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Abstract

Background—Vagus nerve stimulation (VNS) significantly reduces infarct volume in rat models
of cerebral ischemia, but the mechanism of this protective effect remains open.

Hypothesis—This study tested the hypothesis that non-invasive VNS (nVNS), during transient
middle cerebral artery occlusion (MCAQ), protects the blood-brain barrier (BBB), leading to
reduced infarct size in ischemic brain.

Methods—Spontaneous hypertensive rats (SHRs) were subjected to a 90 min MCAO. nVNS
treated rats received 5 stimulations (duration: 2min; every 10 min) on the skin overlying the
cervical vagus nerve in the neck beginning 30 min after MCAOQ onset. Control rats received the
same stimulations on the quadriceps femoris muscle. Twenty-four hours after MCAQO onset, MRI
and immunohistochemistry (IHC) were performed for analyses of infarct size and BBB leakage.

Results—Compared with the control group, anatomic MRI T2-weighted images showed
significantly smaller infarct sizes in the nVNS group. Dynamic contrast-enhanced (DCE)-MRI
showed a significantly decreased BBB transfer rate (Ki map) in the lesion area in the nVNS group,
which was spatially correlated with the attenuation of the infarct size. Furthermore, significantly
lower serum IgG leakage, visualized by IHC, was seen in the ischemic hemisphere in nVNS
treated rats. nVVNS also protected vascular tight junction proteins from disruption in microvessels,
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and reduced expression of matrix metalloproteinases-2/9 in reactive astrocytes surrounding the
compromised vessels in the ischemic hemispheres.

Conclusion—Our data suggest that the neuroprotective role of a series of nVNS administrations
during MCA occlusion, spatially correlates with protection of BBB integrity from damage and
reduction of infarct extent induced by ischemic stroke.
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Introduction

Treatment options for cerebral ischemic stroke are limited, since ischemia-induced brain
injury is a complex and multiple stage process. During the early stages of occlusion and
reperfusion, providing interventions to protect brain from injury could significantly improve
neurological outcome [1,2]. However, thrombolysis with recombinant tissue plasminogen
activator (t-PA), the only currently approved acute treatment for ischemic stroke, is limited
by a short treatment time window, low rates of reperfusion, the potential for hemorrhagic
transformation, and neurotoxicity. There is an urgent need for new acute stroke therapies.

Electrical stimulation of the left cervical vagus nerve is an FDA-approved adjunctive therapy
for partial epilepsy and drug-resistant depression and has been used clinically since 1997
[3]. Vagus nerve stimulation (VNS) is also a potential therapy for migraine, Alzheimer's
disease, and traumatic brain injury [4-7] and has been suggested to provide protection
against ischemic brain injury [5,8]. Recently, a non-invasive VNS (nVNS) device was FDA
approved for the acute treatment of cluster headache in episodic patients [9]. Ay et al. have
shown that a nVVNS approach, initiated 30 min after a transient middle cerebral artery
occlusion (MCAQ), reduces infarct volume by approximately 33% in a rat model on day 7
after reperfusion [10]. In addition, n\VNS inhibits ischemia-induced immune activation and
reduces functional deficit in rats without causing cardiac or hemodynamic adverse effects
when initiated up to 4 h after MCAQ. These observations suggest that nVVNS may provide a
novel, non-pharmacologic, neuroprotective treatment for acute ischemic brain injury.

