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Abstract

Background—The aim of this study was to determine the effect of vagus nerve stimulation
(VNS) on infarct size after transient and after permanent focal cerebral ischemia in rats and to test
the hypothesis that VNS-induced neuroprotection is due to changes in cerebral blood flow.

Methods—Ischemia was produced by either temporary proximal middle cerebral artery
occlusion (TMCAO) or permanent distal middle cerebral artery occlusion (PMCAO). Stimulating
electrodes were implanted on the cervical part of the right vagus nerve, and electrical stimulation
was initiated 30 minutes after the induction of ischemia and delivered for 30 seconds every 5
minutes for 1 hour. All the procedures were duplicated but no stimulus was delivered in control
groups. Cerebral blood flow in the MCA territory was continuously monitored with laser speckle
contrast imaging. A neurological evaluation was undertaken after 24 hours of ischemia, and
animals were euthanized and neuronal damage evaluated.

Results—Ischemic lesion volume was smaller in VNS-treated animals in both the temporary and
permanent ischemic groups (p<0.01). VNS-treated animals in TMCAO had better functional
scores at 24 h as compared with control animals (p<0.01), but there were no statistically
significant differences in the neurobehavioral scores in PMCAOQO (p=0.089). CBF changes in the
MCA territory during ischemia did not differ between the VNS-treated animals and control
animals in either group.

Conclusion—VNS offers neuroprotection against stroke in both temporary and permanent
ischemia. Although the precise mechanism of this effect remains to be determined, alterations in
cerebral blood flow do not appear to play a role. VNS could readily be translated to clinical
practice.
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Introduction

Vagus nerve stimulation (VNS) was first used in 1988 to treat drug-resistant epilepsy. Since
its introduction, clinical studies involving approximately 1000 patients with epilepsy have
been completed 1 showing efficacy in treating epilepsy in both adults and children. VNS was
approved in Europe in 1994 and in the United States and Canada in 1997 for treatment-
resistant epilepsy, and a number of clinical studies 2~ as well as studies in animal models of
epilepsy >~ have demonstrated its benefit. After the success of VNS therapy in epilepsy, the
technique has been applied to a wide variety of disorders, including depresssion,
Alzheimer's disease, migraine, and multiple sclerosis 8711, The results of these have been
quite promising. There has even been some indication that VNS may be useful in the
treament of eating disorders 12

The observation that VNS is beneficial in the treatment of epilepsy along with the similarity
of the mechanisms of neuronal damage in epilepsy and cerebral ischemia 13 makes the study
of VNS of interest as a potential treatment for stroke. Excitotoxicity plays a significant role
in cerebral tissue damage in both cerebral ischemia and epilepsy 14716, and strategies for
reducing excitatory amino acids as treatment for cerebral ischemia have met with some
success although clincial trials have been limited due to the neuropsychological adverse
effects of most of the N-methyl-D-aspartate receptor antagonists 17. The general similarity
between the cascade of deliterious events in epilepsy and cerebral ischemia has led to some
pre-clinical investigations of VNS in global and focal brain ischemia. High current vagal
nerve stimulation during transient forebrain ischemia in the gerbil reduces infarct volume 18
most likely due to the ability of VNS to attenuate extracellular glutamate that occurs during
reperfusion, although in a follow-up study the VNS also attenuated the reactive hyperemia
post reperfusion 19, If the vagus is stimulated intermittently during transient filament
occlusion of the middle cerebral artery in the rat, infarct volume is reduced almost 50% and
neurlogical deficits seen 24 hours after ischemia are attenuated 29, These previous studies
involved transient ischemia, but since the vast majority of strokes are not eligible for tPA
and since the median time for spontaneous reperfusion is days 2 22, not just a few hours, it
is important to examine VNS in a model of permanent ischemia more representative of that
seen in humans. Additionally, the present study examined changes in cerebral blood flow
during the period of ischemia as a possible mechanism of how VNS decreases the degree of
the ischemic insult.

