Thesis of Doctor Degree

Study in the Chiropractic Manipulation Attenuating the
Thermal Hyperalgesia by Diminishing the Inflammatory

Factors in the Sciatic Nerve Injury Rats

Takashi Inouchi

The Graduate School of
Hanseo University

Department of Chiropractic

2015. 8.



Study in the Chiropractic Manipulation Attenuating the
Thermal Hyperalgesia by Diminishing the Inflammatory

Factors in the Sciatic Nerve Injury Rats

Supervised by Professor HanSuk Jung

Dissertation submitted to the Doctor degree by

Takashi Inouchi

2015. 8.

The Graduate School of
Hanseo University

Department of Chiropractic

Takashi Inouchi



Dissertation submitted to the Doctor degree by

Takashi Inouchi is approved.

Chairman/Advisor JooHyun Ham signature
Advisory Committee = HanSuk Jung signature
Advisory Committee  SeungHae Han  signature
Advisory Committee  DongHeui Kim  signature
Advisory Committee  YongSeok Lee signature

2015. 8.

The Graduate School of

Hanseo University



Contents

1. Introduction .............................................................................................................................. 1
1I. Materials and Methods ........................................................................................................ 3
1. Animals and EXperimental Groups -« sesessessmssusitiiiiiiiiiisiiitii s 3
2. Surgical Procedure for Induction of Sciatic Nerve Injury -reoooeoeeemermreeremnenn. 3
3. Chiropractic Manipulation Using the Adjusting Instrument --:---oeooemeeememeeseeseeen 4
4. Plantar Test for Measurement of Thermal Hyperalgesia - -eseeesesseninniins 5
5. TASSUE PrEParation « - s esseersesemsemseemiis ittt 5
6' Immunohistochemistry for C-FOS and NADPH_d ........................................................... 6
7. Western BlOt Analysis ..................................................................................................... 7
8‘ Statistical Analysis ......................................................................................................... 8
III Results ................................................................................................................................... 9
1. Effect of Instrument-Assisted Spinal Manipulation on Thermal Hyperalgesia ---------- 9
2. Effect of Instrument-Assisted Spinal Manipulation on Expression of TNF-a in
Sciatic Crushed NerVe Injury ......................................................................................... 10

3. Effect of Instrument-Assisted Spinal Manipulation on Expression of COX-2 in
SCiatiC CmShed NerVe In_]ury ......................................................................................... 11

4. Effect of Instrument-Assisted Spinal Manipulation on the c-Fos Expressions in the
L4_L5 Spll’lal Cord Regions and VIPAG ....................................................................... 13

5. Effect of Instrument-Assisted Spinal Manipulation on the NOS Expressions in

L4_L5 Splnal Cord Regions and the VIPAG ................................................................ 14

IV Discussion ........................................................................................................................... 1’7






Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

p—

4.

Figure Contents

. Induction Of Sciatic Crushed Nerve Injury‘ ............................................................... 4
. Instrument-Assisted Splnal Manipulation. .................................................................... 5

. Effect of Instrument-Assisted Spinal Manipulation on Thermal Hyperalgesia. ---- 10

Effect of Instrument-Assisted Spinal Manipulation on Expression of TNF-a in

SCiatiC Crushed NerVe Injury. ................................................................................... 11

Effect of Instrument-Assisted Spinal Manipulation on Expression of COX-2 in

SCiatiC Cmshed NerVe Injury. ................................................................................... 12

Effect of Instrument-Assisted Spinal Manipulation on the c-Fos Expressions in

the L4-L5 Spinal Cord Regions and VIPAG. e seesseessemssemssemssissisniiisiiis e 14

Effect of Instrument-Assisted Spinal Manipulation on the NADPH-d Expressions
in the L4_L5 Splnal Cord Regions and VIPAG .................................................... 16