The anti-inflammatory properties of the vagus nerve may suggest an important mechanism
underling the neuroprotective role of VNS via activation of the splenically-mediated
sympathetic anti-inflammatory pathway involving acetylcholine (ACh) and a-7-nicotinic
ACh receptors [4,11,12]. MCAO-induced spleen size reduction has been correlated with
ischemic volume and with changes in serum pro-inflammatory cytokine levels [13].
However, the ischemic stroke induced increase of pro-inflammatory cytokines in serum was
only seen after 6 h of MCAO onset, while the neuroprotective time window of nVNS was
only up to 4 h after the induction of ischemia [10], suggesting other mechanisms. During
cerebral ischemia, blood-brain barrier (BBB) disruption is a critical event leading to
vasogenic edema, neuroinflammation, and secondary brain injury [1,14]. We previously
demonstrated that BBB disruption occurs early enough to be within the thrombolytic time
window in a MCAO model in rat [15]. We have also shown that matrix metalloproteinases
(MMP)-2 and -9 contribute to early ischemic BBB damage by triggering tight junction
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proteins (TJP) disruption [15,16]. In this study, we tested the hypothesis that performing
nVNS at an early stage of occlusion of MCA protects the BBB, resulting in reduced infarct
size in the ischemic brain. To be clinically relevant, a non-invasive VNS approach was
applied to rats subjected to a transient MCAO [10,17-19] due to the impracticality of
implanting a vagus nerve stimulator in an acute stroke patient. It is the hope that the nature
of the non-invasive, transcutaneous VNS could provide the potential for easier clinical
translation [20]. We investigated the spatiotemporal correlation of protection of BBB from
damage by nVVNS with reduction of ischemic infarct size by using MRI approaches, as well
as with the expression of TJPs and MMP-2/9 in vascular endothelial cells (EC) and
astrocytes (AC) with immunohistochemistry.

Middle cerebral artery occlusion (MCAQO) and vagal nerve stimulation

The study (including animal use, magnetic resonance imaging (MRI) procedures, and n\VNS
treatment) was approved by the University of New Mexico Animal Care Committee and the
Institutional Animal Care and Use Committee (IACUC), and conforms to the National
Institutes of Health guidelines for use of animals in research. Thirty two male spontaneously
hypertensive rats (SHR; 280-300 g of body weight) were subjected to 90 min occlusion of
the right MCA [16]. SHR was used in compliance with the Stroke Therapy Academic
Industry Roundtable (STAIR) criteria which explicitly require the use of animals with co-
morbid conditions in order to increase the quality of translational stroke research [21].

The two groups studied, the nVVNS treated group (n = 16) and the control treated group (n =
16), were determined by a random number generator (www.randomizer.com). Rats in each
group were followed for 24 h after reperfusion. A non-invasive stimulator, gammaCore
(electroCore, LLC, Basking Ridge, NJ, USA), modified for rat was used for cervical vagus
nerve stimulation as described previously [10]. Briefly, after MCAO onset, an electrolyte gel
(Signa gel, Parker Laboratories, Fairfield, NJ) was applied to surfaces of the disc electrodes
which were then placed on the shaved neck of the rat lateral to the trachea and over the left
cervical vagus nerve for the nVNS group, or on the shaved left femur for the control group.
After 30 min of occlusion, the rats in the n\VNS group received a total of 5, 2 min duration
stimulations, one every 10 min. The signal consisted of 1 msec duration pulses of 5 kHz
sinewaves, repeated at 25 Hz at an average voltage of 15 V, as described previously [10,18],
before reperfusion after 90 min of MCAQ. The rats in the control group received the same
series of stimulations delivered on the shaved skin overlying the left quadriceps femoris
muscle. All procedures, including nVNS or femoris muscle stimulation, were performed
under anesthesia with 2% isoflurane during the 90 min occlusion (Fig. 1a), which excluded
any neuroprotective effect of isoflurane during cerebral ischemia [22]. In this study, in order
to obtain similar outcomes of NVNS neuroprotection on infarct size, we duplicated the
procedure of nVNS in previous studies [5,10], which monitored the physiological status of
the rats during stimulation and performed behavioral assessment.
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Magnetic resonance imaging (MRI)

Twenty rats (n = 10 in nVVNS and control group, respectively) were subjected to T2 imaging
and dynamic permeability imaging at 24 h after reperfusion as described previously [1,2].

T2-weighted images were acquired with a fast spin-echo sequence (RARE) (TR/TE =
5000ms/56ms, FOV = 4cmx4cm, slice thickness = 1 mm, interslice distance = 1.1 mm,
number of slice = 12, matrix = 256 x 256, number of average = 3). Infarct area was
manually delineated from T2 images. The delineated areas were used as a reference for all
other parametric images. The same slice location was prescribed for all the subsequent MR
protocols.

