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Abstract

Previous studies have shown that spinal cord stimulation (SCS) of upper lumbar segments decreases
visceromotor responses to mechanical stimuli in a sensitized rat colon and reduces symptoms of
irritable bowel syndrome in patients. SCS applied to the upper cervical spinal dorsal column reduces
pain of chronic refractory angina. Further, chemical stimulation of C1-C2 propriospinal neurons in
rats modulates the responses of lumbosacral spinal neurons to colorectal distension. The present
study was designed to compare the effects of upper cervical and lumbar SCS on activity of
lumbosacral neurons receiving noxious colorectal input. Extracellular potentials of L6-S2 spinal
neurons were recorded in pentobarbital anesthetized, paralyzed and ventilated male rats. SCS (50
Hz, 0.2 ms) at low intensity (90% of motor threshold) was applied to the dorsal column of upper
cervical (C1-C2) or upper lumbar (L2-L3) ipsilateral spinal segments. Colorectal distension (CRD,
20, 40, 60 mmHg, 20 s) was produced by air inflation of a latex balloon. Results showed that SCS
applied to L2-L3 and C1-C2 segments significantly reduced the excitatory responses to noxious CRD
from 417.6+68.0 imp to 296.3+53.6 imp (P<0.05, n=24) and from 336.2+64.5 imp to 225.0£73.3
imp (P<0.05, n=18), respectively. Effects of L2-L3 and C1-C2 SCS lasted 10.2+1.9 min and 8.0
+0.9 min after offset of CRD. Effects of SCS were observed on spinal neurons with either high or
low threshold excitatory responses to CRD. However, L2-L3 or C1-C2 SCS did not significantly
affect inhibitory neuronal responses to CRD. C1-C2 SCS-induced effects were abolished by cutting
the C7-C8 dorsal column but not by spinal transection at cervicomedullary junction. These data
demonstrated that upper cervical or lumbar SCS modulated responses of lumbosacral spinal neurons
to noxious mechanical stimulation of the colon, thereby, proved two loci for a potential therapeutic
effect of SCS in patients with irritable bowel syndrome and other colonic disorders.
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INTRODUCTION

During the last three decades, spinal cord stimulation (SCS) has become a therapy used for
treating certain chronic pains, such as neuropathic pain and ischemic pain (Cameron
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2004;Meyerson and Linderoth 2000a). Various neurophysiological and neurochemical
mechanisms underlying the beneficial effects of SCS have also been proposed (Linderoth and
Foreman 1999;2006). In general, electric stimulation to the dorsal column, which contains
large diameter afferent fibers, inhibits transmission of nociceptive information at the spinal
segmental level. This finding implicates elements of the gate control theory (Melzack and Wall
1965), although activation of supraspinal circuits may also be involved (El-Khoury et al.,
2002). Several experimental studies have been performed to explore effects of SCS on spinal
neuronal processing of noxious somatic inputs. For example, SCS mainly suppresses excitatory
responses of spinothalamic tract neurons (STT) and spinal neurons to noxious somatic stimuli
in monkeys (Foreman et al. 1976) and cats (Lindblom et al. 1977), attenuates dorsal horn
neuronal hyperexcitability in rats with mononeuropathy (Yakhnisa et al. 1999), and inhibits
long-term potentiation of spinal dynamic range neurons in rats (Wallin et al. 2003).

The mechanisms evoked by SCS have primarily addressed relief of somatic pain, particularly
neuropathic pain. However, few studies have examined effects of SCS on visceroreceptive
transmission in the spinal cord. Indeed, SCS is used in patients to treat chronic refractory angina
(Eliasson et al., 1996,Hautvast et al., 1998). Persistent esophageal pain also has been treated
with SCS (Jackson and Simpson, 2004). Chandler et al. (1993) report that SCS in monkeys
reduces excitatory responses of thoracic STT neurons to electrical stimulation of
cardiopulmonary sympathetic afferent fibers and to intracardiac injection of bradykinin.
Recently, experimental studies have shown that SCS suppresses or attenuates the nociceptive
visceromotor reflex produced by colorectal distension in rats with acute or chronic colonic
hypersensitivity produced with acetic acid or trinitrobenzenesulfonic acid (Greenwood-Van
Meerveld et al. 2003;2005). Based on these animal studies, Krames and Mousad (2004)
demonstrated in a case study that SCS might be a potential therapy for the treatment of patients
with irritable bowel syndrome. However, the effects of SCS on spinal neuronal responses to
colorectal distension have not been examined.