Materials and Methods

Surgical Preparation

Adult male Sprague-Dawley rats (260-330g, n=32) were anesthetized with isoflurane (4%
for induction, 1.0-1.5% for maintainence) in a mixture of nitrous oxide and oxygen (7:3).
Body temperature was monitored by a rectal probe and maintained at 37.5 £ 0.2°C with a
heating pad (ATC1000, World Precision Instruments, Sarasota, FL). A polyethylene catheter
(PE-50) was placed into the tail artery for the measurement of arterial blood pressure and for
blood gas sampling and into the tail vein for infusion of drugs. Arterial blood pressure was
monitored using a pressure transducer and recorded on a computer based recording system
at 100 Hz (PowerLab, ADInstruments, Colorado Springs, CO). Laser speckle contrast
imaging of CBF (see below) was done over a 6x6 mm area (centered 3 mm posterior and 4
mm lateral to the Bregma) uniformly thinned to translucency with a dental drill 23. The
permanent (n=16) or temporary (n=16) middle cerebral artery occlusion procedures done on
the animals are described below. All procedures were approved by the Institutional Animal
Care and Use Committee of the University of Pennsylvania.
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Temporary proximal middle cerebral artery occlusion (TMCAO)

Animals were prepared for temporary focal cerebral ischemia as described previously24 25
but with slight modifications to permit optical imaging. Briefly, the right external and
internal carotid arteries were exposed with the animal in a supine position and a 4.0 nylon
monofilament suture (diameter = 0.39 mm) coated with silicone was inserted into the right
common carotid artery and advanced about 9-10 mm into the right internal carotid artery.
The animal was then turned prone and placed into the stereotaxic headholder; the scalp was
reflected and the area for laser speckle contrast imaging thinned. In addition, at 1 mm
anterior and 4 mm lateral to Bregma a small region of the skull was thinned and a laser
Doppler flow probe (PeriFlux 4001; PeriMed) secured so as to monitor the changes in CBF
while the filament was advanced into the internal carotid artery. The filament was gently
advanced until perfusion as monitored from the LDF probe indicated adequate middle
cerebral artery (MCA) occlusion by a sharp decrease in ipsilateral blood flow to 20-35% of
baseline. If blood flow did not stay below 40% of baseline over the first 30 minutes of MCA
occlusion, the animal was excluded from the dataset. After 120 min of occlusion, the suture
was withdrawn to allow for cerebral reperfusion. All parameters were measured for 30
minutes after the suture was withdrawn at which time the wounds were closed, 4 mg/kg
gentamicin given IM and the anesthetic discontinued.

Permanent distal middle cerebral artery occlusion (PMCAOQ)

Permanent focal cerebral ischemia was produced with photothrombotic occlusion of the
distal middle cerebral artery 25. The right common carotid artery (CCA) was exposed by a
ventral midline incision in the neck. The sternocleidomastoid muscle was retracted and a
loose snare was placed around the artery. As with TMCAO, the rat was then placed in a
stereotaxic head holder, and the laser speckle contrast area thinned. The zygomatic and
squamosal bones were exposed by making a vertical incision midway between the right eye
and the right ear and retracting the temporalis muscle. Using a high speed dental drill, a 4
mm burr hole was made just rostral to the anterior junction of the zygomatic and squamosal
bones exposing the distal segment of the MCA.. Erythosin B dye (17 mg/ml in saline, 40 mg/
kg) (MP Biomedicals) was infused into the tail vein and the exposed MCA was irradiated
with a diode laser (532 nm, 4 mW beam, LaserGlow Technologies, model LRS-0532-
KFM-00030-03) focused on the artery through a spherical lens. Irradiation started at the end
of the dye infusion and continued for 4-5 minutes. An orange fluorescence was immediately
observed in the irradiated distal MCA segment under the operating microscope and a white
thrombus formed approximately 4-5 minutes later within the fluorescent segment and
gradually elongated distally to permanently occlude the MCA. Following the irradiation, the
right common carotid artery was occluded permanently by tightening the snares. The
temperature of the exposed brain was maintained at 37.5 + 0.3°C with a small heat lamp
connected to a thermocouple probe (Omega Engineering, HYP-2; 0.81 mm diameter) placed
on the surface of the brain and covered with saline. Similar to the TMCAO study, 150
minutes after MCA occlusion, the wounds were closed, gentamicin given, and the anesthetic
discontinued.