Dynamic contrast-enhanced (DCE)-MRI with graphical analysis was used to non-invasively
evaluate BBB permeability [23]. The contrast agent, gadopentetate dimeglumine (Gd)-
DTPA, was injected into the femoral vein at a dose of 0.1mM/kg. DCE-MRI was performed
using a transverse fast T1 mapping that consisted of obtaining precontrast (3 sequences) and
postcontrast (16 sequences) images up to 45 min after the contrast injection. The details of
pulse sequence T1_EPI for T1 mapping are: FOV = 4cmx4cm, slice thickness = 1.5mm,
slice gap = 0, matrix size = 128 x 128, TR/TE = 10000ms/8.3 ms, number of segment = 4,
number of average = 1, total scan time = 2m40s0ms. T1 map was reconstructed with the
tlepia fitting function in Bruker Paravision Image Sequence Analysis (ISA) Tool. Since the
contrast agent concentration is proportional to changes of L/T1(A(1/T1(t))), a map of K was
constructed from repeated estimates of A(1/T1(t)). An in-house computer program in
MATLAB (Mathworks; MA, USA), which implemented the above principle, was used to
generate the K; map.

All data analyses in this study were performed by blinded investigators.

Immunohistochemistry (IHC)

After the MRI scan, animals were sacrificed and rat brains were removed and fixed with 2%
paraformaldehyde, 0.1M sodium periodate, 0.075 M lysine in 100 mM phosphate buffer, pH
7.3 (PLP). Ten um sections were used for immunohistochemical analysis. Primary
antibodies and dilutions used in IHC were claudin-5 (1:500) (Invitrogen, Grand Island, NY,
USA), occludin (1:500) (Invitrogen), zonula occludens-1 (ZO-1) (1:200, Invitrogen),
MMP-2 (1:300, Millipore, Billerica, MA, USA), MMP-9 (1:1000; Millipore), RECA1
(1:300, Abcam, Eugene, OR, USA), glial fibrillary acidic protein (GFAP) (1:400, Sigma-
Aldrich, St Louis, MO, USA,; 1:100, Abcam).

For immunofluorescence, brain sections were treated with acetone and blocked with 5%
normal serum. Primary antibodies were incubated for 48 h at 4 °C. Sections were incubated
for 90 min at 25 °C with secondary antibodies conjugated with FITC or Cy-3 (Invitrogen) or
cy5 (Santa Cruz, Santa Cruz, CA, USA). 4’-6-diamidino-2-phenylinidole (DAPI)
(Molecular Probes, Eugene, OR, USA) was used to label cell nuclei. Immunohistochemistry
(IHC) negative controls were incubated without the primary antibody or with normal (non-
immune) 1gGs and no specific immunolabeling was detected. All IHC slides were viewed on
an Olympus BX-51 bright field and fluorescence microscope (Olympus America Inc. San
Jose, CA, USA). Dual or triple immunofluorescence slides were also imaged with a Nikon
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ECLPSE Tis Inverted Microscope capable of 3D (motorized XY stage and Z focus) Imaging
Stitching for both Bright-filed and Single Wave-length/filter cube Epi-Fluor and software
(Nikon Instruments Inc. Melville, NY, USA).

In a seprate group of rats (n = 6 in both nVNS and control groups), brain tissues were taken
to perform Western blot analysis to determine protein levels. Proteins were extracted in
RIPA buffer from ischemic and nonischemic hemispheres. 50 pug total protein was separated
on 4-10% gradient SDS-PAGE gels (Bio-Rad). The proteins were transferred to
polyvinylidene fluoride (PVVDF) membranes. The membranes were then incubated with
primary antibodies: ZO-1 (1:500, Invitrogen), MMP-2 (1:300, Millipore), MMP-9 (1:1000,
Millipore). The membranes were incubated with the respective secondary antibodies and
blots were developed using the West Pico Detection System (Pierce). Protein bands were
visualized on X-ray film. Semiquantitation of target protein intensities was done with the use
of Scion image software (Scion), and blots for -actin (Sigma-Aldrich) on the same PVDF
membranes was used to normalize protein loading and transfer. The results are reported as
normalized band intensity for quantifying relative protein expression.