Commonly SCS is applied to the segments that elicit paresthesias in areas where patients
experience the pain (Linderoth and Foreman 1999;2006;Meyerson & Linderoth, 2000a).
However, in one human study SCS applied distant to the site of origin of refractory angina in
upper cervical spinal segments also reduced the pain symptoms (Gonzalez-Darder et al.,
1991). Animal studies have also shown that chemical activation of cell bodies in the C1-C2
spinal segments of spinal cord significantly suppresses excitatory responses of thoracic spinal
neurons receiving noxious inputs from heart and esophagus (Qin et al. 2004), and lumbosacral
spinal neurons with noxious colorectal input (Qin et al., 1999). These observations suggest that
SCS applied to upper cervical segments might also affect lumbosacral spinal neuronal
responses to noxious colorectal stimulus. The present study in rats was designed to examine
and compare the effects of SCS applied to upper cervical and lumbar segments on responses
of lumbosacral spinal neurons to noxious colorectal stimulation (CRD). The results showed
that SCS at both locations using clinical stimulation parameters significantly reduced excitatory
responses to noxious CRD in L6-S2 spinal neurons. A preliminary report has been published
in abstract form (Foreman et al. 2005).

Experiments were performed on 26 male Sprague-Dawley rats (Charles River Inc.) weighing
between 320-480 g. Protocols were approved by the Institutional Animal Care and Use
committee of the University of Oklahoma Health Sciences Center and followed guidelines of
the American Physiological Society and the International Association for the Study of Pain.
Animals initially were anesthetized with sodium pentobarbital (50 mg/kg ip). The right carotid
artery and left jugular vein were cannulated to monitor blood pressure and to infuse
pentobarbital (15-25 mg/kg/h) during the experiment, respectively. After tracheal cannulation,
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a constant volume pump was used to provide artificial ventilation (55-60 strokes/min, 3.0-5.0
ml stroke volume). Paralysis of animals was established with pancuronium bromide (0.2 mg/
ka/h, i.v.). Body temperature was kept between 37 and 38°C using a thermostatically controlled
heating blanket and overhead infrared lamps.

Laminectomies were performed to expose L6-S2 spinal segments for recording spinal neurons.
L2-L3 and C1-C2 spinal segments also were exposed for placing electrodes for spinal cord
stimulation (SCS). Animals were mounted in a stereotaxic headholder and spinal clamps
attached to a metal frame were fixed at caudal thoracic and sacral vertebrae. The dura mater
of exposed spinal segments was carefully removed. A small well was made on the L6-S2
segments with dental impression material and filled with agar (3-4% in saline) to improve
recording stability. Carbon-filament glass microelectrodes were used to record extracellular
action potentials of single spinal neurons in a region from midline to 2 mm lateral and 0-1.2
mm deep from the dorsal surface of L6-S1 segments. A spring-loaded platinum-ball electrode
(0.5-1.0 mm in diameter) was applied to the dorsal column ipsilateral to neuronal recording
sites at either upper lumbar (L2-L3) or upper cervical (C1-C2) segments for SCS. The electrical
current at the onset of small contractions in paraspinal muscles was defined as the motor
threshold (Tanaka et al. 2001). Average motor thresholds of SCS (50 Hz, 0.2 ms) at C1-C2
and L2-L3 were 0.35£0.8 mA and 0.40+0.09 mA, respectively. Spinal cord stimulation was
performed for 3-5 min at an intensity of 90% motor threshold before animals were paralyzed.
In some cases, the short-term SCS (10 s) was used to compare the effects on spontaneous
activity and responses of spinal neurons to CRD before and after spinal transection at rostral
C1 segment (cervicomedullary) and cutting C7-C8 dorsal column. Spinal transections were
gently performed by using a sharp surgical blade. In addition, in a few cases, ibotenic acid (1
mg/ml) was absorbed onto filter paper pledgets (2mm x 2mm) and placed on the dorsal surface
of the C1-C2 to inactivate cell bodies. Effects of C1-C2 SCS on spontaneous activities and
nociceptive responses to CRD were assessed 20 min after ibotenic acid was applied to the
dorsal surface of C1-C2. Ibotenic acid is an excitatory neurotoxin and a glutamate analog that
destroys neuronal perikarya, but spares axons and non-neuronal cells (Ren et al., 1990;Marini
et al., 2000).