Vagus nerve electrode placement

During exposure of the right CCA, the right vagus nerve was isolated from the surrounding
connective tissue, and a stimulating electrode based on the design of Smith et al. 27 was
placed around the nerve and held in place by suturing it to the sternocleidomastoid muscle.
This electrode was composed to two curved silver wires covered with polyethylene and held
by a solid bar 1.5 mm apart. On the inside of the curve the wires were each exposed for 2
mm so as to come into contact with the exposed vagus nerve. Care was taken to insulate this
surface from al tissue except the vagus nerve.
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Laser speckle contrast imaging

For speckle imaging 23 28: 29, 3 collimated laser diode (DL7140-201S, 785 nm, 80 mW;
Thorlabs, Newton, NJ) driven by a commercial laser diode controller (LDC 500; Thorlabs,
Newton, NJ) provided uniform illumination on the skull surface. Images over the right MCA
territory were captured through a 60-mm lens (Schneider-Kreuznach, Apo-Componon
2.8/40, Germany) using a 12-bit, TEC cooled CCD camera (Unig; Uniq Vision Inc.,) with a
field of view of 5 x 5 mm. The aperature of the camera was adjusted so that the speckle size
matched the pixel dimensions (9.9 x 9.9 um). Images were acquired at 4 Hz with a camera
exposure time of 16 ms. As described previously30, a sliding 7 x 7 pixel window was used
to convert the intensity images from the camera into speckle contrast images. The speckle
contrast is the standard deviation of intensity divided by the mean intensity in the sliding
window, where the CBF is inversely proportional to the square of the speckle contrast 23: 28;
29 We note here that though the CBF is inversely proportional to the square of the speckle
contrast, there is an intercept. When the flow is zero (i.e., the animal is dead), the inverse of
the speckle contrast squared is not zero 3. Based on 6 animals, we estimated this biological
zero to be 11% of the baseline image (i.e., average of first ten images collected), and
subtracted it from all of the measured CBF images so that the measured CBF will be close to
zero when the animal is dead.

CBF analysis

To improve the signal-to-noise ratio, fours speckle contrast images were averaged together
providing a temporal resolution of 1 Hz for CBF. Changes in blood flow were determined
relative to the average CBF over the first 10 seconds of data collection after correcting for
biological zero 31. Although laser speckle contrast imaging produces an image of changes in
blood flow throughout the field of view, for the purposes of quantitative analysis in this
project blood flow in the core of the MCA territory was defined from a region of interest
with a diameter of 0.3 mm with the greatest decrease of CBF during the first minute of
occlusion. This region usually was located approximately 4-5 mm lateral and 3 mm
posterior to Bregma. A region in the boundary of the MCA territory was obtained from an
identical sized ROI placed at 2 mm lateral and 3 mm posterior to Bregma. All ROIs were
chosen so as to avoid visible vessels0.

Experimental protocol

Four groups (n = 8 for each group) were studied, consisting of control and VNS treatment
groups for both TMCAO and PMCAO (figure 1). In all groups, CBF was monitored five
minutes before MCA occlusion to establish a baseline level and 150 minutes after MCA
occlusion to observe effects from the VNS treatment. In the treatment groups, VNS started
30 minutes after MCA occlusion, and consisted of 30 second pulse trains (0.5 mA square
pulses with width 0.3 msec and repetition rate of 20 Hz) delivered to the animal’s right
vagus nerve every 5 minutes for a total period of 60 minutes using a stimulus isolator
(Model A365, World Precision Instruments, Sarasota, FI). These parameters are similar to
those used clinically in the treatment of eplepsy and depression32: 33 and in animal studies in
ischemia and brain trauma20: 27, The control groups were prepared exactly the same way,
including the placement of the stimulating electrode on the vagus nerve, except that no
stimulation was delivered (i.e. vagal nerve stimulator was off). The right vagus nerve was
stimulated instead of the left primarily because it was more accessible to the surgeon and
because the right vagus nerve was used in a previous VNS study in transient ischemiaZ0.
Studies in epilepsy show that both left and right VNS are effective treatment. In the
TMCAO groups, the MCA was occluded for 120 minutes before reperfusion.
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Neurological evaluation and infarct volume measurement

Twenty-four hours after MCA occlusion, a neurological evaluation to examine sensorimotor
integration was performed using the criteria described by De Ryck 34. The testing included
measurements of visual placing in both the forward and lateral directions, tactile placing of
the dorsal and lateral paw surfaces, and proprioceptive placing, with scores ranging from 0
(no deficit) to 12 (maximum deficit).