Statistical analysis

Results

Statistical analysis was performed using Prism, version 6.0 (GraphPad Software
Incorporated). Unpaired t-tests or one-way ANOVA were performed for two groups or for
multiple group comparisons (with a post-hocStudent-Newman-Keuls test), respectively.
Linear regression was used for determining the relationship between BBB permeability and
infarct size. In all statistical tests, differences were considered significant when p < 0.05.
Data are presented as means + SE.

nVNS significantly protected rat brain from ischemic injury by significantly reducing

infarct size

T2-weighted images showing hyper-intensity indicate the lesion areas in ipsilateral
(ischemic) hemispheres (Fig. 1b). To exclude the influence of swelling, the infarct volumes
were normalized with an edema index that was calculated as the volume ratio of ischemic/
contralateral (nonischemic) hemispheres [2] (mean + SEM: 1.149 + 0.02743 in the control
group (CTRL), and 1.107 £ 0.02522 in the nVNS group, n = 10 in each group). Compared
with the control group, the nVNS group (control vs. nVNS: 0.1605 + 0.01881 vs. 0.08906
+0.02137, p < 0.05, n = 10) showed significant reduction of infarct volume (45.9%) at 24 h
after MCAO/reperfusion onset (Fig.1c and d), similar to previous findings [10]. We also
evaluated the injury using intensity values from the T2 map (Fig. 1d), which showed a
similar outcome with the infarct volume (control vs. n"\VNS: 85.60 + 4.727 vs. 54.05 + 11.18,
p <0.05, n = 10). T2-weighted images (Fig. 1a) also demonstrated that the primary region
that was protected by nVNS was the cortex, including dorsal, lateral, and piriform areas.
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nVNS significantly reduced BBB leakage induced by ischemic stroke

Increased BBB permeability (K, indicates BBB transfer rate) was seen in the ischemic
hemisphere in the control group compared with the nonischemic hemisphere at 24 h after
MCAO/reperfusion onset (Fig. 2a). nVNS significantly decreased the BBB leakage in the
lesion area at 24 h compared with control (control vs. n"VNS: 6.203e-5 + 1.202e-5 vs.
3.241e-5 + 4.344e-6, p < 0.05, n = 10 in control, 9 in nVNS. One rat in the nVNS group was
eliminated due to injection failure of Gd.) (Fig. 2a and b). In line with the BBB K, maps,
significantly lower serum 1gG leakage stained with IHC was seen in the ischemic
hemisphere (Fig. 2b and c). Notably, the areas and intensities of BBB leakage by IgG IHC
were correlated with the BBB leakage presented by the MRI K, map.

Regression analysis showed that n\VNS resulted in a significant correlation (R? = 0.5571, p <
0.05, n = 9) between infarct size volume (by T2) and BBB transfer rate (K ) (by DCE-MRI)
in ischemic lesion areas, while the control group showed no correlation (R2 = 0.0031, p >
0.05, n = 10). These results suggest that the reduction of infarct size by n\VNS applied during
the occlusion of MCA spatially correlates with the protection of BBB integrity from
damage. (Fig. 2d).

NVNS during occlusion protected TJPs in vessel from disruption in ischemic hemisphere

In nonischemic vessels, TIP ZO-1 in the endothelial cells (RECA-1, a marker of endothelial
cells) had a linear appearance in both groups (Fig. 3a, left panels), which is typical in normal
BBB [16]. In control animals, MCAO and reperfusion disrupted ZO-1, causing a loss from
the vascular endothelial cells in the ischemic hemisphere (Fig. 3a, top right panel). In the
nVNS treated animals, a much higher RECA-1 signal of endothelial ZO-1 was detected in
compromised vessels of ischemic hemispheres (Fig. 3a, right panels). Expression of
occludin and claudin-5 in endothelial cells showed similar results with ZO-1 (data not
shown). Western blot analysis demonstrated a significant decrease of ZO-1 level in ischemic
hemisphere, which was significantly improved by nVNS (Fig. 3b).