Innocuous and noxious CRD (20, 40, 60 mmHg, 20s) were produced by air-inflation of a 4-5
cm long latex balloon that was inserted into the descending colon and connected to a
sphygmomanometer (Qin et al. 1999). Intracolonic pressure of 60 mmHg for 20 s was used as
a search stimulus. To induce CRD, the intracolonic pressure rapidly reached the required level
at a rate of 20-40 mmHg per second and then the pressure was consistently kept at this level
by monitoring the pressure gauge and adjusting it with an air pump to make sure the pressure
remained constant throughout the stimulation period. Neurons responding to CRD at 60 mmHg
for 20 s were tested with this stimulus 2-3 times to make sure responses were consistent and
repeatable. Raw traces of neuronal activity were stored in a computer with Spike-2 software
(CED, Cambridge, UK) and evaluated using rate histograms (bin width 1 s). Spontaneous
activity of neurons was counted for 10 s before the onset of CRD to obtain impulses per second
(imp/s). Neuronal responses to CRD were calculated as total impulses (imp) of a change in
activity from the onset of increased or decreased activity until the evoked activity returned to
control. Latency and duration of responses to CRD also were measured. Based on the
intracolonic pressure that produced a neuronal response, L6-S2 neurons excited by CRD were
divided into the following two subgroups: low-threshold (LT) neurons responded to
intracolorectal pressure 20 <mmHg; high-threshold (HT) neurons responded to >40 mmHg
pressure of CRD (Qin et al. 2003). For testing SCS effects, two consistent responses to noxious
CRD (60 mmHg, 20 s) were first obtained as pre-control responses and then a noxious CRD
was performed during SCS (3-5 min). After SCS offset, noxious CRD at 3-8 min intervals
were administered until the CRD-response recovered (>80% of pre-control responses).
Recovery time of the effects of SCS was identified as the period from offset of SCS to the
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return of the CRD responses to control levels. Descriptive data are reported as means + SE.
Statistical comparisons were made using Student's paired t-test and Chisquare analysis.
Comparisons of data were considered statistically different if P < 0.05.

Somatic receptive fields of spinal neurons also were characterized. For innocuous stimulation
of cutaneous receptive fields of spinal neurons, a camel-hair brush or light pressure from a
blunt probe was used, whereas for noxious stimulation pinching the skin and muscles with
blunt forceps was used. Neurons were classified as follows: wide dynamic range (WDR)
neurons responded to innocuous stimulation of skin and had greater responses to noxious
pinching of the somatic field; high-threshold (HT) neurons responded only to noxious pinching
of the somatic field; and low-threshold (LT) neurons responded primarily to innocuous stimuli.
If a cutaneous receptive field was not found, movement of tail (MT) was tested.

To mark spinal recording sites of neurons that responded to CRD, an anodal electrolytic lesion
(50 A DC, 20 s) was made after a neuron was studied. At the end of the experiment, the animal
was euthanized with an overdose of pentobarbital sodium (200 mg/kg). The lumbosacral spinal
cord was removed and placed in 10% buffered formalin solution. Frozen sections (55-60 pum)
of the spinal cord were viewed to identify lesion sites using the cytoarchitectonic scheme of
Molander et al. (1984).

A total of 28 lumbosacral spinal neurons with excitatory (n=24) or inhibitory (n=4) responses
to noxious CRD (60 mmHg, 20 s) were examined for effects of SCS at upper lumbar (L2-L3)
and/or upper cervical (C1-C2) spinal segments. These neurons were recorded from the left (n
=18) or the right side (n=10) of L6-S2 segments. Examples of LT and HT neurons are shown
in Fig.1A and B. Twenty of 28 neurons responsive to CRD received convergent inputs from
cutaneous receptive fields or tail rotation. Of viscerosomatic convergent neurons, 7 neurons
were classified as WDR, 10 neurons were HT, 3 neurons were MT, and no LT neuron was
found. Cutaneous receptive fields were generally on the ipsilateral scrotum, perianal region,
areas around tail root, and lower back. Electrolytic lesions made at the recording sites were
identified (Fig. 1C). Spinal neurons with colorectal inputs were located in laminae I-111, VI,
VII, and X (Fig.1C). Regional distribution of the recording sites of the spinal neurons
responding to L2-L.3 SCS was not different from the neurons responding to C1-C2 SCS (Fig.
1C).