Rats were sacrificed 24 hours after MCA occlusion by 100% CO» breathing and the brain
was removed from the skull and sectioned in the coronal plane at 1.5-mm intervals using a
rodent brain matrix. Each brain slice was stained in a solution of 2% triphenyltetrazolium
chloride (TTC) for 10 minutes. The resulting brain sections were photographed and the
infarct volume was determined as described previously3® with corrections for edema.

Statistical analysis

Results

Results are expressed as mean = SEM. Physiological measurements (blood pressure (BP),
heart rate (HR), and blood gases (pH, PCO2, PO2)), changes in CBF, and infarct volumes
were analyzed by repeated measures ANOVA followed by a Student-Newman-Keuls test.
Neurological scores were compared using repeated measures ANOVA followed by Mann—
Whitney U-test. A p-value of <0.05 was considered statistically significant.

There are two parts to the current study. The first study (TMCAO) examined the effect of
vagus nerve stimulation in rats subjected to temporary cerebral ischemia using filament
occlusion of the middle cerebral artery, while the second study (PMCAQ) examined vagus
nerve stimulation on permanent cerebral ischemia induced by photothrombosis of the distal
middle cerebral artery.

Blood gas data

Blood gas parameters were within normal physiological range in all four groups of animals
for the entire period that they were monitored. Furthermore, there were no statistical
differences either between groups or within groups, as a result of stimulation (table 1).

Blood pressure and heart rate data

Blood pressure was measured continuously throughout the study and was quite stable. For
the transient ischemic study we report only five epochs corresponding to periods of
experimental manipulation: prior to MCAO (Baseline), following MCAO but prior to VNS
(NS2), during VNS (Stim), following VNS but prior to reperfusion, and following
reperfusion. Blood pressure in the baseline period prior to temporary MCA occlusion was
93.6 £ 4.1 mm Hg in the control group and 86.0 £ 1.6 mm Hg in the VNS stimulation group
(NS). Following MCA occlusion, blood pressure increased to approximately 100-105 mm
Hg (figure 2A), a statistically significant increase (p<0.01; two-way repeated measures
ANOVA). Following reperfusion, blood pressure returned to the pre-ischemic level. VNS
did not produce a mean change in blood pressure over the entire 60 minute period of
stimulation (Stim), and there was a small but nonsignificant transient decrease in SAP (5.1
mm Hg) during the 30 seconds that the vagus nerve was being stimulated.

In the photothrombosis study, blood pressure also showed an increase during MCA
occlusion in both the control and stimulated groups (p<0.01) but there was no difference in
SAP either prior to or during MCA occlusion between the two groups (figure 2C), except
during the 30 sec stimulation epochs when SAP dropped by 9.6 mm Hg (NS).
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Heart rate of the VNS group in the transient MCA occlusion study prior to stimulation (470
+ 12 BPM) was similar to that of the animals in the control group (457 + 12 BPM) (figure
2B). However, during vagus nerve stimulation, HR decreased dramatically to 354 + 32
(p<0.005), and then increased to the pre-stimulus level following the termination of each 30
second epoch of VNS. There was a similar decrease in HR in the photothrombosis study,
with HR falling from 388 BPM to 320 BPM (p<0.05) (figure 2D).

Cerebral blood flow data

Infarct data

Cerebral blood flow was averaged across animals using ROIs both in the core of the MCA
territory and ROIs from peri-ischemic regions. In the transient MCAO studies, CBF in the
core of the MCA territory in the two groups fell to 30-35% of baseline after MCA occlusion
in both the control and the VNS animals (as measured one minute after occlusion) and
remained at this level until removal of the filament at which time it returned to the pre-
ischemic level (figure 3). In the boundary zone CBF fell to about 60-70% of baseline with
no difference between the control and stimulated animals (figure 4).

Changes in cerebral blood flow in the photothrombosis study were very similar to those in
the transient MCAO studies (figure 5). Blood flow dropped to 24.5 + 2.0% of baseline in the
control group and 31.1 + 2.9% in the stimulated animals during NS1 (prior to VNS) (NS).
There was no difference in the degree of ischemia between the control group and the group
receiving VNS. However, an ANOVA showed a slight, but statistically significant increase
in blood flow in the control group over the period of blood flow monitoring to 34.2 £ 4.7%
of baseline (p<0.05). In particular, VNS did not cause any change in CBF (p>0.2) between
the groups during or following the period of stimulation. Similar to the TMCAO study, CBF
in the boundary zone following photothrombosis decreased to 60-70% of baseline with no
significant differences between the stimulated and nonstimulated groups.

