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Abstract

Clinical and basic studies have indicated that upper cervical spinal cord stimulation (cSCS)
significant increases cerebral blood flow (CBF), but the mechanisms are incompletely understood.
This investigation was conducted to differentiate between stimulation of dorsal column fibers and
upper cervical spinal cord cell bodies in cSCS-induced increases in CBF and decreases in cerebral
vascular resistance (CVR). ¢SCS (50 Hz, 0.2 ms, 1 min) was applied on the left C1-C2 dorsal column
n pentobarbital anesthetized, ventilated and paralyzed male rats. Laser Doppler flowmetry probes
were placed bilaterally over the parietal cortex, and arterial pressure was monitored. cSCS at 30%,
60%, and 90% of motor threshold (MT) produced vasodilation bilaterally in cerebral cortices.
Subsequently, cSCS was applied at 90% MT, and ipsilateral responses were recorded. Ibotenic acid
(0.3mg/ml, 0.1ml) placed on dorsal surface of C1-C2 (n=7) to suppress cell body activity, did not
affect cSCS-induced %oCBF (42.5£8.1% vs 36.8+7.1%, P>0.050and %aoCVR (—19.4+4.2% vs
—15.245.6%, P>0.05). However, bilateral transection of the dorsal column at rostral C1 (n=8)
abolished cSCS-induced changes in CBF and CVR. Also, rostral C1 transection (n=7) abolished
cSCS-induced changes in CBF and CVR. Resinferatoxin (RTX), an ultra potent TRPV1 agonist, was
used to inactivate TRPV1 containing nerve fibers / cell bodies. RTX (2 pg/mlo0.1ml) placed on the
C1-C2 spinal cord (n=7) did not affect cSCS-induced %ACBF (60.2+8.1% vs 46.3+7.7%, P>0.05)
and %ACVR (—25.5+3.5% vs —21.4+8.9%, P>0.05). However, intravenous RTX (2 pg/kg, n=9)
decreased cSCS-induced %ACBF from 65.0+£9.5% to 27.4+7.2% (P<0.05) and %ACVR from —28.0
+7.6% to —14.8+4.2% (P<0.05). These results indicated that cSCS-increases in CBF and decreases
in CVR occurred via rostral spinal dorsal column fibers and did not depend upon C1-C2 cell bodies.
Also, our results suggested that cerebral but not spinal TRPV1 was involved in cSCS-induced
cerebral vasodilation.
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Introduction

Spinal cord stimulation (SCS) has been widely used as a clinically effective therapeutic
modality to treat refractory neuropathic pain as well as ischemic pain resulting from peripheral
vascular disease and angina pectoris (Cameron, 2004; Linderoth and Foreman, 1999; 2006).
However, SCS has been used to a much less extent for treating cerebral vascular disturbances
(Wu et al. 2007a). Hosobuchi (1985) was the first to report that cervical SCS (cSCS) produced
an increase in cerebral blood flow (CBF) in humans. Subsequent clinical observations
demonstrated that cSCS decreases cerebral vascular resistance and increases blood flow
velocity, leading to an enhancement of the local-regional delivery of oxygen (Clavo et al.,
2004; Mazzone et al. 1996; Meglio et al., 1991a, b). Therefore, the promising results of SCS-
induced CBF augmentation have led some clinicians to use this procedure to treat various
cerebral vascular disorders. These cerebral diseases and/or pathological conditions include
cerebral ischemia (Broseta et al., 1994; De Andres et al., 2007; Hosobuchi, 1991), ischemic
spastic hemiparesis (Visocchi et al., 1994), focal cerebral ischemia (Meglio et al., 19913, b;
Ebel et al., 2001; Sagher et al., 2003; Sagher and Huang 2006; Robaina et al., 2004), cerebral
vasospasm (Gurelik et al., 2005; Karadag et al., 2005; Visocchi et al., 2001), stroke (Hosobuchi,
1991; Matsui and Hosobuchi, 1989; Visocchi et al., 1994, 2001), ischemic cerebral oedema
(Gonzalez-Darder and Canadas-Rodriguez, 1991), postapoplectic spastic hemiplegia
(Nakamura and Tsubokawa, 1985), prolonged coma (Fujii et al., 1998), persistent vegetative
state (Funahashi et al. 1989; Kanno et al., 1987; Kuwata, 1993), as well as migraine and post-
traumatic cervicogenic headache (Dario et al., 2005). However, the underlying mechanisms of
blood flow improvement are not well understood (Wu et al. 2007a).

