihr M, Weise J, Neumann H.
Hematopoietic stem cells reduce postischemic inflammation and ame-
liorate ischemic brain injury. Stroke. 2008;39:2867-2875. doi: 10.1161/
STROKEAHA.108.513978.

Zhang ZG, Zhang L, Croll SD, Chopp M. Angiopoietin-1 reduces cere-
bral blood vessel leakage and ischemic lesion volume after focal cerebral
embolic ischemia in mice. Neuroscience. 2002;113:683-687.

LiuJ, Jin X, Liu KJ, Liu W. Matrix metalloproteinase-2-mediated occludin
degradation and caveolin-1-mediated claudin-5 redistribution contribute
to blood-brain barrier damage in early ischemic stroke stage. J Neurosci.
2012;32:3044-3057. doi: 10.1523/INEUROSCI.6409-11.2012.

Kim HJ, Rowe M, Ren M, Hong JS, Chen PS, Chuang DM. Histone deacet-
ylase inhibitors exhibit anti-inflammatory and neuroprotective effects in a
rat permanent ischemic model of stroke: multiple mechanisms of action.
J Pharmacol Exp Ther. 2007;321:892-901. doi: 10.1124/jpet.107.120188.
Chen J, Zhang C, Jiang H, Li Y, Zhang L, Robin A, et al. Atorvastatin
induction of VEGF and BDNF promotes brain plasticity after stroke
in mice. J Cereb Blood Flow Metab. 2005;25:281-290. doi: 10.1038/
5j.jcbfm.9600034.

Rabchevsky AG, Fugaccia I, Turner AF, Blades DA, Mattson MP, Scheff
SW. Basic fibroblast growth factor (bFGF) enhances functional recovery
following severe spinal cord injury to the rat. Exp Neurol. 2000;164:280—
291. doi: 10.1006/exnr.2000.7399.

Murakami S, Takayama S, Kitamura M, Shimabukuro Y, Yanagi K,
Ikezawa K, et al. Recombinant human basic fibroblast growth factor
(bFGF) stimulates periodontal regeneration in class II furcation defects
created in beagle dogs. J Periodontal Res. 2003;38:97-103.

Meier F, Nesbit M, Hsu MY, Martin B, Van Belle P, Elder DE, et al.
Human melanoma progression in skin reconstructs: biological sig-
nificance of bFGE. Am J Pathol. 2000;156:193-200. doi: 10.1016/
S0002-9440(10)64719-0.

Calvani M, Rapisarda A, Uranchimeg B, Shoemaker RH, Melillo G.
Hypoxic induction of an HIF-lalpha-dependent bFGF autocrine loop
drives angiogenesis in human endothelial cells. Blood. 2006;107:2705—
2712. doi: 10.1182/blood-2005-09-3541.

Finklestein SP, Apostolides PJ, Caday CG, Prosser J, Philips MF,
Klagsbrun M. Increased basic fibroblast growth factor (bFGF) immuno-
reactivity at the site of focal brain wounds. Brain Res. 1988;460:253-259.
Temple S, Qian X. bFGF, neurotrophins, and the control or cortical neu-
rogenesis. Neuron. 1995;15:249-252.

Ghosh A, Greenberg ME. Distinct roles for bFGF and NT-3 in the regula-
tion of cortical neurogenesis. Neuron. 1995;15:89-103.

Cauli B, Tong XK, Rancillac A, Serluca N, Lambolez B, Rossier J, et
al. Cortical GABA interneurons in neurovascular coupling: relays for
subcortical vasoactive pathways. J Neurosci. 2004;24:8940-8949. doi:
10.1523/JNEUROSCI.3065-04.2004.

Aoki H, Furuya Y, Endo Y, Fujimoto K. Effect of gamma-aminobutyric
acid-enriched tempeh-like fermented soybean (GABA-Tempeh) on the
blood pressure of spontaneously hypertensive rats. Biosci Biotechnol
Biochem. 2003;67:1806-1808. doi: 10.1271/bbb.67.1806.

Sved AF, Sved JC. Endogenous GABA acts on GABAB receptors
in nucleus tractus solitarius to increase blood pressure. Brain Res.
1990;526:235-240.

Willette RN, Krieger AJ, Barcas PP, Sapru HN. Medullary gamma-ami-
nobutyric acid (GABA) receptors and the regulation of blood pressure in
the rat. J Pharmacol Exp Ther. 1983;226:893-899.

Wang XP, Cheng ZY, Schmid KL. GABAB receptors expressed in
human aortic endothelial cells mediate intracellular calcium concentration
regulation and endothelial nitric oxide synthase translocation. Biomed
Res Int. 2014;2014:871735. doi: 10.1155/2014/871735.