Abstract

The present study evaluated the effect of instrument-assisted spinal manipulation on
neuropathic pain after the sciatic nerve crush injury in rats. After creating a sciatic
nerve injury in Sprague-Dawley rats, rats were randomly assigned into 5 groups (n=7,
respectively): Sham group, Sciatic nerve injury group, Sciatic nerve injury and single
impulse thrust treated group, Sciatic nerve injury and five impulse thrusts treated group,
and Sciatic nerve injury and ten impulse thrusts treated group. After one day, we
applied the instrument-assisted spinal manipulation at the level of L6-S1 using an
Impulse Adjusting Instrument® once a day for 7 consecutive days in the respective
groups. Thermal hyperalgesia was assessed using a plantar test apparatus, and the
expressions of tumor necrosis factor alpha (TNF-a) and cyclooxygenase-2 (COX-2) in
the sciatic nerve were determined by western blot. Finally, the expressions of c-Fos and
nicotinamide adenine dinucleotide phosphate-diaphorase (NADPH-d), a neural marker of
pain, in the spinal cord (L4-L5) and the ventral lateral periaqueductal grey (VIPAG)
were measured using immunohistochemistry. Sciatic nerve crush injury significantly
decreased the thermal withdrawal threshold, and increased the expressions of TNF-a and
COX-2 in injured sciatic nerves (p<0.05). On the other hand, instrument-assisted spinal
manipulation significantly increased the latency time, and suppressed the expressions of
TNF-a and COX-2 (p<0.05). Moreover, instrument-assisted spinal manipulation
significantly inhibited the expressions of c-Fos and NADPH-d in the dorsal horn of
spinal cord and VvIPAG (p<0.05). When comparing the treatment groups, the five
impulse group showed a trend for benefit over the single thrust or ten thrust group.
From these results, it can be inferred that instrument-assisted spinal manipulation may
ameliorate  the  neuropathic  pain  through  suppressing the  expressions  of

inflammation-related factors after sciatic nerve crushed injury. However, further studies



are needed to identify the exact molecular mechanisms of spinal manipulation on the

neuropathic pain.

Key Words : Sciatic Nerve Injury, Tumor Necrosis Factor Alpha, Cyclooxygenase-2,

c-Fos, Nicotinamide Adenine Dinucleotide Phosphate-diaphorase



I. Introduction

Neuropathic pain is associated with injury of the peripheral or central nervous system
and is clinically classified into stimulus-independent pain, regarding the spontaneously
ongoing pains, and stimulus-dependent pain called evoked pains depending on stimulus,
meaning the hyper-excitability in the nervous system (Coderre & Katz, 1997; Jensen et
al., 2001). c-Fos expression is used as an appropriate marker of neuronal activation after
noxious stimulation (Hunt et al., 1987). Originally, c-Fos is an immediate early gene,
and its expression is triggered by stimuli-induced changes in the metabolic activity of
neurons under various conditions (Dragunow et al., 1989). The expression of c-Fos is
also used as the useful parameters for the study of the neuronal response to a painful
experience (Coggeshall, 2005; Takeda et al., 2009). Nitric oxide (NO) is reported to be
associated with nociceptive signaling in chronic neuropathic pain models (Lam et al.,
1996; Miclescu & Gordh, 2009). Nicotinamide adenine dinucleotide phosphate-diaphorase
(NADPH-d) is the enzyme responsible for NO synthesis (NOS), and thus is regarded to
be equivalent to NOS (Hope et al., 1991). Moreover, many studies reported that
pro-inflammatory factors such as TNF-alpha (TNF-a) and cyclooxygenase-2 (COX-2) are
involved in the development of neuropathic pain (George et al., 2004; Moini et al.,
2014).

Neuropathic pain is considered to be difficult to treat because of its complex etiology
and mechanism including neurotransmitter systems, receptors and cell types (Jensen et
al., 2001; Jain, 2008). Because of the poor efficacy and side effects of pharmacological
management in neuropathic pain, non-pharmacological approaches have been on the rise.
Actually, regular exercise, transcutaneous electrical nerve stimulation, transcranial direct
current stimulation, acupuncture and ultrasound have been proved to be effective in

alleviating chronic and/or pathological pain (Nizard et al., 2012; Almeida et al., 2015).



Spinal manipulation therapy has also been reported to be effective in alleviating acute
low back pain and thus to improve neck pain, sciatica and chronic low back pain
(Hurwitz et al., 1996; Koes et al., 1996). Practically, spinal manipulation is commonly
used to alleviating pain in the United States (Nahin et al., 2009). Spinal manipulation is
suggested to activate the diffuse descending pain inhibitory neurons located in the
periaqueductal gray matter (PAG) through stretching the ligaments, disks, joint capsules
or muscles, and this may explain the reason pain can be alleviated by nociceptive
stimulation at another site (Terrett & Vernon, 1984; Willer et al., 1984; Vicenzino et
al., 1998). However, the mechanisms of spinal manipulation how to reduce pain and
disability are not clear. Thus, the present study investigated the mechanisms by which
spinal manipulation can relieve the neuropathic pain induced by sciatic nerve injury in
rats using the adjusting instrument with which spinal manipulation is considered to have
the equal effect compared to manual manipulation (Huggins et al., 2012). In this study,

behavioral test, immunohistochemistry and western blot were performed.