Animal models have been used to evaluate possible central and peripheral mechanisms of
cSCS-induced increases in CBF. Blockade of autonomic ganglia with hexamethonium and
blockade of al-adrenergic receptors can suppress cSCS-induced increases in CBF (Patel et al.,
2003; Sagher and Huang, 2000), but muscarinic receptor blockade with atropine had no effect
(Garcia-March et al, 1989). Effects on brain vasomotor areas also are presumed to be of
importance for increasing CBF (Patel et al., 2004; Sagher and Huang, 2000). In the case of
SCS-induced hindlimb vasodilation, the response to SCS depends on TRPV1 containing
peripheral fibers, as well as TRPV1 containing neurons in the spinal cord (Wu et al, 2006,
2007b), but it is unknown whether similar pathways are relevant to cSCS effects on CBF.
Spinal cord transection in rats and dorsal column section in cats at the cervicomedullary
junction abolish effects of cSCS on CBF (Isono et al., 1995; Patel et al. 2004). These effects
may indicate that dorsal column fibers carry cSCS input to the brain; however, the upper
cervical spinal cord also contains spinal neurons with projections to supraspinal structures,
including various nuclei in caudal medulla, thalamus, hypothalamus, and periaqueductal gray
in rats and cats (Malick et al., 2000; Mouton et al., 2005). It is unknown whether these spinal
neurons play a role in changes of CBF by ¢SCS. Another important limitation of the SCS data
discussed above is that cerebrovascular resistance (CVR) had not been calculated for each
animal in previous studies. In some cases, a decrease in resistance might be inferred from mean
changes in blood pressure versus mean changes in blood flow, but the occurrence of
vasodilation is best verified by taking the mean of individual changes in vascular resistance.

To clarify and expand the results of previous studies, we addressed two issues with respect to
upper cSCS-induced cerebral vasodilation in pentobarbital anesthetized rats. The first goal was
to clarify the pathway from cervical spinal cord to brain through which cSCS produced cerebral
vasodilation. Previous studies suggested that dorsal columns transmitted the information for

vasodilation to the brain, but the effect could have been related to activation of cell bodies in
the upper cervical spinal cord rather than axons. To differentiate between these mechanisms,
effects on cSCS-induced cerebral vasodilation after C1 transections and after application of

ibotenic acid to the C1-C2 spinal cord were compared. Ibotenic acid is excitotoxic to neuronal
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cell bodies but does not affect axons of passage (Ren et al. 1990). Our second goal was to assess
the effects of TRPV1 containing neurons and nerve fibers during cSCS-induced cerebral
vasodilation, since TRPV1-related mechanisms are crucial for SCS-induced peripheral
vasodilation. We used resiniferatoxin (RTX), an ultrapotent TRPV1 agonist, to deactivate
TRPV1 containing neurons / fibers involved in SCS (Wu et al. 2006; 2007). RTX was applied
to the C1-C2 spinal cord or administered intravenously. All responses were examined with
respect to changes in CBF and CVR for each tested animal. Because previous studies did not
rigorously examine effects on resistance, we also verified that ganglionic blockade with
hexamethonium suppressed upper cervical SCS-induced vasodilation. In addition, we
considered whether the effects from the sympathetic chain could be excluded from the SCS
response using C6-C7 spinal transection. Some of our results have been presented in abstract
form (Yang et al., 2007a, b).