Effects of L2-L3 SCS

Low intensity SCS at L2-L 3 spinal segments suppressed excitatory responses of 16/24 (67%)
L6-S2 neurons (10 LT, 6 HT) to noxious CRD (60 mmHg, 20s); enhanced excitatory responses
of 4 neurons (3 LT, 1 HT) to noxious CRD and did not affect the excitatory responses of 4
neurons (3 LT, 1 HT). However, taking the 24 tested neurons together, SCS on L2-L3
significantly reduced the total excitatory responses to CRD from 417.6+68.0 imp to 296.3+53.6
imp (P<0.05) and also shortened the duration of CRD-responses from 37.5£4.4 s to 31.0+4.2
s (P<0.05). An example of the effect of L2-L3 SCS on an excitatory response to CRD is shown
in Fig. 2A. A summary of the effects of L2-L3 SCS is shown in Table 1 (n=24). Effects of L2-
L3 SCS on excitatory neuronal responses to CRD lasted 10.2+1.9 min after offset of CRD
(range: 3.5-25.3 min). For 4 lumbosacral spinal neurons inhibited by CRD, L2-L.3 SCS did not
significantly affect mean inhibitory responses to noxious CRD (409.1+112.3 imp vs 333.7
+133.6 imp). Fig. 2B shows an example of a spinal neuron inhibited by CRD but unaffected
by L2-L3 SCS. In addition, characteristics of somatic receptive fields for spinal neurons with
colorectal input were not correlated with the responses to L2-L3 SCS (Table 2).
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Effects of C1-C2 SCS

Application of SCS on C1-C2 segments reduced excitatory responses of 11/18 (61%)
lumbosacral neurons (6 LT, 5 HT) to noxious CRD (60 mmHg, 20s); enhanced responses of
3 LT neurons to CRD and did not affect responses of 4 neurons (3 LT, 1 HT) to CRD. Taking
the 18 tested neurons together, C1-C2 SCS significantly reduced total excitatory responses to
CRD from 336.2+64.5 imp to 225.0+73.3 imp (P<0.05). Effects of C1-C2 SCS on excitatory
neuronal responses to CRD lasted 8.0+0.9 min (range: 3.2-15.7 min) after offset of CRD. An
example of inhibitory effects of C1-C2 SCS on an excitatory response to noxious CRD is shown
in Fig. 2C. Characteristics of excitatory responses to CRD before, during and after C1-C2 SCS
are shown in Table 3. For 4 neurons with inhibitory responses to CRD, C1-C2 SCS did not
significantly alter mean inhibitory responses to noxious CRD (337.8+123.2 imp vs 326.9
+166.0 imp). Fig. 2D shows a spinal neuron that was inhibited by noxious CRD but not
significantly affected by C1-C2 SCS. Additionally, characteristics of somatic receptive fields
for spinal neurons with colorectal input were not correlated with the responses to C1-C2 SCS
(Table 2).

Identification of the pathways

To identify the neural pathway(s) for effects of SCS on the lumbosacral neurons with colorectal
input, transections of spinal cord at the cervicomedullary junction were performed in 6 rats.
The cervicomedullary transections did not affect the inhibitory effects of C1-C2 SCS on
spontaneous activity and excitatory responses of the lumbosacral neuron to noxious CRD (13.7
+4.8 vs 22.3+3.2 imp/s, n=6). An example of the responses of these neurons before an after
transaction is shown in Fig. 3A-B and a summary for effects of C1-C2 SCS on spontaneous
activity and excitatory responses to CRD before and after spinalization is shown in Fig. 3D
and D'. For excitatory CRD responses of two neurons were still inhibited by SCS after
cervicomedullary transaction; the pledgets with ibotenic acid did not significantly affect the
inhibitory effects of C1-C2 SCS on spinal neuronal responses to CRD (Fig. 3E-G). However,
transections of C7-C8 dorsal column abolished the inhibitory effects of C1-C2 SCS on
excitatory response of 3 spinal neurons to noxious CRD. An example is shown in Fig. 3A-C.