NVNS during occlusion reduced expression of MMP-2 and -9 in reactive astrocytes
surrounding injured vessels in ischemic hemisphere

Immunohistochemistry also demonstrated that MCAQ and reperfusion increased expression
of MMP-2 and -9 in cells surrounding the vessels in ischemic areas in both groups, but a few
with co-localization of MMP-2 and -9 in endothelial cells were seen (Fig. 4a and b).
Importantly, nVNS reduced MMP-2 and -9 in the ischemic areas. Double-immunostaining
showed that the cells that express MMP-2 and -9 in ischemic regions at an early stage of
reperfusion after MCAQ are predominantly found in astrocytes (Fig. 5), and neuronal cells
[16,24]. These enzymes have been shown to be involved in BBB disruption and neuronal
death. nVVNS reduced both expression of MMP-2/-9 and activated astrocytes surrounding the
injured vessels in the entire ischemic regions (Fig. 5a and b). Western blot analysis
demonstrated a significant increase in MMP-2, including pro- (68 kD) and active (62 kD)
forms, and pro-MMP-9 (92 and 88 kD) levels in ischemic hemisphere, which were
significantly reduced by nVNS (Fig. 5¢ and d).
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In addition, increased expression of both MMP-2 and in particular MMP-9, were seen in the
ischemic external capsule (Fig. 6a and b) where high IgG leakage was observed (Fig. 2c).
The major MMP-2 and -9 increases in ECs were not co-localized with GFAP, suggesting
these MMPs were expressed in oligodendrocyte-like cells and neurofibrils, which are
involved in oligodendrocyte death and white matter damage induced by ischemic stroke
[25]. nVNS also attenuated expression of MMPs in white matter.

Discussion

We show that nVNS applied during occlusion of MCA significantly reduced BBB
permeability and serum IgG leakage at 24 h after transient ischemic stroke onset. This
protection of nVNS on BBB integrity is spatially in line with the attenuation of the infarct
size in the ischemic hemispheres. Histological evaluation in this study also indicated that the
nVNS mediated protection of BBB from breakdown is associated with reduction of MMP-
mediated TJP disruption. We propose that nVNS attenuates MMP-mediated BBB damage
during the early ischemic insult, which results in reduction of cell death, neuroinflammation,
and infarct size in ischemic brain secondary to BBB disruption.

The neurological outcomes in patients suffering from cerebral ischemia depends on the
intensity of hypoxia and the extent of secondary brain injury. Therefore, therapeutic
approaches for acute ischemic stroke are highly needed. Recent studies demonstrate that
VNS reduces ischemic stroke induced brain injury in rats and improves neurological
outcomes [5,8,10,26]. These studies indicate that stimulation of vagus nerve both during
MCA occlusion and at an early reperfusion stage significantly reduces brain injury and
functional neurological deficit. The decrease in tissue damage was accompanied by a
significant improvement in neurological scores. Physiological parameters for safety analysis
showed no difference in arterial blood pressure, heart rate, arterial blood gases and pH,
symptomatic brain hemorrhage, and mortality or development of any of the euthanasia
criteria between control and treatment groups [5,10]. There was no significant effect of VNS
on CBF during the entire 1-h stimulation period [8]. These observations open up new
possibilities for early neuroprotective strategies dealing with ischemia and reperfusion-based
injury. To better understand the mechanisms involved in stroke-induced BBB pathology we
applied nVNS to rats during occlusion of the middle cerebral artery, since increased BBB
permeability occurs as early as 1-2 h after MCAO onset [15,27]. nVNS has been shown to
reduce the extent of tissue injury and functional deficit in SH rats without causing cardiac or
hemodynamic adverse effects when initiated up to 4 h after MCAO [10]. Therefore, n"VNS
could be provided to stroke patients as early as when they are transferred to the hospital in
an ambulance. We used non-invasive MRI to monitor the outcome of control and n\VVNS-
treated ischemic brains. T2 anatomical imaging showed significant protection from brain
infarct extent with nVNS compared with control at 24 h after stroke onset. n"VNS
demonstrated a 45.9% decrease in total infarct volume in rat brain subjected to 90 min
MCAO as measured on T2-weighted images [1]. This is similar to previous reports (~45—
56% reduction) using cervical vagus nerve stimulation (iVNS) [5,8,26], but larger than
previously reported reductions achieved by nVNS (33%) [10]. Since SHRs and n\VNS were
used in both the previous [10] and present studies, this discrepancy could be due to different
measurement techniques for infarct volume and the endpoints of occlusion/reperfusion, i.e.
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post-mortem rat brain by triphenyl tetrazolium chloride (TTC) staining at 7 days after 120
min MCAQ vs. living rat brain by MRI at 24 h after 90 min of MCAQO. In addition, our data
also demonstrate that nVNS, contralateral to occlusion of MCA, can provide protection to
rat brain from acute focal ischemic injury, consistent with potential mechanisms of VNS
which are known to activate central and peripheral pathways, bilaterally [8,11,12,28].