Materials and Methods

Animal preparation

Experiments were performed in 61 male Sprague-Dawley rats (310-430g Charles River, MA).
The protocol for this study was approved by the Institutional Animal Care and Use Committee
of the University of Oklahoma Health Sciences Center and also followed the guidelines of
animal experiments of the International Association for the Study of Pain. Anesthesia was
initially induced by sodium pentobarbital (60 mg/kg i.p.) and was maintained throughout the
experiment with constant intravenous infusion (15-25 mg/kg/h) through a catheter (PE-50)
placed into the right jugular vein. Another catheter (PE-50) was inserted into the right carotid
artery to monitor blood pressure (BP). A tracheotomy was performed for mechanical
ventilation with a rodent ventilator (Model 683; Harvard Apparatus, Inc., S. Natick, MA) using
a constant-volume pump (55-60 strokes/min, 3.0-5.0 ml stroke volume). Animals were
paralyzed with pancuronium bromide (0.4 mg/kg, i.p.) and muscle relaxation was maintained
with supplemental doses (0.2 mg/kg/h i.v.) during the experiment. Average blood pressure was
kept between 80 and 120 mmHg, and pupils were constricted throughout experiments. Core
body temperature was measured with a rectal probe and maintained between 36 and 38 °C at
all times using a servo-controlled heating pad (Model 71A; Yellow Springs Instruments,
Yellow Springs, OH). Animals were positioned in a stereotaxic frame and the vertebral column
was stabilized with clamps. A laminectomy was performed to expose the dorsal surface of the
cervical spinal cord segments (C1-C7). Room temperature was maintained between 22 and
24°C.

Spinal cord stimulation

A silver spring-loaded unipolar ball electrode with tip diameter of approximate 1 mm was
placed on the left dorsal column 0.5 mm rostral to the C2 dorsal root entry zone to electrically
activate C1-C2 spinal segments (Qin et al. 2007). The motor threshold (MT) stimulus intensity
was determined in each animal at 50 Hz, 0.2 ms duration by slowly increasing the cSCS current
from zero until a clear retraction of the left neck muscles was observed. Experimental cSCS
(50 Hz; 0.2 ms, monophasic rectangular pulses), similar to clinical SCS, was performed for
1min at 30%, 60%, 90% of MT in random order of stimulus intensities (Tanaka et al. 2001;
Wau et al., 2006). The lowest level of stimulation at 30% of MT is used because it was closest
to the threshold of SCS that produced vasodilation. The level of stimulation at 60% of MT is
also used because it approximates the parameters of clinical applications of SCS (Linderoth
and Foreman 1999; 2006). The level of stimulation at 90% of MT intensity is used since it is
close to, but below motor threshold. To obtain the stimulus- response relationships, different
intensities of cSCS were applied at intervals >10 min and effects on CBF/CVR were assessed.
In the experiments to examine the neural pathway and role of TRPV1, cSCS (90% MT) was
reapplied after CBF/CVR recovered to control levels subsequent to spinal transection or
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chemical blockades (>20 min). Usually, cSCS was applied 5-8 times in each animal. In
addition, to avoid potential interactions among drugs, testing trials for different chemical
blockades were conducted in different groups of animals.

Measurement of CBF

A midline incision was made to expose the parietal region of the skull. A dental drill was used
to produce a 3.0-mm-diameter hole that exposed the right and left parietal cortex at 4.0mm
lateral and 3.0mm posterior to the bregma. These locations were held constantly to ensure
reproducibility of recording CBF. The dura was exposed and kept intact. Under an operating
microscope, a micromanipulator was used to position the 1-mm diameter laser Doppler probe
(wavelength, 780 nm; probe 407, PeriFlux 5001; Perimed AB, Inc., Stockholm, Sweden) just
above the dura over the exposed hemisphere. Care was taken to place the probe at a brain area
with minimal vascularization. Both the laser probe and its holder were fixed to the skull by
agar. Cortical CBF was assessed continually by using laser Doppler flowmetry (LDF) and
arterial blood pressure was measured to calculate CVR. Responses to cSCS were determined
as percent change from the baseline blood flow. Cerebral blood flow (CBF) and arterial blood
pressure were recorded for 1 min of cSCS presented at different intensities in random order.