Animals receiving vagus nerve stimulation during temporary MCA occlusion showed
smaller histological damage than animals not receiving VNS (figure 6). This decrease in
damage was statistically significant for infarct size in the cortex (p<0.01) and in the total
brain (64.0 = 14.7 mm3, compared to 146.6 + 22.3 mm3) (p<0.01), but not for the striatum
(p=0.12). In the permanent MCA occlusion studies, there was also a decrease in infarct
volume in the brains from animals receiving VNS (57.8 + 12.8 mm?3 vs. 93.8 + 4.6mm?3)
(p<0.02) with the damage confined to the cerebral cortex (figure 7). There was no
correlation between degree of ischemia and eventual infarct volume.

Neurological data

The neurological score of the animal receiving VNS during transient MCA occlusion (5.5 +
0.9) was significantly lower than those not being stimulated (9.8 + 0.4) (p<0.001). In the
photothrombosis study, however, although the score for the stimulated animals (4.0 + 0.8)
was less than the nonstimulated group (5.8 £ 0.5), the difference was not statistically
significant (p=0.09).

Discussion

In the current study we found that vagus nerve stimulation can produce neuroprotection,
leading to a 56.3% decrease in total infarct volume in transient MCA occlusion and a 38.4%
decrease in permanent MCA occlusion. This is consistent with earlier reports suggesting a
neuroprotective effect of VNS in global and focal models of transient cerebral ischemia 18—
20, This is the first report, however, showing that VNS-induced neuroprotection extends to
permanent cerebral ischemia. The second new finding of this study is that the decrease in
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infarct volume in both temporary and permanent ischemia is not due to changes in blood
flow either during the period of ischemia or during the early period of reperfusion (in the
case of transient ischemia).

The literature is replete with studies examining a variety of drug trials in both temporary and
permanent ischemia. Many of these studies found that neuroprotection was similar in both
models of permanent and transient cerebral ischemia 36739, whereas in others, treatments
found effective in transient ischemia did not carry over into permanent ischemia 24 40-42,
These differences were frequently related to the mechanism by which the treatment was able
to reduce tissue damage. The observation that VNS was able to reduce infarct size in
permanent cerebral ischemia strongly suggests that the mechanism of neuroprotection is not
related to vagus nerve stimulation interfering with reperfusion injury 43 44 but instead it in
some way interferes with the deleterious ischemic cascade during the ischemic period.

Although the decrease in tissue damage was accompanied by a significant improvement in
neurological score in the transient group, there was no statistically significant improvement
as a result of VNS in the permanent ischemia studies. Although this may be due to the lack
of sensitivity of the neurological test used to pick up behavioral differences accompanying
salvage of cortical damage elicited by the vagus nerve stimulation in the photothrombosis
model, it is most likely due to any neurological improvement being too small to reach
statistical significance with the number of animals used in this study.

During the 30 sec stimulation epochs SAP dropped 5.1 mm Hg in TMCAO and 9.6 mm Hg
in PMCAQO. The decrease in SAP in the temporary MCA occlusion study was less than that
observed by Ay et al. 20 who reported a 49.6 mm Hg drop in SAP using similar stimulation
parameters but well within the range of other studies using comparable stimulation
parameters. Similarly, the decrease in HR in the temporary MCAO study was less than that
reported by Ay et al. 29, but well within reported studies in the literature. In the present
transient cerebral ischemia study the decrease in infarct volume due to vagus nerve
stimulation (56.4%) is very similar to that reported previously (50.9%)2° yet we report a
smaller decrease in blood pressure and heart rate during stimulation. This suggests that SAP
and HR are not of primary importance in the mechanism of neuroprotection.

Since the majority of clinical strokes are thrombotic in origin, we decided to use a
photothrombotic model for the permanent ischemia studies. This model produces an arterial
thrombus similar that that seen clinically and has been used to study a variety of
neuroprotective strategies “°~47. Although the ischemic distribution area following
photothrombosis does differ from that with MCA occlusion by placing a ligature on the
MCA, by thermocoagulation, or by leaving a filament in the MCA lumen until sacrifice, the
blood flow in the core remains at an approximately similar depressed value over at least the
first 24 hours following photothrombosis 48, thereby making this a model of permanent
cerebral ischemia.