II. Materials and Methods

1. Animals and Experimental Groups

Female Sprague-Dawley rats weighing 280+10g (12 weeks of age) were used. The
experimental procedures were performed in accordance with the animal care guideline of
National Institutes of Health (NIH) and the Korea Academy of Medical Sciences. The
animals were house at controlled temperature (2342°C) and maintained under light-dark
cycles, each consisting of 12h of light and 12h of darkness (lights on from 07:00 to
19:00h), with food and water made available ad libitum. The rats were randomly
divided into five groups (n=7 in each group): the sham operation group (Sham), the
sciatic crushed nerve injury group (SNI), the sciatic crushed nerve injury and single
impulse thrust-treated group (SNI+Impulse 1), the sciatic crushed nerve injury and five
impulse thrusts-treated group (SNI+Impulse 5), and the sciatic crushed nerve injury and

ten impulse thrusts-treated group (SNI+Impulse 10).

2. Surgical Procedure for Induction of Sciatic Nerve Injury

To induce crushed injury on the sciatic nerve in rats, the previously described
surgical procedure was performed (Byun et al., 2005) (Fig. 1). In brief, the right sciatic
nerve was exposed by incision on the gluteal muscle under anesthesia using Zoletil 50"
(50mg/kg; Virbac Laboratories, Carros, France). The sciatic nerve was carefully exposed
and then crushed for 30sec using a surgical clip (pressure: 125g; Fine Science Tool
Inc., San Francisco, CA, USA). The crushed location was between the sciatic notch and
the point of trifurcation. And then, the surgical wound was sutured and recovered. The

rats in the sham operation group, the sciatic nerve exposed, however the nerve was not



crushed.

Fig. 1. Induction of Sciatic Crushed Nerve Injury.

3. Chiropractic Manipulation Using the Adjusting Instrument

In this study, chiropractic adjusting instrument (Impulse Adjusting Instrument®,
Neuromechanical Innocations, LLC, Phoenix, AX, USA, Fig. 2a) was used for
manipulation. Manipulation was applied to the between the level of L6-S1 at an angle
of approximately 90°, with the animal held in prone position by an assistant Fig. 2b.
The spinal manipulation interventions were conducted once a day for 7 consecutive
days, consisting single impulse thrust (6Hz), 5 impulse thrusts (6Hz), and 10 impulse
thrusts (6Hz), according to the respective groups. Each impulse thrust of chiropractic
adjusting instrument includes the force 2N for 2msec. The force 2N corresponds to the
about 70 percentages of animal body weight. The rats in the sham operation group

received no manipulation.



Fig. 2. Instrument-Assisted Spinal Manipulation.; (a) Impulse Adjusting Instrument®
(Neuromechanical Innovations, LLC, Phoenix, AX, USA) (b) Illustration of the
adjustments applied to the level of L6-S1.

4. Plantar Test for Measurement of Thermal Hyperalgesia

Thermal hyperalgesia was measured using a Plantar test algesimeter (Ugo-Basile,
Comerio, Italy). Briefly, rats were placed into a plastic box and acclimated to the
testing space for at least Smin before starting behavioral test. After acclimation, radiant
heat was applied to the ipsilateral hindpaw plantar surface until the rat withdrew its
paw. A photoelectric cell automatically tuned the heat source off when the reflected
light beam was interrupted (for example, when the animal lifted its paw) and the time
(seconds) was recorded as the paw withdrawal latency (PWL). Intensity was set to low
power (40mW/cm?®) with a heating rate of 1°C/sec, to induce activation of unmyelinated

fibers (Le Bars et al.,, 2001).

5. Tissue Preparation

The animals were sacrificed immediately after performing the behavioral test. The
animals were anesthetized using Zoletil 50% (10mg/kg, 1i.p.; Virbac Laboratories),
transcardially perfused with 50mM phosphate-buffered saline (PBS), and fixed with a

freshly prepared solution consisting of 4% parafomaldehyde in 100 Mm phosphate buffer



(PB, pH 7.4). For immunohistochemistry, the brain and spinal cord were dissected and
postfixed in the same fixative overnight and transferred into a 30% sucrose solution for
cryoprotection. Serial coronal section of 40um thickness was made with a freezing
microtome (Leica, Nussloch, Germany). The ventrolateral periaqueductal gray matter
(VIPAG) was selected from the midbrain region spanning from Bregma -7.64 to -8.00
mm. Then, the dorsal horn of the spinal cord was selected from the L4-L5 regions. In
each region, ten sections were collected on average from each rat.

For western blot, the sciatic nerves were dissected and then were immediately frozen

at -70°C.