Spinal transections and pharmacological treatments

Spinal transections at C6-C7, dorsal column, and rostral C1 segment were carefully performed
by using a sharp surgical knife. Hexamethonium (10 mg/kg), a ganglionic blocker, was
intravenously administrated to interrupt sympathetic efferent activity (Patel et al. 2003; Tanaka
et al. 2001). Chemical lesions with the soma-selective neurotoxin ibotenic acid were made at
C1-C2 spinal segments to inactivate spinal neurons. Six to eight pieces of 2x2mm filter papers
soaked with ibotenic acid (0.3mg/ml, 0.1ml) were placed on the C1-C2 spinal cord. To
desensitize TRPV1 receptors, resiniferatoxin (RTX), an ultra potent analog of capsaicin and
TRPV1 receptor agonist, was administered intravenously or on the C1-C2 surface of spinal
cord (Wu et al. 2006; 2007b). Six to eight pieces of 2x2mm filter papers soaked with RTX (2
pg/ml, 0.1ml) were placed on the C1-C2 spinal cord. A stock solution of RTX (1 mg) was
dissolved in 0.5 ml ethanol and 0.5 ml Tween 80. The bottle containing stock solution was
wrapped in foil and stored in a—80° C freezer. On the day of an experiment, the stock solution
of RTX was diluted in saline for intravenous injection (2 pg/kg). Agar (3-4% in saline) was
used to make a well on the surface of spinal cord to prevent different drugs from diffusing to
other spinal cord segments.

Statistical analysis

The unit of blood flow measurement was voltage. The change of CBF resulting from cSCS
was calculated as the maximum voltage divided by the baseline voltage times 100 (%ACBF).
Mean blood pressure was calculated by using the formula 2/3 x diastolic blood pressure
+1/3xsystolic blood pressure. When this value was divided by the voltage unit of flow, CVR
in arbitrary units was obtained. The change in CVR resulting from ¢cSCS was calculated as
CVR at maximum flow divided by baseline CVR times 100 (%ACVR. This method may
underestimate %ACVR if regional intracerebral venous resistance is raised sufficiently by
cSCS to produce or increase a vascular waterfall effect. It is unclear whether such an effect
occurs in this paradigm. The %ACBF and %ACVR were compared before and after various
treatments. Data are presented as mean% + SE. Differences in CBF and CVR between
treatments were analyzed by one-way repeated measurement of variance ANOVA followed
by Tukey's multiple comparison. Differences were considered statistically significant at
P<0.05.

Neuroscience. Author manuscript; available in PMC 2009 April 9.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yang et al. Page 5

Results

Effects of cSCS on CBF

The average motor threshold (MT) in the first group of animals was 459+13uA (n=9). The
cSCS at the different intensities (30%, 60%, 90% of MT) in random order increased CBF and
decreased CVR from baseline (P<0.05). Changes of CBF and CVR with cSCS of 90% MT
were greater than 30% of MT on both the ipsilateral and contralateral cortex (P<0.05). The
maximal effect of cSCS on CBF and CVR occurred at 8.5+1.9s. Typical recordings of CBF in
the ipsilateral and contralateral cortex and arterial blood pressure in response to different
intensities of cSCS are shown in Fig. 1A. A summary for effects of cSCS on bilateral CBF and
CVR are presented in Fig. 1B.