DISCUSSION

To our knowledge, this study is the first to describe effects of SCS on spinal neuronal neurons
receiving inputs from noxious stimulation of pelvic visceral organs. Results showed that SCS,
applied at clinically relevant stimulus parameters, significantly reduced excitatory responses
of rat lumbosacral spinal neurons to noxious CRD. On the other hand SCS did not affect
inhibitory responses to CRD. Generally, observations were similar to previous studies in which
SCS effects were examined on noxious somatic inputs in STT and spinal neurons of monkeys
and rats (Foreman et al. 1976;Lindblom et al. 1977;Saade et al. 1985; Yakhnisa et al. 1999;
Wallin et al. 2003) and on cardiac inputs in STT neurons of monkeys (Chandler et al. 1993).
Therefore, SCS does not only affect spinal neuronal processing for somatic afferent inputs but
also modulates spinal neuronal responses to noxious visceral stimulation such as colorectal
distension. The present study supports the idea that SCS might be useful therapy for the
potential management of patients with hypersensitivity of irritable bowel syndrome and other
colonic disorders.

Effects of L2-L3 SCS

Clinically, low intensity SCS often is performed at or near spinal segments that receive afferent
inputs from the origin of somatic or visceral pain (Cameron 2004;Meyerson and Linderoth

2000a). To mimic the clinical SCS setting in this study, L2-L3 segments were selected for SCS
because noxious colorectal input enters the spinal cord at L6-S2 segments in rats. Previously,
the majority of experimental studies in animals applied SCS as single or short trains of pulses
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at relatively high amplitude. Such stimulation usually results in very short-lasting inhibition
of nociceptive activity in the spinal dorsal horn or STT neurons with peripheral noxious inputs
(Foreman et al. 1976;Chandler et al. 1993). An important characteristic of SCS in patients is
that the effects often exceed the stimulus period. The present study used low-intensity (90%
MT) and relatively long duration (3-5 min) and produced sustained effects after L2-L3 SCS
(3.5-25.3 min) was turned off. These parameters are used in other studies that also demonstrate
longer periods of inhibition of intraspinal nociceptive transmission (Lindblom et al. 1977;Rees
and Roberts 1989;Yakhnitsa et al. 1999). The long lasting effects of SCS also occurred when
recordings were made from neurons of the intrinsic cardiac nervous system (Armour et al.,
2002). The important point of this study was these long lasting effects were observed in spinal
neurons that responded to a noxious visceral stimulus.

In the present study, mean spontaneous activity for the entire group of tested neurons was not
different before and after L2-L3 SCS. This finding is similar to previous reports of SCS effects
on STT and spinal neurons in monkeys and rats (Chandler et al. 1993;Yakhnitsa et al. 1999),
although both inhibitory and excitatory effects of SCS on spontaneous discharges were
observed. Furthermore, L2-L3 SCS suppressed responses of 67% of spinal neurons excited by
CRD. Based on neuronal responses to CRD, spinal neurons examined in this study were
classified as low- and high-threshold responsive neurons; SCS exerted effects on both LT and
HT CRD responsive neurons. Even when neurons excited or unaffected by SCS also were
included, SCS significantly reduced evoked excitatory activity to noxious CRD. Chandler et
al. (1993) reports that C3-C5 SCS reduces excitatory responses of all upper thoracic STT
neurons to electrical stimulation of cardiopulmonary sympathetic afferent fibers and 86% of
STT neurons to intracardiac injection of bradykinin in monkeys. In the present study in rats,
spinal neurons but not specific projecting neurons (i.e. STT neurons) excited by noxious CRD
were selected to examine the effects of SCS. The differences in species, neuronal classifications
and visceral stimuli examined might explain the differences between these studies for effects
of SCS on nociceptive visceral spinal inputs. However, the inhibitory effects of SCS on
intraspinal visceral transmission are generally similar to other studies showing that SCS
reduced activity of lumbosacral STT and spinal neurons activated by noxious thermal and
mechanical stimulation of somatic fields or electrical stimulation of nerve fibers (Foreman et
al. 1976;Lindblom et al. 1977).

In this study, the majority of spinal neurons responding to CRD also received convergent input
from somatic fields, which were classified as WDR and HT; no LT neurons were found. The
effects of SCS on activity of WDR neurons were not different from effects on HT neurons.
However, for thoracic STT viscerosomatic convergent neurons receiving noxious cardiac and
somatic inputs in monkeys, SCS was more likely to inhibit activity of HT neurons than activity
of WDR and LT neurons (Chandler et al. 1993). Again, the difference between these results
might be due to different groups of neurons studied and animal species.