The reduction in infarct volume seen in the temporary cerebral ischemia study (56%) was
comparable to that obtained by Ay and associates 20 (48%) and the improvement in
functional scores was almost identical. Changes in cerebral blood flow as measured with
speckle contrast imaging in both the temporary MCA occlusion study (TMCAOQO) and in the
permanent MCA occlusion study (TMCAO) were very similar in both the VNS and the
control groups everywhere in the field of view which included both the core of the MCA
territory in the cortex, and the peri-infarct zone. This strongly suggests that the
neuroprotection seen with VNS is not due to any alterations in tissue perfusion elicited by
the stimulation, but instead must be attributed to another mechanism. Although VNS has
been shown to increase CBF in the thalamus of patients with partial epilepsy, no blood flow
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changes were observed in the cerebral cortex in that study 4%, which was the only region of
the brain monitored in the present study. However, in patients with depression, acute left
VNS does increase CBF bilaterally in the temporal cortex and in the right parietal cortex 0.
It is difficult to extend these findings to our rat study since in our study the right vagus nerve
was stimulated, but a blood flow effect in only the contralateral parietal cortex would
suggest that our right VNS did not alter CBF in the ischemic (right) territory. Examination
of the speckle contrast images in both the transient and the permanent ischemia studies
indicated that VNS was unable to augment CBF not only in the ischemic territory but also in
the regions surrounding the ischemic core. This indicates that VNS is incapable of
expanding the volume of tissue with blood flow above the critical threshold for damage.

Other proposed mechanisms that have been suggested for VNS-induced neuroprotection
include its ability to attenuate excitatory amino acids 19 51, increase GABA (an inhibitor
amino acid) 2, attenuate inflammation 53, and reduce neuronal excitability 5 that
accompanies ischemia °°. The similarity in neuroprotection in the transient and permanent
ischemia studies does suggest that the mechanism of neuroprotection is not due to any
ability to ameliorate reperfusion injury and that VNS can be used in both ischemia with
early reperfusion and in permanent ischemia. Another potential mechanism for stimulus-
induced neuroprotection involves the upregulation of neurotrophins. It has been shown that
brain-derived neurotrophin factor (BDNF) expression, for example, increases after vagus
nerve stimulation 6. BDNF also plays a neuroprotective role in focal cerebral ischemia %7,
potentially acting through the high-affinity receptor tyrosine kinase®® or through BDNF-
induced tissue type plasminogen activator secretion >°.These potential mechanisms need to
be pursued with particular reference to cerebral ischemia in future studies.

One of the items of the STAIR recommendations for preclinical stroke drug development is
to assess outcome measures with prolonged survival following promising results in acute
studies®0 in order to determine if the drug has simply slowed down the maturation of the
damage®?. Undertaking long-term follow-up is more challenging because of the difficulty in
maintaining good physiological control and for this reason acute evaluation is frequently
done first. It will be important to determine if the promising results obtained in this study
extend to chronic neuroprotection.

In this study we have shown that vagus nerve stimulation during transient cerebral ischemia
is neuroprotective - it reduces infarct volume and leads to a better functional recovery. This
beneficial effect is not due to any alterations in cerebral blood flow by the vagal stimulation.
Additionally, vagus nerve stimulation also reduces neuronal damage following permanent
cerebral ischemia produced by photothrombosis of the middle cerebral artery and does so
independent of any effect on cerebral blood flow. Although the functional score was lower
(better), this did not reach statistical significance. The results of this study may have
significant clinical implications for acute stroke treatment. Future studies are needed to
specifically elucidate the timing duration, and stimulation parameters necessary to maximize
this observed protective effect. Although implantable devices for VNS are FDA approved
and used routinely in refractory epilepsy and treatment resistant depression, these devices
are not ideal for acute use in stroke. Transcutaneous vagus nerve stimulators are currently
available and have been shown to produce changes in cerebral hemodynamics as measured
with functional magnetic resonance (fMRI) somewhat similar to those seen with implantable
devices®2. Should VNS prove beneficial in cerebral ischemia, the use of transcutaneous
vagus nerve stimulation can be investigated.
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Figure 1.
Schematic of experimental protocol for the temporary middle cerebral artery occlusion

(TMCAO) studies which involved filament occlusion along with right common carotid
occlusion (rCCAO) (A) and the permanent middle cerebral artery occlusion (PMCAOQ)
studies produced by photothrombosis along with rCCAO (B). Changes in regional cerebral
blood flow (CBF) were monitored with laser speckle contrast imaging. Over the first 30
minutes following MCA occlusion, the vagal nerve was not stimulated, with vagal nerve
stimulation (VNS) starting 30 minutes into ischemia and lasting for 60 minutes.
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Figure 2.