Neural pathway for cSCS-induced vasodilation

Spinal transections, intravenous hexamethonium, and C1-C2 ibotenic acid were used to
determine the neural pathway for effect of cSCS-induced cerebral vasodilation. In the first
group, intravenous hexamethonium significantly reduced effects of cSCS at 90% of MT (379
+45pA, n=7) on %ACBF (39.5+8.3% vs 23.7+3.1%, P<0.05) and %ACVR (—20.5+4.3% vs
—3.0£0.2%, P<0.01). Effects of intravenous hexamethonium on both CBF and CVR are
summarized in Fig. 2 and an example of CBF augmented by cSCS but significantly attenuated
by hexamethonium is shown in Fig. 3A. In the second group, spinal transection at C6-C7
segments did not affect %ACBF (53.8+11.7% vs 42.1+14.2%, P>0.05) and %ACVR (—24.3
+4.8% vs —17.1+7.7%, P>0.05) to cSCS at 90% of MT (436+52pA, n=7). Statistical summary
and example of effects of spinal transection at C6-C7 segments on CBF and CVR are shown
in Fig. 2 and Fig. 3B. In the third group, ibotenic acid (0.3mg/ml, 0.1ml) placed on the dorsal
surface of C1-C2 spinal segments did not affect %oCBF (42.5+8.1% vs 36.8+7.1%,
P>0.050and %oCVR (—19.4+4.2% vs —15.2+5.6%, P>0.05) to cSCS at 90% of MT (389
+29pA, n=7). Fig. 2 and Fig. 3C show statistical summary and example of effects of ibotenic
acid placed on C1-C2 spinal cord. In the fourth group, the average motor threshold was 370
+17pA (n=8). Bilateral transection of the dorsal column at the rostral C1 segment abolished
%ACBF from 54.1+10.8% to 11.6+1.8% (P<0.01) and %ACVR from —22.94+5.2% to —5.3
+1.9% (P<0.05) with cSCS at 90% of MT. Effects of dorsal column transection at the rostral
C1 segment on CBF and CVR are summarized in Fig. 2 and an example is shown in Fig. 3D.
In the fifth group, the average motor threshold was 418+62uA (n=7). The rostral C1 transection
abolished %ACBF (47.0£5.5% vs 8.8+2.0%, P<0.01) and %ACVR (—20.3+4.0% vs —3.8
+2.1%, P<0.01) to cSCS at 90% of MT. Data are summarized Fig. 2 and Fig. 3E shows an
example that C1 transection abolished the effects of cSCS on CBF and CVR.

The role of TRPV1

To determine if TRPV1 is involved in the effects of cSCS on ipsilateral CBF, an agonist of
TRPV1 was administered intrathecally and intravenously. In the first group, application of
RTX onthe C1-C2 segments did not significantly affect the % ACBF (60.2+8.1% vs 46.3£7.7%,
P>0.05) and %ACVR (—25.5+3.5% vs —21.4+8.9%, P>0.05) to cSCS at 90% of MT (472
+45pA, n=7). Data are summarized Fig. 4 and a typical example of the effect of intrathecal
RTX at C1-C2 segments on CBF is shown in Fig. 5B. In the second group, after desensitization
of TRPV1 with intravenous RTX, cSCS-induced augmentation of %ACBF significantly
decreased from 65.0+9.5% to 27.4+7.2% (P<0.05). It also reduced the %ACVR from —28.0
+7.6% to —14.8+4.2% (P<0.05) with cSCS at 90% of MT (461+33pA, n=9). Nevertheless,
cSCS-induced CBF and CVR values after RTX were changed in comparing to baseline levels
at P<0.01 and P<0.05, respectively. Fig. 4 and Fig. 5C show a result of the analysis and an
example of effect of intravenous RTX on CBF and CVR.
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Discussion