Effects of C1-C2 SCS

The rostral cervical spinal cord (C1-C2) may be a source of important propriospinal regulation
of visceral sensory processing in the more caudal spinal segments (Foreman 2000).
Neuroanatomical and electrophysiological studies show that cell bodies of upper cervical
propriospinal neurons have projections to the caudal spinal cord of monkeys (Burton and
Loewy 1976), cats (Matsushita et al. 1979;Yezierski et al. 1980), and rats (Menetrey et al.
1985;Miller et al. 1998). Chemical and electrical activation of cell bodies in C1-C2 segments
generally suppress responses of thoracic spinal neurons to noxious cardiac, pulmonary, and
esophageal stimuli and to splanchnic nerve stimulation in rats (Poree and Schramm, 1992;Qin
etal. 2004;2006). Responses of lumbosacral STT and spinal neurons to noxious colorectal and
urinary bladder distension in rats and monkeys also are reduced by activation of C1-C2 cell

Neurosci Res. Author manuscript; available in PMC 2008 May 1.



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

1duasnuey Joyiny vd-HIN

Qinetal.

Page 7

bodies (Qin et al. 1999;Chandler et al. 2002). These modulatory effects originating in C1-C2
spinal neurons likely descend in propriospinal pathways to reach caudal spinal segments,
because supraspinal structures are not required (Poree and Schramm, 1992;Qin et al. 1999;
2004). Clinically, SCS electrode placement at a high cervical level (C2) is effective for relief
of angina pectoris (Gonzalez-Darder et al. 1991); however, T1-T2 levels are often selected for
inducing paraesthesias by SCS to cover the precordial chest because angina pectoris is usually
referred to this region (De Jongste et al., 1994). Based on these data, C1-C2 spinal segments
in the present study were selected to explore the possibility that upper cervical activation via
SCS can affect colorectal neuronal transmission in the lumbosacral spinal cord for colorectal
input. Results showed that effects of C1-C2 SCS suppressed excitatory responses to noxious
CRD in 61% of the lumbosacral spinal neurons, which was not significantly different from
effects of SCS on L2-L3 (67%). Effects of C1-C2 SCS were observed on both LT and HT
responses to CRD and were not different from L2-L3 SCS. Thus, the same spinal pathway
might modulate visceral transmission in lumbosacral spinal cord whether SCS is located at
near (L2-L3) or distant (C1-C2) spinal segments.

Modulatory pathways and mechanism underlying SCS

In the present study, 90% MT SCS (50 Hz, 0.2 ms) at either C1-C2 or L2-L3 were performed
and induced modulatory effects on activity of the lumbosacral spinal neurons with colorectal
input. The effects of SCS might result from antidromic activation of primary afferent fibers in
the dorsal column or from activation of the C1-C2 propriospinal pathway. Such low SCS
intensities used in this study might more likely excite low-threshold large fibers (Linderoth
and Foreman 1999;2006) in the dorsal column at the C1-C2 level and might not be intense
enough to excite cells bodies of the C1-C2 propriospinal pathway. The C1-C2 propriospinal
pathway is proposed because chemical activation of the cell bodies with glutamate in these
segments most commonly suppresses the responses of lumbosacral spinal neurons to noxious
CRD (Qinetal., 1999). The results of this study showed that the effects were being transmitted
by the afferent fibers in the dorsal column because transection of C7-C8 dorsal column rather
than ibotenic acid at C1-C2 abolished the inhibitory effect of C1-C2 SCS on excitatory response
of lumbosacral spinal neurons to noxious CRD in the present study. If the C1-C2 propriospinal
pathway had contributed to the inhibitory effects, then the effects would have been attenuated
or abolished because ibotenic acid is an excitotoxin that produces depolarization block of the
cell bodies (Ren et al., 1990;Marini et al., 2000). Thus, it is suggested that SCS antidromically
activates primary afferent axons in the dorsal column which, in turn, activate inhibitory
mechanisms that modulate the processing of nociceptive information in the lumbosacral spinal
neurons. A similar mechanism could be used to explain the effects of L2-L3 SCS on
lumbosacral spinal neurons with noxious colorectal input, although the modulatory pathway
of L2-L3 SCS to lumbosacral spinal segments was not examined by spinal dorsal column
transection in the present study. It should be noted that supraspinal sites are not required
because electrical excitation of dorsal column in the present study and previous studies
(YYakhnitsa et al., 1999;Foreman et al., 1976;Chandler et al., 1993; Myerson and Linderoth,
2003) and chemical activation C1-C2 neurons in other studies (Qin et al. 1999;2004) still exert
effects on activity of the spinal neurons with visceral inputs after cervicomedullary spinal
transection. The results of SCS do not agree with studies showing that supraspinal pathways
are required to activate the inhibitory (EI-Khoury et al. 2002;Rees and Roberts 1989;Saade et
al. 1985). Presently, this controversy has not been resolved.