Systemic arterial pressure (SAP) (A, C) and heart rate (HR) (B, D) for the TMCAO (A, B)
and PMCAO (C, D) studies. For the first 30 minutes following MCA occlusion the vagus
nerve was not stimulated (NS1), for the next 60 minutes the vagus nerve was stimulated
(Stim); physiological parameters are shown for the 30 minutes after the end of stimulus
(NS2). In panels B and D the heart rate is shown during the four minutes immediately
preceding each pulse train (Pre-VNS) and for the 30 seconds of stimulation (VNS). Blood
pressure increased equally with MCA occlusion, independent of VNS stimulation. Vagal
nerve stimulation did produce a significant decrease in heart rate in both the transient and
permanent studies. * p<0.05 in comparison to baseline; 1 p<0.02, # p<0.005 in comparison
to no VNS stimulation. Data are shown as mean + SEM. There were eight animals in each of
the four groups (TMCAO control, TMCAO VNS, PMCAO control, PMCAO VNS).
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Cerebral blood flow in the MCA territory (circles) and in the boundary zone (triangles) as
determined from laser speckle contrast imaging during and following temporary MCA
occlusion. Changes in flow are shown as a fraction of the baseline (pre-ischemia) flow. The
open symbols are from the groups not receiving vagus nerve stimulation and the close
symbols are from stimulated animals. VNS did not produce any change in blood flow. Data
are shown as mean + SEM. The symbols are slightly time-shifted so as to more easily
visualize the data. There were eight animals in each group.
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Figure 4.

Speckle images showing changes in cerebral blood flow (CBF) with respect to blood flow
just prior to filament occlusion of the MCA. The image on the left (A) was obtained
following MCA occlusion but prior to start of vagus nerve stimulation, while the image on
the right (B) was obtained during a 30 second train of stimulation pulses to the vagus nerve.
There is a dramatic decrease in CBF in the MCA territory. Note the similarity of the two
images with no apparent increase in CBF due to stimulation. The numbers on the color scale
are fractions of the pre-occlusion CBF and the scale bar in panel A is 1 mm.
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Figure 5.

Cerebral blood flow in the MCA territory (circles) and in the peri-infarct territory (triangles)
as determined from laser Doppler flowmetry (LDF) during and following permanent MCA
occlusion. Changes in flow are shown as a fraction of the baseline (pre-ischemia) flow. The
open symbols are from the groups not receiving vagus nerve stimulation and the close
symbols are from stimulated animals. VNS did not produce any change in blood flow. Data
are shown as mean + SEM. There were eight animals in each group.
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Figure 6.

Infarct volume in animals in the transient ischemia study with (closed circles) and without
(open circles) vagus nerve stimulation (VNS) in the cerebral cortex (left panel), the striatum
(center panel), and in the total brain (right panel). * p<0.005 with respect to unstimulated
group. There were eight animals in each group.
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Infarct volume in animals in the permanent ischemia study with (closed circles) and without
(open circles) vagus nerve stimulation (VNS). * p<0.02 with respect to unstimulated group.

There were eight animals in each group.
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Table 1

TMCAO - Temporary MCA occlusion (intra-arterial filament)

Control

pH PCO, (mmHg) PO, (mm Hg)
Priorto VNS 7.43 +£0.020 40619 115+ 10
During VNS 7.41+0.016 44423 103+7
Vagus nerve stimulation

pH PCO, (mmHg) PO, (mm Hg)
Priorto VNS 7.42+0.023 419+25 109+4
VNS 7.41+0.015 434+21 100+5

PMCAOQO - Permanent MCA occlusion (photothrombosis)

Control

pH PCO, (mmHg) PO, (mm Hg)
Prior to VNS 7.43+0.03 42.7+3.1 111+4
VNS 7.44 +0.02 41721 112+5

Vagus nerve stimulation

pH PCO, (mmHg) PO, (mm Hg)
Prior to VNS 7.42£0.01 441+19 113 +5
VNS 7.44+0.01 419+15 114+ 4
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