Effects of cSCS on CBF

The location of the stimulating electrode to apply cSCS often extends from C1 to C6, and the
optimal placement is on the C1-C3 segments (Goksel et al., 2001; Patel et al.2003; Sagher et
al., 2000). However, cSCS stimulation on the lower cervical and thoracic spinal cord does not
significantly affect CBF (Hosobuchi, 1985; Isono et al., 1995; Sagher et al., 2000). Based on
these observations, C1-C2 segments were selected as a place to set up cSCS in the present
study. The stimulus parameters used for cSCS to augment CBF have been variously determined
in previous studies. For example, cSCS with a frequency of 20 Hz gradually increased CBF
up to 140% of the pre-SCS value in cats. This value remained high for 15 min after cSCS was
terminated (Isono et al., 1995). In contrast, cSCS with 200-2,000 Hz does not increase CBF
(Isono et al., 1995). In another study in cats, cSCS at a stimulus intensity of 4V (25 Hz and 0.1
ms) enhances CBF without producing any harmful effects, and this is sustained for 30 min
after terminating cSCS (Inoue et al., 2000). In rabbits, cSCS (0.21 ms, 80 Hz, 2/3 MT, 20 min)
increases CBF in 52.4% of animals, decreases CBF in 9.5% of animals, and did not affect the
remaining animals (Visocchi et al., 1994). In rats, cSCS (0.25 ms, 50 Hz, 1.5 mA\) increased
CBF values by more than 80% over baseline (Zhong et al., 2004). A persistent increase in CBF
can be produced when applying ¢SCS for up to 20 minutes. Tachyphylaxis to the effects of
cSCS on CBF does not seem to limit its effectiveness in the experimental model (Zhong et al.,
2004). Therefore, the adjustments in stimulation intensity, pulse width and frequency of cSCS
are necessary to produce an increase in CBF. In the present study, cSCS (50 Hz, 0.2 ms) was
applied low intensities (30, 60, 90% of MT) to the dorsal column of upper cervical (C1-C2)
spinal segments and bilaterally increased CBF by 20-60%. The magnitude of the CBF and
CVR response varied in a dose-dependent fashion with the changes in stimulation intensity of
cSCS. These parameters of SCS were used since they are similar to clinical settings of SCS
employed by physicians (Cameron 2004; Linderoth and Foreman 1999; 2006).

Pathways of cSCS effects

The neural pathways or mechanisms underlying cSCS-induced augmentation of CBF and
reduction of CVVR are not well understood. Some studies suggested the involvement of
alterations in sympathetic tone in cSCS-induced cerebral vasodilation (Broseta et al., 1994;
Isono et al., 1995; Visocchi et al., 1994). For example, intravenous administration of
hexamethonium (a ganglionic blocker) and prazosin (a selective a-1 receptor blocker) prior to
the initiation of cSCS in rats abolish the cSCS-induced cerebral vasodilation (Patel et al.,
2003; Sagher et al., 2000). In contrast, idazoxan (a selective a-2 receptor blocker) and
propranolol (a non-selective blocker) does not affect or partially attenuate the cSCS effect on
CBF (Garcia-March et al., 1989; Patel et al., 2003). The present study in rats also showed that
effects of cSCS on CBF and CVR were reduced by the intravenous injection of
hexamethonium. It is important to note that in previous studies sympathetic tone was only
assumed to play a role since CVR was not calculated for each animal (Patel et al. 2003).
However, in the present study intravenous hexamethonium affected CVR as well as CBF.
Therefore, this study confirms the idea that overall sympathetic tone is likely to play an
important role in cSCS-induced cerebral vasodilation. This mechanism is mainly mediated by
a-1 adrenergic receptors (Patel et al., 2003). Resection of superior cervical ganglion does not
affect cerebral vasodilation produced by cSCS in rats (Patel et al., 2004). Furthermore, in the
present study spinal transection at lower cervical spinal cord (C6-C7) did not affect the
augmentation of CBF and reduction of CVR by cSCS. These results suggest that effects of
cSCS on CBF and CVR do not likely depend on cervical and thoracic sympathetic outflow.