The inhibitory mechanisms of SCS on intraspinal sensory transmission are likely to be complex
(Linderoth and Foreman 1999;2006). The spinal gate-control theory (Melzack and Wall

1965) has been used to explain how low intensity stimulation of spinal dorsal column, which
primarily transfers information via large afferent fibers, reduces spinal segmental transmission
of colonic afferent impulses traveling in small diameter visceral fibers. While this mechanism
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is an attractive possibility, the inability of SCS to reduce nociceptive pain clinically limits its
application (Meyerson and Linderoth, 2006). Several possibilities might explain spinal
segmental mechanisms underlying suppressive effects of SCS on excitatory responses to
noxious CRD observed in this study. First, dorsal column antidromic volleys evoked by SCS
may collide or interfere with colorectal ascending input originating from postsynaptic dorsal
column tract (PSDC) neurons X in spinal gray matter (Al-Chaer et al. 1996). However, this
mechanism is unlikely, because therapeutic SCS in not perceived as being painful. If the PSDC
axons are excited by SCS, then one would expect to evoke painful responses (Meyerson and
Linderoth, 2003;Krames and Mousad, 2004). Second, antidromic dorsal column volleys
induced by SCS have been shown to evoke inhibitory postsynaptic potentials in some STT
neurons (Foreman et al. 1976). In the present study, lumbosacral spinal neurons excited by
noxious CRD should include some STT and PDCT neurons. Third, antidromic impulses in
dorsal columns also produce primary afferent depolarization via excitatory interneurons to
elicit presynaptic inhibition for blocking noxious afferent barrages (Foreman et al. 1976). In
the present study, it should be noted that SCS at either L2-L3 or C1-C2 did not significantly
affect activity of lumbosacral spinal neurons inhibited by CRD. In contrast, chemical
(glutamate) activation of C1-C2 cell bodies that are the origin of a descending propriospinal
modulatory pathway results in an increased activity of lumbosacral spinal neurons inhibited
by CRD (Qin et al. 1999). This difference supports the suggestion that the lumbosacral
segmental inhibitory circuit activated by SCS is different from that elicited by chemical
activation of C1-C2 propriospinal neurons. Finally, application of SCS was performed for 3-5
min but its effects on spinal neuronal activity lasted up to 25 min after cessation of SCS. The
prolonged post-stimulus effect of SCS might be explained by the release and the sustained
action of segmental neurotransmitters and neuromodulators. It has been demonstrated that SCS
causes a decrease in the dorsal horn release of excitatory amino acids and an increase in the
release of GABA in rats (Cui et al. 1997;Stiller et al. 1996).

It is possible that colorectal distention might change the compliance of the colon (via a change
in tone of the musculature) and thereby altered the distention threshold to activate spinal
neurons. In a previous study we showed that the colonic pressure-volume relationship
measured after SCS almost perfectly matched the responses produced before SCS (Greenwood-
Van Meerveld et al. 2003). The same method for producing distention was used in the present
study. This observation supports our statement that the inhibitory responses were the result of
SCS modulating spinal neuronal activity and did not result from a change in colonic
compliance. It has been shown that directly stimulating pelvic nerve afferent nerves from the
colon with a high intensity and low frequency (12 V with trains of stimuli at 1.5 c/s, 4 shocks
at 100 c/s and 0.05 msec duration) produce strong propulsive contractions of the colon (De
Groat and Krier 1978). In the present studies, the stimulus intensity was much lower. In fact,
the intensities were below motor threshold for activating somatic contractions. It should also
be noted that single shocks or trains of stimuli applied at a higher stimulus frequency (7-15 c/
s) did not generate colonic reflexes (De Groat and Krier, 1978). In the present study an even
high stimulation frequency of 50 Hz was used. Additionally, SCS at the same parameters as
used in this present study does not change blood pressure, heart rate and cardiac pressure-
volume loops (Armour et al. 2002;Foreman et al. 2000;Kingma et al. 2001).