Although the nVNS neuroprotective role against acute cerebral ischemia is clear, the
underlying mechanisms by which VNS enhances recovery following stroke remain to be
fully elucidated. Data from previous studies have suggested several mechanisms underlying
VNS-mediated neuroprotection in neurological disorders, including a noradrenergic
mechanism, anti-inflammation, reduction in neuronal excitability, and regional brain
perfusion changes [3,4,11,12,28-32]. A study of traumatic brain injury (TBI) showed that
VNS attenuated BBB permeability by decreasing the up-regulation of aquaporin-4, a water
permeable channel, after TBI [33]. Disruptions of the BBB and edema formation both play
key roles in the development of neurological dysfunction in ischemic and hemorrhagic
stroke, TBI, neurodegenerative diseases and brain tumors [14,34]. During and after ischemic
stroke, BBB breakdown and the resulting brain edema are two of the most disabling
sequelae and are associated with poor clinical prognosis [14,27,35]. Notably, the progression
of stroke is correlated with BBB breakdown [36]. We and others have demonstrated that
early BBB permeability may be partially reversible, making it a rational target for
therapeutic interventions [1,2,14,16,27]. This study shows that n\VVNS applied during
occlusion of MCAQ significantly reduces BBB permeability induced by ischemia and
reperfusion at 24 h after stroke as measured by DCE-MRI. This finding is consistent with
the patterns of significantly lower serum 1gG leakage in ischemic hemispheres of NVNS-
treated rats detected with IHC after MRI. We and others [16,37,38] have shown changes of
BBB integrity and related pathogenic processes in contralateral brain areas, which was also
observed in this study, and nVNS showed protective changes for the contralateral side as
well. This observation may bring into question the use of our edema index ratio correction
for swelling. However, there was no statistical difference in the contralateral hemisphere
volumes between the control and nVVNS groups in spite of a small change in BBB
permability.

We found that the reduction of infarct volume by applying nVNS at 30 min of occlusion of
MCA onset significantly correlates with the protection of BBB integrity from damage. We
did not detect, however, a correlation between infarct volume and BBB leakage in control
rats. One of the possible reasons could be that up to 24 h after stroke/reperfusion onset,
besides the BBB opening, other pathological factors, such as inflammatory responses, are
involved in the extent of infarct severity and that nVNS may have a significant protective
effect against them. Indeed, in a very similar rat model, Ay et al. showed that nVNS reduced
the number of activated microglia at 24 h and the number of cells expressing inflammatory
cytokines like TNF-a. compared with control at 3 and/or 24 h after stroke/reperfusion onset®.
Collectively, our data present another potential mechanism involved in neuroprotection of
VNS on BBB disruption, during stroke-induced brain injury.