6. Immunohistochemistry for c-Fos and NADPH-d

To analyze the degree of the expressions of c-Fos and nicotinamide adenine
dinucleotide phosphate-diaphorase (NADPH-d) in the pain related regions (VIPAG and
the dorsal horn of the L4-L5 spinal cord), we performed immunohistochemistry as
previously described (Kim et al., 2012).

In immunohistochemistry for c-Fos, free-floating tissue sections were incubated
overnight with rabbit anti-c-Fos antibody (Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA) at a dilution of 1:1,000, and the sections were then incubated for 1 hour
with biotinylated anti-rabbit secondary antibody (Vector Laboratories Inc., Burlingame,
CA, USA). The sections were subsequently incubated with avidin-biotin-peroxidase
complex (Vector Laboratories Inc.) for 1 hour at room temperature. Immunoreactivity
was visualized by incubating the sections in a solution consisting of 0.05%
3,3-diaminobenzidine and 0.01% H,O, in 50 mM Tris-buffer (pH7.6) for approximately
3 minutes. The sections were then washed three times with PBS and mounted onto
gelatine-coated slides. The slides were air-dried overnight at room temperature, and

coverslips were mounted by using Permount mounting medium (Thermo Fisher Scientific



Inc., Waltham, MA, USA).

For measurement of NOS activity in the vIPAG and the dorsal horn of the L4-L5
spinal cord, immunohistochemistry for NADPH-d was performed according to the
previous study (Kim et al., 2012). Briefly, free-floating sections were incubated at 37°C
for 60 minutes in 100mM PBS (pH 7.4) containing 0.3% Triton X-100, 0.1mg/mL
nitroblue tetrazolium, and 0.lmg/mL B-NADPH. The sections were then washed three
times with PBS and mounted onto gelatin-coated slides. The slides were air dried
overnight at room temperature, and coverslips were mounted by using Permount
mounting medium (Thermo Fisher Scientific Inc.).

The number of c-Fos- and NADPH-d-positive cells in the vIPAG, and spinal cord
(L4-L5) regions were counted hemilaterally through a light microscope (Olympus Co.,
Tokyo, Japan). The area of the VIPAG, and spinal cord (L4-L5) regions from each slice
was measured by using an Image-Pro Plus computer-assisted image analysis system
(Media Cybernetics Inc., Silver Spring, MD, USA) attached to a light microscope

(Olympus Co.).

7. Western Blot Analysis

The sciatic nerves were homogenized on ice, and lysed in a lysis buffer containing
50mM HEPES (pH7.5), 150mM NaCl, 10% glycerol, 1% Triton X-100, 1mM PMSF,
ImM EGTA, 1.5mM MgCI2 - 6H20, ImM sodium orthovanadate, and 100mM sodium
flouride. Protein content was measured using a Bio-Rad colorimetric protein assay kit
(Hercules, CA, USA). Protein (20pg) was separated on SDS-polyacrylamide gels and
transferred onto a nitrocellulose membrane. Mouse beta-actin antibody (1:1000; Santa
Cruz Biotechnology, Santa Cruz, CA, USA), goat tumor necrosis factor alpha (TNF-a)
(1:1000; Santa Cruz Biotechnology), and goat cyclooxygenase-2 (COX-2) (1:1000; Santa

Cruz  Biotechnology) were used as the primary antibodies. Horseradish



peroxidase-conjugated anti-mouse antibody for beta-actin (1:5000; Vector Laboratories),
and horseradish peroxidase-conjugated anti-goat antibody (1:5000; Santa Cruz
Biotechnolog) for TNF-a and COX-2 were used as the secondary antibodies.
Experiments were performed in normal laboratory conditions and at room temperature,
except for the transferred membranes. Transferred membranes were performed at 4°C
with the cold pack and pre-chilled buffer. Band detection was performed using the
enhanced chemiluminescence (ECL) detection kit (Santa Cruz Biotechnology). To
compare the relative expression of proteins, the detected bands were -calculated

densitometrically using Molecular AnalystTM, version 1.4.1 (Bio-Rad).

8. Statistical Analysis

The results were expressed as the meantstandard error of the mean (S.E.M.). The
data were analyzed by one-way analysis of variance (ANOVA) followed by Duncan’s
post-hoc test. Differences among groups were considered statistically significant at

p<0.05.