Since cSCS is directly applied to upper cervical spinal segments (C1-C2), the effects of cSCS
might result from activation of passing fibers in spinal dorsal column with rostral projections
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to dorsal column nuclei in medulla. Another possibility is that cSCS activates spinal neurons
with rostral projections to supraspinal sites (Malick et al., 2000; Mouton et al., 2005). In the
present study, ibotenic acid applied to C1-C2 segment did not significantly reduce effects of
cSCS on CBF and CVR, but complete bilateral dorsal column transection at the C1 segment
or transection of the spinal cord at the spinal cervicomedullary junction attenuated the cSCS-
induced CBF and CVR. These data indicated that ascending fibers in dorsal column rather than
rostral spinal neuronal projections serve as a key pathway that might play an important role of
cSCS-induced effects of CBF and CVR. It is consistent with the observations from previous
studies in rats (Sagher and Huang, 2000) and cats (Isono et al., 1995) except the effects from
cell bodies were not evaluated in these investigations. Apparently, low intensity cSCS
performed in the present study might more likely activate the low-threshold large fibers in
dorsal column (Linderoth and Foreman, 1999; 2006) so as to elicit rostral effects on supraspinal
sites.

After reviewing the literature and the results of the present study, we propose that the central
pathway involves ascending dorsal column fibers, preganglionic neurons in the rostral
ventrolateral medulla and parasympathetic cerebrovascular innervation of sphenopalatine
ganglion which is independent of the sympathetic chain. Some investigators have suggested
that cSCS may initially activate vasomotor centers in the rostral region of ventrolateral medulla
(Patel et al., 2004). In support of this, after injecting WGA-HRP into the dorsal column nuclei,
anterograde and retrograde labeling neurons were found bilaterally within the rostral
ventrolateral medulla (Kamiya et al. 1988). Preganglionic parasympathetic neurons in this
region contain nitric oxide synthase and choline acetyltransferase, and send projections to the
sphenopalatine ganglion in rabbits (Zhu et al. 1997) and rats (Suzuki et a. 1990). The
sphenopalatine ganglion is the major source of postganglionic parasympathetic fibers that
innervate the vascular beds of the cerebral hemispheres (Hara et al. 1993). Electrical
stimulation of sphenopalatine ganglion or postganglionic fibers significantly increased CBF
in the ipsilateral and contralateral parietal cortex independent of cerebral metabolism in rats
(Seylaz et al. 1988; Suzuki et al. 1990), and cats (Goadsby 1990). Nitric oxide and vasoactive
intestinal polypeptide often co-exist in these postganglionic fiber terminals perivascularly
innervating the cerebral arteries in rats (ladecola et al. 1993; Minami et al. 1994). Thus, it was
reasonable to suggest that a potential pathway, i.e. dorsal column nuclei,rostral ventrolateral
medulla, Sphenopalatine ganglion, and cortical vascular beds, could be activated by cSCS and
produce an augmentation of CBF observed in the present study.

Role of TRPV1

Transient receptor potential vanilloid-1 (TRPV1), a ligand-gated nonselective cation channel,
is activated by capsaicin, protons, and heat, as well as by some endogenous ligands
(anandamide, ATP, lipoxygenase products, N-oleoyldopamine, etc.) (Steenland et al., 2006).
This receptor is expressed in small-diameter, primary afferent neurons of the dorsal root,
trigeminal, as well as in neurons of the nodose ganglia and spinal dorsal horn. It is considered
to be an important integrator to detect various noxious stimuli and play a role in pain-related
behaviors (Szallasi and Blumberg, 1999; Steenland et al., 2006). There is increasing evidence
that TRPV1 expression not only occurs in spinal sensory neurons, but also in supraspinal
structures including the cortex (Steenland et al., 2006). Therefore, wide distribution of TRPV1
expression in the brain is consistent with multiple functions within the central nervous system.
There is TRPV1 expression in the cerebral microvasculature endothelial cells which may have
arole in the control of the vasculature (Golech et al., 2004). It also has been reported that
TRPV1 is found in the brain on astrocytes and pericytes, which are closely associated with
vasculature (Toth et al., 2005). TRPV1 receptor is active in the brain microvasculature and
exerts its permeability-increasing effect via substance P (Hu et al., 2005). In the present study,
local administration of RTX on C1-C2 spinal segments did not interrupt the augmentation of
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CBF or the reductions of CVR by cSCS. However, intravenous administration of RTX
significantly reduced the effect of cSCS on CBF and CVR. It is suggested that TRVP1 in the
brain but not the spinal cord may be involved in cerebral vasodilation by cSCS. These
intracerebral pathways might contain TRPV1 which could be involved in effects of cSCS on
CBF observed in the present study. In addition, some vasodilators and neurotransmitters, such
as CGRP, NO, SP, histamine, also possibly are involved in effects of cSCS on CBF (Garcia-
March et al., 1989; Goksel et al., 2001).