Potential clinical significance

Irritable bowel syndrome (IBS) is a common functional gastrointestinal disorder. Abdominal
pain and discomfort resulting from visceral hypersensitivity is the major complaint in patients
with IBS (Posserud et al. 2006). Recent studies have demonstrated that low intensity SCS at
L1 spinal segment induces a significant depression of the visceromotor behavioral response
produced by CRD in rats with normal or sensitized colons. The suppressive effect of SCS on
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colonic hypersensitivity suggests that SCS may have therapeutic potential for the treatment of
abdominal pain observed in patients with IBS (Greenwood et al. 2003;2005). Furthermore, it
has been demonstrated that SCS in a case study is effective in relieving symptoms of patients
with irritable bowel syndrome (Krames and Mousad 2004). Results of the present study showed
that low intensity SCS at both L2-L3 and C1-C2 segments reduced excitatory responses to
noxious CRD in lumbosacral spinal neurons and, therefore, might provide a spinal mechanism
for SCS suppression of abdominal pain.
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Fig 1.

Response patterns and recording sites of lumbosacral spinal neurons to graded colorectal
distensions (CRD). A: low-threshold excitatory response to CRD. B: high-threshold excitatory
response to CRD. C: Black circles (®) represent neurons excited by CRD and inhibited by L2-
L3 SCS. Open circles (o) represent neurons excited by CRD and not responding to L2-L3 SCS.
C': Black squares (m) represent neurons excited by CRD and inhibited by C1-C2 SCS. Open
squares (o) represent neurons excited by CRD and not responding to C1-C2 SCS. C": spinal
laminae of gray matter of L6 segment drawing from Molander et al. (1989). I-X, laminae; Liss,
Liss's tract; LSN, lateral spinal nucleus; Pyr, pyramidal tract; IM, intermedial nucleus.
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Fig 2.

Effects of SCS on responses of lumbosacral spinal neurons to noxious CRD (60 mmHg, 20s).
A: L2-L3 SCS suppressed the excitatory response of a spinal neuron to CRD. B: L2-L3 SCS
did not affect the inhibitory response of a spinal neuron to CRD. C: C1-C2 SCS suppressed
the excitatory response of a spinal neuron to CRD. D: C1-C2 SCS did not significantly affect
the inhibitory response of a spinal neuron to CRD.
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Fig 3.

Identification of the pathway for effects of SCS on activity of the lumbosacral spinal neurons
responding to CRD. A-C: Inhibitory effects of C1-C2 SCS on spontaneous activity and
excitatory responses of spinal neurons to noxious CRD (60 mmHg) in an animal with intact
spinal cord (A), cervicomedullary transection (B) and C7 dorsal column transection (C). D,
D': Summary for inhibitory effects of C1-C2 SCS on the spontaneous activity and excitatory
responses of spinal neurons to noxious CRD (n=6) before and after cervicomedullary
transection. * P<0.05 compared to control and recovery responses to CRD. E: C1-C2 SCS
suppressed excitatory responses of a spinal neurons to CRD (60 mmHg). F-G:
Cervicomedullary transection (F) and ibotenic acid (G) on C1-C2 did not affect inhibitory
effect of C1-C2 SCS on excitatory responses to noxious CRD in spinal neuron E.

Neurosci Res. Author manuscript; available in PMC 2008 May 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Qinetal. Page 15

Table 1
Effects of L2-L3 SCS on excitatory responses of lumbosacral spinal neurons to noxious colorectal distension
(CRD, 60 mmHg, 20 s, n=24).

L2-L.3 SCS Spontaneous Latency (s) Total responses Duration (s)
activity (imp/s) (imp)

Before 49415 1.9+0.3 417.6+68.0, 37.5+4.4

During 5.1+1.4 2.6x0.5 296.3+53.6 31.0+4.2

After 6.0+1.6 1.6+0.1 521.6+91.8 40.3+5.8

*
P<0.05 compared with corresponding activity of before and after SCS.
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Effects of C1-C2 SCS on excitatory responses of lumbosacral spinal neurons to noxious colorectal distension

(CRD, 60 mmHg, 20 s, n=18).

C1-C2SCs Spontaneous Latency (s) Total responses Duration (s)
activity (imp/s) (imp)

Before 5.6+1.3 2.0+0.4 336.2+64.5 32.2+4.9

During 3.9+1.1 2.3+0.6 225.0+73.3 25.3+6.6

After 4.4+1.2 24104 293.0+92.7 28.7x5.7

*
P<0.05 compared with corresponding activity of before SCS.
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