The integrity of the BBB is maintained by multiple components, including the tight junction
(TJ)-sealed capillary ECs, astrocyte endfeet, pericytes and the extracellular matrix (ECM)
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[34]. The limited permeability of the BBB is mainly due to the existence of TJs. Tight
junction proteins are integral transmembrane proteins that form the TJ strands between
endothelial cells. Prominent BBB structural changes occur after cerebral ischemic stroke,
including TJP degradation and redistribution [34,39]. A number of mechanisms have been
proposed to account for the degradation of TJPs. Matrix metalloproteinases are degrading
enzymes that can disrupt the TJPs, leading to the BBB disruption during ischemic stroke and
after reperfusion [16,40]. In reperfusion injury, proteases participate in the biphasic opening
of the BBB. An initial reversible phase related to activation of latent MMP-2 precedes a later
phase at 24-48 h associated with the induction of MMP-3 and MMP-9 [16,41]. As seen in
our data, n\VNS prevented BBB from disruption as evidenced by histologic changes
including decreased TJP cleavage, including ZO-1, occludin, and claudin-5 in endothelial
cells, and inhibition of expression of MMP-2 and -9 in reactive astrocytes surrounding
injured vessels in the ischemic hemisphere, at 24 h after stroke onset. We have previously
shown that ischemia and reperfusion induce reactive astrocytes to express MMP-2 and -9,
leading to BBB disruption by cleaving TJPs [16]. The changes of histology and protein
levels of TIPs and MMPs by nVNS administration suggest the involvement of MMP activity
inhibition in the mechanisms involved in neuroprotection of VNS on BBB disruption during
stroke-induced brain injury.

An important caveat is that only one time point was examined at 24 h after stroke onset.
Future studies are needed to specifically elucidate the timing duration, especially the early
stages (such as 30 min, 3 h, and 6 h after reperfusion), to confirm the involvement of the
protective role of nVVNS on BBB disruption induced during the early stages of stroke insult.
In addition, using the multimodal MRI we can determine if the promising results obtained in
this study extend to chronic neuroprotection. In order to obtain similar outcomes of NVNS
neuroprotection on infarct size, we employed the procedure of nVVNS in previous studies
[5,10] to determine if the neuroprotective role of nVNS on infarct size correlated with
protection of BBB integrity from damage. Since the previous studies performed behavioral
assessment, we did not do it in the present study. However, a battery of neurological/
behavioral tests should be involved in the future longitudinal evaluation of the nVVNS role on
neuroprotection in stroke insult. Other limitations of the study are a lack of monitoring of
blood flow to confirm adequate MCAO, and monitoring of various physiological parameters
like blood pressure, heart rate, and temperature, all of which can have an impact on stroke
severity. However, the fact that the reduction of infarct volume (45.9%) in n\VNS group at 24
h of reperfusion in the present study was similar to those reported previously (~45-56%)
[5,8,26], suggests that these limitations had only minimal effects on the results.

Conclusions

The present results suggest that the neuroprotective role of a series of nVNS administrations
during MCA occlusion correlates with protection of BBB integrity from damage induced by
ischemic stroke. The mechanism likely involves protecting the BBB by reducing MMP-
mediated TJP disruption. The more precise cellular and molecular pathways regulated by
nVNS, including BBB integrity changes, inflammatory responses, and cell death and
survival, should be further studied at multiple time points during the early stage after
reperfusion. A recent study demonstrated that rapid endothelial cytoskeletal reorganization
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induces subtle BBB leakage by inducing TJP redistribution in brain microvascular

en
en
M

dothelial cells within 30-60 min after perfusion [27]. It is possible that the rapid
dothelial cytoskeletal reorganization could also be a target of nVNS administration during
CA occlusion.
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Stroke infarct size monitored by magnetic resonance imaging (MRI). a. Experimental design
for VNS during MACO. b. Anatomical T2 MR images indicate the infarct areas with
increased intensity. Arrows indicate ischemic hemispheres. c. Bar graph demonstrates
quantification of infarct volumes in ischemic hemispheres. p < 0.05 versus control (CTRL),
n =10 in each group. The infarct volumes were normalized for edema. d. Bar graph
demonstrates quantification of T2 intensity in ischemic hemispheres. p < 0.05 versus
control. n =10 in each group.
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Fig. 2.