Conclusions

The present study indicated that cSCS effects on CBF and CVR do not involve sympathetic
outflow via the thoracic spinal cord but instead an ascending pathway in spinal dorsal column,
whichinvolved intracerebral rather than intraspinal TRPV1 was responsible for cSCS increases
in CBF and decreases in CVR. These mechanisms provide the evidence to elucidate a novel
target to improve therapeutic benefits of cSCS for patients suffering from cerebrovascular
diseases.
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Fig. 1.

Effects of cSCS with different stimulus intensities on bilateral CBF and CVR. A: Typical
recordings of bilateral CBF and arterial blood pressure in response to cSCS at different stimulus
intensities. MT, motor threshold. B: Changes of bilateral cerebral blood flow (%ACBF, upper
panel) and CVR (%ACVR, low panel) by cSCS at 30%, 60%, 90% of MT (n=9). * P <0.05
compared to response to cSCS at 30% of MT.
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Fig. 2.

Summary for effects of different treatments on cSCS-induced cerebral vasodilation. A:
Responses of ipsilateral CBF to cSCS at 90% of MT before and after intravenous
hexamethonium (He., n=7), spinal transection at C6-C7 segments (n=7), intrathecal ibotenic
acid (1A, 0.3mg/ml, 0.1ml, 20min) on C1-C2 spinal segments (n=7), bilateral dorsal column
(DC) transection at rostral C1 segment (n=8), and cutting at rostral C1 segment (n=7). B:
Responses of ipsilateral CVR to cSCS at 90% of MT before and after various treatments. Values
are expressed as the mean+SE. Statistical comparisons were made using two-way ANOVA.
oP<0.05, oo P<0.01, comparison before and after the treatments.
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Fig. 3.

Examples of effects of cSCS at 90% of MT on CBF in different treatments. A: Responses of
ipsilateral CBF to cSCS at 90% of MT before and after intravenous hexamethonium (10 mg/
kg). B: spinal transection at C6-C7 segments. C: intrathecal ibotenic acid (0.3mg/ml, 0.1ml,

20min) on C1-C2 spinal segments. D: bilateral dorsal column (DC) transection at rostral C1

segment. E: spinal transection at rostral C1 segment.
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Fig. 4.

Summary for effects of cSCS at 90% of MT on CBF in different treatments. A: Responses of
ipsilateral CBF before and after intrathecal administration of RTX on C1-C2 spinal segments
(n=7), intravenous administration of RTX (n=9). B: Responses of ipsilateral CVR before and
after intrathecal administration of RTX on C1-C2 spinal segments and intravenous
administration of RTX. oP<0.05 in comparison before and after the treatments.
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Examples of cSCS-induced cerebral vasodilation and the role of TRPV1. A: Responses of
ipsilateral CBF to repeated cSCS at 90% of MT. B: Responses of ipsilateral CBF to cSCS at
90% of MT before and after intrathecal RTX at C1-C2 spinal segments. C: Responses of
ipsilateral CBF to cSCS at 90% of MT before and after intravenous RTX.
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