III. Results

1. Effect of Instrument-Assisted Spinal Manipulation on Thermal Hyperalgesia

Thermal hyperalgesia was measured using a plantar test and represented as the paw
withdrawal latency (PWL) Fig. 3. The PWL of the sciatic crushed nerve injury group
significantly decreased compared to the sham operation group. The PWLs were
23.70+1.45 sec, 15.07£0.67 sec, 17.60+1.17 sec, 20.40+1.71 sec, and 17.28+2.20 sec in
Sham, SNI, SNI+Impulse 1, SNI+Impulse 5, and SNI+Impulse 10, respectively. In the
present results, there was significant difference in the PWLs of groups. The induction of
sciatic nerve injury significantly decreased the PWL, compared to rats in Sham. On the
other hand, application of instrument-assisted spinal manipulation accelerated the
increment of PWL in the sciatic crushed nerve injury rats (p<0.05). Especially, the five
impulse thrusts increased the PWL near the similar level to Sham. These results means
that instrument-assisted spinal manipulation can alleviate the pain induced by sciatic
crushed nerve injury, and especially the five impulse thrust may be the most effective

in relieving the neuropathic pain.
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Fig. 3. Effect of Instrument-Assisted Spinal Manipulation on Thermal Hyperalgesia. (A) the
sham operation group (Sham), (B) the sciatic crushed nerve injury group (SNI), (C)
the sciatic crushed nerve injury and single impulse thrust-treated group (SNI+Impulse
1), (D) the sciatic crushed nerve injury and five impulse thrusts-treated group
(SNI+Impulse 5), (E) the sciatic crushed nerve injury and ten impulse thrusts-treated
group (SNI+Impulse 10). All data are represented as meantstandard error of the mean
(S.E.M.). *represents p<0.05 compared to Sham. #represents p<0.05 compared to SNI.

2. Effect of Instrument-Assisted Spinal Manipulation on Expression of TNF-a

in Sciatic Crushed Nerve Injury

To ascertain the effect of instrument-assisted spinal manipulation on the inflammatory
factors related to the pain, the expression of TNF-a in the proximal region of the
crushed sciatic nerve was analyzed by western blot Fig. 4. The relative expressions of
TNF-a were 3.21+0.21, 2.31+£0.32, 1.99+0.21, and 2.10+0.31 in SNI, SNI+Impulse 1,
SNI+Impulse 5, and SNI+Impulse 10, when the expression Sham was 1.00. Induction of
crushed nerve injury remarkably increased the expression of TNF-a in the proximal
region of injury site, compared to Sham (p<0.05). On the other hand, the expression of
TNF-a was significantly suppressed by application of instrument-assisted spinal

manipulation (p<0.05). Especially, five impulse thrusts showed most potent suppressive
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effect on TNF-a expression. From these results, it can be inferred that the
instrument-assisted spinal manipulation can suppress the expression of inflammatory

factor in the proximal region of the crushed sciatic nerve.
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Fig. 4. Effect of Instrument-Assisted Spinal Manipulation on Expression of TNF-a in Sciatic
Crushed Nerve Injury. B-Actin was used as an internal control (43kDa). (A) the sham
operation group (Sham), (B) the sciatic crushed nerve injury group (SNI), (C) the
sciatic crushed nerve injury and single impulse thrust-treated group (SNI+Impulse 1),
(D) the sciatic crushed nerve injury and five impulse thrusts-treated group
(SNI+Impulse 5), (E) the sciatic crushed nerve injury and ten impulse thrusts-treated
group (SNI+Impulse 10). Upper: The results of band detection using the enhanced
chemiluminescence (ECL) detection kit. Lower: The relative expression of TNF-a
protein. All data are represented as meantstandard error of the mean (S.E.M.).
*represents p<0.05 compared to Sham. #represents p<0.05 compared to SNI.

3. Effect of Instrument-Assisted Spinal Manipulation on Expression of COX-2

in Sciatic Crushed Nerve Injury

Similarly, the expression of COX-2, the other inflammatory factor, in the proximal
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region of the crushed sciatic nerve was significantly enhanced by the sciatic nerve
injury in comparison with Sham (p<0.05). However, application of instrument-assisted
spinal manipulation significantly reduced the expression of COX-2, and the five impulse
thrusts was the most effective in suppressing the expression of COX-2 (p<0.05).
Specifically, the relative expressions of COX-2 were 2.08+0.09, 1.43+0.05, 1.24+0.02,
and 1.80+0.11 in SNI, SNI+Impulse 1, SNI+Impulse 5, and SNI+Impulse 10, when the
expression Sham was 1.00 Fig. 5. The present results show that spinal manipulation

effectively suppressed the expression of COX-2 related to the inflammation.