BBB permeability of microvessels monitored by DCE-MRI and 1gG immunohistochemistry
at 24 h after stroke in control and nVVNS groups. a. Parametric image K; map by DCE-MRI
represents BBB permeability in brains. Arrow indicates ischemic hemisphere. Color-coded
permeability coefficient maps reconstructed from contrast-enhanced MRI data demonstrate
the regions of high (red) and low (blue) permeability. b. Histogram demonstrates
quantification of BBB permeability in lesion areas. *p < 0.03 vs. control group. n =10 in
control group, n =9 in NVVNS group (one rat in nVVNS group was eliminated due to failure of
Gd injection). c. Immunohistochemistry of 1gG and RECA-1 represent increased BBB
leakage in ischemic hemispheres (arrow), corresponding to the regions where increased
BBB transfer rate was detected by MRI. DAPI staining was used to show nuclei. Higher
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power micrographs show leaked IgG from injured vessels stained brain cells in ischemic
hemispheres. CTX: cortex; Cpu: caudoputamen; CC: corpus callosum; EC: external capsule.
Scale bar = 50 pm. d. Regression analysis between BBB permeability (y-axis) and infarct
size (x-axis): CTRL group (black), R? = 0.0031, p > 0.05, n = 10; nVNS group (blue), R? =
0.5571, p < 0.05, N = 9. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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Fig. 3.
Expression of tight junction protein ZO-1 in the vascular endothelial cells (RECA-1) within

caudate regions 24 h of reperfusion after MCAQO by double immunostaining. a. Top panels:
co-localization of ZO-1 with RECA-1 in nonischemic and ischemic vessels in control brains.
Bottom panels: co-localization of ZO-1 with RECA-1 in nonischemic and ischemic vessels
in nVNS treated brains. DAPI staining was used to show nuclei. Scale bars = 50 um. b.
Western blot analysis for protein level of ZO-1. *p < 0.05 versus CTRL-C, #p < 0.05 versus
CTRL-1, n =6 in each group. C: contralateral. I: ipsilateral.
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Fig. 4.
Expression of MMP-2 and MMP-9 in the vascular endothelial cells (RECA-1) in

nonischemic and ischemic hemispheres 24 h of reperfusion after MCAO by double
immunostaining. a. Double-immunostaining of MMP-2 with RECA-1 in control and nVNS
treated brains. b. Double-immunostaining of MMP-9 with RECA-1 in control and nVNS
treated brains. DAPI staining was used to show nuclei. Scale bar = 50 pm.
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Merged CTRL MMP-9
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Expression of MMP-2 and -9 in the astrocytes (GFAP) in nonischemic and ischemic
hemispheres 24 h of reperfusion after MCAO by double immunostaining. a. Co-localization
of MMP-2 with GFAP in control and nVNS treated brains. b. Co-localization of MMP-9
with GFAP in control and nVVNS treated brains. DAPI staining was used to show nuclei.
Scale bar = 50 um. c. Western blot analysis for protein levels of MMP-2. *p < 0.05 versus
CTRL-C and nVNS-C, #p < 0.05 versus CTRL-I, n = 6 in each group. d. Western blot
analysis for protein levels of MMP-9. **p < 0.01 versus CTRL-C and nVNS-C, #p < 0.01
versus CTRL-I, n = 6 in each group.

Brain Stimul. Author manuscript; available in PMC 2019 July 01.

92 kD
88 kD

43 kD



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al. Page 19
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Fig. 6.
Expression of MMP-2 and -9 in astrocytes (GFAP) in nonischemic and ischemic external

capsule (EC) 24 h of reperfusion after MCAQ by double immunostaining. a. Co-localization
of MMP-2 with GFAP in control and nVVNS treated brains. b. Co-localization of MMP-9
with GFAP in control and nVNS treated brains. DAPI staining was used to show nuclei.
Scale bar=50 um.
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