—
a 34
G
S
7]
=
(=]
¢ .
o s 4
B 2‘.
g 7 o
= %, #
5 *#
.
=
81
>
(o]
Q
o /
2
2
o
g o
A B C D E

Fig. 5. Effect of Instrument-Assisted Spinal Manipulation on Expression of COX-2 in Sciatic
Crushed Nerve Injury. [B-Actin was used as an internal control (43kDa). Upper: The
results of band detection using the enhanced chemiluminescence (ECL) detection kit.
Lower: The relative expression of COX-2 protein. (A) the sham operation group
(Sham), (B) the sciatic crushed nerve injury group (SNI), (C) the sciatic crushed nerve
injury and single impulse thrust-treated group (SNI+Impulse 1), (D) the sciatic crushed
nerve injury and five impulse thrusts-treated group (SNI+Impulse 5), (E) the sciatic
crushed nerve injury and ten impulse thrusts-treated group (SNI+Impulse 10). All data
are represented as meantstandard error of the mean (S.E.M.). *represents p<0.05
compared to Sham. #represents p<0.05 compared to SNI.

_12_



4. Effect of Instrument-Assisted Spinal Manipulation on the c-Fos Expressions
in the L4-L5 Spinal Cord Regions and vIPAG

Photomicrographs of c-Fos-positive cells in the VIPAG and dorsal horn of the spinal
cord were presented in Fig. 6. In the L4-L5 spinal cord regions, the number of
c-Fos-positive cells was 13.40£1.35/section in Sham, 309.39 =+ 17.10/section in SNI,
199.53433.43/section in SNI+Impulse 1, 57.92+6.77/section in SNI+Impulse 5, and
203.17+£23.84/section in SNI+Impulse 10. In the VIPAG, the number of c-Fos-positive
cells was 51.224+4.56/section in Sham, 256.00+13.06/section in SNI, 219.75+8.17/section
in SNI+Impulse 1, 157.22+14.32/section in SNI+Impulse 5, and 228.58+8.04/section in
SNI+Impulse 10.

These results showed that c-Fos expressions in the vIPAG and the dorsal horn of
spinal cord were enhanced by induction of sciatic crushed nerve injury. On the other
hand, application of spinal manipulation significantly decreased the sciatic nerve
injury-induced c-Fos expressions in the vIPAG and the dorsal horn of spinal cord
related to the pain (p<0.05). The suppressive effect of instrument-assisted spinal

manipulation appeared most potent in the five impulse thrusts.
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Fig. 6. Effect of Instrument-Assisted Spinal Manipulation on the c-Fos Expressions in the
L4-L5 Spinal Cord Regions and vIPAG.: Representative photomicrographs of
c-Fos-positive cells. The sections were stained for c-Fos immunoreactivity (brown). The
scale bar represents 100um. Left: Number of c-Fos-positive cells in each group. (A)
the sham operation group (Sham), (B) the sciatic crushed nerve injury group (SNI),
(C) the sciatic crushed nerve injury and single impulse thrust-treated group
(SNI+Impulse 1), (D) the sciatic crushed nerve injury and five impulse thrusts-treated
group (SNI+Impulse 5), (E) the sciatic crushed nerve injury and ten impulse
thrusts-treated group (SNI+Impulse 10). All data are represented as meantstandard
error of the mean (S.E.M.). *represents p<0.05 compared to Sham. #represents p<0.05
compared to SNI.

5. Effect of Instrument-Assisted Spinal Manipulation on the NOS Expressions
in L4-L5 Spinal Cord Regions and the vIPAG

Photomicrographs of NADPH-d-positive cells in the VvIPAG and dorsal horn of the
spinal cord were presented in Fig. 7. In the L4-L5 spinal cord regions, the number of
NADPH-d-positive cells was 7.93+£1.07/section in Sham, 28.00£1.97/section in SNI,
22.28+1.26/section in SNI+Impulse 1, 15.10£1.89/section in SNI+Impulse 5, and
19.43+2.20/section in SNI+Impulse 10. In the VIPAG, the number of NADPH-d-positive
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cells was 28.86+3.15/section in Sham, 82.82+4.60/section in SNI, 67.79+3.97/section in
SNI+Impulse 1, 48.55+4.38/section in SNI+Impulse 5, and 60.11+4.27/section in
SNI+Impulse 10.

Like the expression of c-Fos, sciatic crushed nerve injury significantly enhanced the
expressions of NADPH-d in the vIPAG and L4-L5 spinal cord regions, compared with
Sham, but application of instrument-assisted spinal manipulation significantly reduced the
expressions of NADPH-d in these regions (p<0.05). Finally, the five impulse thrusts was
the most effective in suppressing the expression of NADPH-d among other impulse

thrusts.
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Fig. 7. Effect of Instrument-Assisted Spinal Manipulation on the NADPH-d Expressions in the
L4-L5 Spinal Cord Regions and vIPAG. Right: Representative photomicrographs of
NADPH-d-positive cells. The sections were stained for NADPH-d immunoreactivity
(blue). The scale bar represents 100 pm. Left: Number of NADPH-d-positive cells in
each group. (A) the sham operation group(Sham), (B) the sciatic crushed nerve injury
group (SNI), (C) the sciatic crushed nerve injury and single impulse thrust-treated
group (SNI+Impulse 1), (D) the sciatic crushed nerve injury and five impulse
thrusts-treated group (SNI+Impulse 5), (E) the sciatic crushed nerve injury and ten
impulse thrusts-treated group (SNI+Impulse 10). All data are represented as
meantstandard error of the mean (S.E.M.). *represents p<0.05 compared to Sham.
#represents p<0.05 compared to SNI.

_’]6_



IV. Discussion

Maves et al. (1993) suggested that sciatic nerve ligation of rats is the most
commonly used model for neuropathy study because it resembles human neuropathy
caused by trauma of peripheral nerves, and is reliable and easily reproducible. Peripheral
nerve injury causes a neuropathic pain characterized by allodynia and hyperalgesia.
Actually, sciatic nerve injury is reported to induce a cold allodynia and thermal
hyperalgesia in rats (Kanyadhara et al., 2014). The behavioral test in the present study
also revealed that sciatic crushed nerve injury significantly increased the thermal
sensitivity Fig. 3. The sciatic crushed nerve injury also enhanced the expressions of
TNF-a and COX-2 involved in the inflammatory process Fig. 4 & Fig. 5.

Many studies report that inflammatory processes play a crucial role in the
development of neuropathic pain after nerve damage (George et al., 2004; Moini Zanjani
et al,, 2014). Zelenka et al. (2005) reported that intraneural inection of proinflammatory
cytokines such as TNF-a and interleukin-1 beta (IL-18) induced neuropathic pain. The
early and transient upregulation of TNF protein may precede and parallel the
development of pain-related behavior after sciatic nerve injury, supporting that TNF is
essential in the neuropathic pain generation, and thus anti-TNF interventions may be
effective in preventing the development of neuropathic pain (George et al., 2004).
Schéfers & Sommer (2007) also reported that blockade of these cytokines or application
of anti-inflammatory cytokines reduces pain. Such peripheral mechanism of
proinflammatory cytokine action in neuropathic pain may be associated with the
induction of COX-2 leading to prostaglandin synthesis in damaged nerves (Sommer &
Kress, 2004). COX-2 is the inducible prostaglandin-synthesizing enzyme and
constitutively expressed in the central nervous system of rats (Beiche et al.,, 1998).

COX-2 is also induced and/or increased by inflammation or administration of cytokines
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such as IL-13, contributing to inflammatory pain hypersensitivity (Samad et al., 2001).
Although the mechanisms by which COX2 is involved in neuropathic pain or analgesic
action are poorly understood, prostaglandin E, (PGE,) is considered to be a major factor
because it increases neuronal activity and hyperalgesia (Minamietal., 1994; Ahmadietal.,
2001). Actually, injured sciatic nerves produce PGE, through a mechanisms related to
COX-2 activity, and such upregulation of COX-2 and PGE, in injured nerves is
long-lasting and plays an important role in the development of neuropathic pain. Thus
many studies reported the effectiveness of COX-2 inhibitors to alleviate the neuropathic
pain (Muja & DeVries, 2004; Ma et al., 2010; Ma et al., 2012). Similarly, our study
showed that instrument-assisted spinal manipulation significantly suppressed the
up-regulations of TNF-a and COX-2 in injured sciatic nerves, which contributed to the
alleviation of thermal hyperalgesia Fig 3-5.

c-Fos, an immediate-early gene, is used as the marker of neuronal activation
following noxious stimulation, and thus many studies on neuronal response to a painful
experience reported the expression of c-Fos in the dorsal horn of spinal cord and brain
areas, such as the anterior cingulate cortex, hypothalamic paraventricular nucleus, and
periaqueductal grey lateral ventral nucleus (PAG) (Hunt et al., 1987;, Nishimori et al.,
2002; Coggeshall, 2005; Takeda et al., 2009). Spinal neurons expressing c-Fos after
peripheral noxious stimulation project to structures in the midbrain, especially the PAG,
which play an important role in controlling the pain (McMahon & Wall, 1985; Harris,
1999; Heinricher et al., 2009). The PAG interconnected with the hypothalamus and
limbic forebrain areas such as the amygdala directly receives spinomesencephalic input,
and projects to the rostral ventromedial medulla (RVM). The RVM, in turn, sends the
output to dorsal horn laminae playing an important role in nociceptive function
(Heinricher et al., 2009). Thus, many studies reported that noxious stimulation including
nerve injury enhanced the expression of c-Fos in the dorsal horn of spinal cord and

PAG (Nishimori et al., 2002; Gholami et al., 2006). Originally, c-Fos is involved in the
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signal transduction cascade linking extracellular events to long-term intracellular
adaptations (Harris, 1998). Fos also contribute to long-term modulation of spinal
nociceptive pathways through involvement in the alteration in the spinal nociceptive
circuits causing hyperalgesia or allodynia (Zimmermann & Herdegen, 1994). Terayama et
al. (2014) reported that injury to tibial nerve enhanced c-Fos expression in the spinal
dorsal horn, and convergent nociceptive input through neighboring intact nerve may
partially contribute to the augmentation of c-Fos in the spinal dorsal horn and the
neuropathic pain induced by peripheral nerve injury. In the present study, crushed sciatic
nerve injury induced the augmentation of c-Fos expression in the spinal dorsal horns
and ventrolateral PAG (vIPAG), but instrument-assisted spinal manipulation significantly
suppressed the sciatic nerve injury-induced c-Fos expressions in these major nociceptive
centers, the vVIPAG and the spinal dorsal horn Fig. 6.

Some researchers suggested an association between NO and nociceptive signaling in
neuropathic pain models by upregulating NOS expression in neurons of spinal dorsal
horn (Lam et al., 1996; Miclescu & Gordh, 2009). Lam et al. (1996) reported that
formalin injection increased the number of neuronal NOS (nNOS)-positive neurons at the
L4-L5 dorsal horn, suggesting that NO may be involved in the mechanism of
hyperalgeisa. Mor et al. (2011) also reported that rats with pain and disability induced
by chronic constriction injury of the sciatic nerve injury showed the increased iNOS in
the vIPAG. Thus, NOS inhibitors were reported to be effective in suppressing the
neuropathic pain (Chapman et al, 1995; Miclescu & Gordh, 2009). NO
immunoreactivity is associated with the NADPH-d enzyme, serving as a histochemical
marker for neurons that produce NO (Hope et al., 1991). Noxious visceral stimulation
significantly increased the NADPH-d-positive neurons in PAG (Rodella et al., 1998).
Damasceno et al. (2013) also reported that paradoxical sleep deprivation promoting
hyperalgesia increased the number of NADPH-d-positive cells in the dorsolateral PAG,

and this might be involved in the increased pain sensitivity. Our results also showed
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that sciatic nerve injury significantly enhanced the expressions of NADPH-d in the
vIPAG and L4-L5 spinal cord regions, but application of spinal manipulation

significantly reduced the expressions of NADPH-d in these regions Fig. 7.
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V. Conclusion and Limitation

The present results showed that sciatic crushed nerve injury induced the thermal
hyperalgesia by enhancing the TNF-a and COX-2 in the injured nerves and c-Fos and
NO in the major nociceptive centers, such as the spinal dorsal horns and vIPAG.
However, instrument-assisted spinal manipulation remarkably alleviated the neuropathic
pain derived from sciatic nerve injury through suppressing the inflammatory factors in
the injured nerves and neuronal activity in the spinal dorsal horns and vIPAG. Many
studies reported effectiveness of spinal manipulation on relieving neck pain, sciatica and
chronic low back pain (Childs et al., 2004; Chu et al.,, 2014). Some studies suggested
that spinal manipulation activated the diffuse descending pain inhibitory neurons located
in the PAG through stretching the ligaments, disks, joint capsules or muscles (Terrett &
Vernon, 1984; Willer et al.,, 1984; Vicenzino et al., 1998). Coronado et al. (2012)
suggested that spinal manipulation might have a favorable effect by increasing pressure
pain threshold at the remote sites of stimulus application, and this reduction in pain
sensitivity following spinal manipulation may be related to the modulation of afferent
input or central nervous system processing of pain. However, previous studies did not
suggest the mechanism of spinal manipulation in the molecular and biological aspects.
On the other hand, our study suggested the therapeutic potential of the
instrument-assisted spinal manipulation in alleviating the neuropathic pain by presenting
molecular and biological evidences. But, this study did not investigate the effects of
spinal manipulation on the other factors related to the neuropathic pain including IL1{3
and in other brain regions, such as the anterior cingulate cortex and hypothalamic
paraventricular nucleus. Therefore, further studies are required to elucidate more exact
mechanisms by which spinal manipulation alleviate the neuropathic pain induced by the

nerve injures.
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