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Abstract

Objective. Oxidative stress plays an important role in neuropathic pain (NP). Spinal manipulative therapy (SMT) can
exert beneficial effects on pain outcomes in humans and in animal models. SMT can also modulate oxidative stress
markers in both humans and animals. We aimed to determine the effect of ImpulseVR -assisted SMT (ISMT) on noci-
ception and oxidative stress biomarkers in the spinal cords and sciatic nerves of rats with NP. Methods. NP was in-
duced by chronic constriction injury (CCI) of the sciatic nerve. Animals were randomly assigned to naive, sham (rats
with sciatic nerve exposure but without ligatures), or CCI, with and without ISMT. ISMT was applied onto the skin
area corresponding to the spinous process of L4–L5, three times per week for 2 weeks. Mechanical threshold, latency
to paw withdrawal in response to thermal stimulus, and oxidative stress biomarkers in the spinal cord and sciatic
nerve were the main outcomes evaluated. Results. ISMT significantly increased mechanical threshold and with-
drawal latency after CCI. In the spinal cord, ISMT prevented the increase of pro-oxidative superoxide anion genera-
tion and hydrogen peroxide levels. Lipid hydroperoxide levels both in the spinal cord and in the sciatic nerve were
attenuated by ISMT. Total antioxidant capacity increased in the spinal cords and sciatic nerves of CCI rats with and
without ISMT. CCI and ISMT did not significantly change the total thiol content of the spinal cord. Conclusions. Our
findings suggest that reduced oxidative stress in the spinal cord and/or nerve may be an important mechanism un-
derlying a therapeutic effect of SMT to manage NP nonpharmacologically.
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Introduction

Neuropathic pain (NP) is defined as pain caused by a le-

sion or disease in the peripheral or central somatosensory

nervous system [1]. NP affects about 7 to 10% of the

population, and it is clinically characterized by abnormal

pain sensation, such as spontaneous ongoing pain or

shooting pain, and by abnormal evoked pain responses,

such as hyperalgesia and allodynia, within the
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somatotopic representation of the injured nervous system

[2]. NP is associated with several pain conditions, such as

postherpetic neuralgia, trigeminal neuralgia, painful radi-

culopathy, chronic low back pain subpopulations, dia-

betic neuropathy, HIV infection, leprosy, amputation,

peripheral nerve injury pain, and stroke [1, 2]. The un-

derlying mechanisms taking place in NP are complex [3].

The clinical management of NP is interdisciplinary and

encompasses pharmacological and nonpharmacological

approaches [4]. Pharmacological options show limited ef-

ficacy, and many patients may endure long-term side

effects [1]. Therefore, it is important to determine new

strategies to help manage NP.

Among nonpharmacological treatments, spinal ma-

nipulative therapy (SMT) is largely sought by patients

with NP symptoms related to lumbar spine pain [5, 6].

SMT is embedded in international clinical guidelines as

part of the nonpharmacological care package for the

management of adults with low back pain with NP symp-

toms [7, 8]. SMT is often used in chiropractic care [9]. As

a core therapeutic approach, chiropractic care embraces

spinal manipulation, either manually or with the use of

an instrument (e.g., ImpulseVR Adjusting Instrument,

Neuromechanical Innovations, Phoenix, AZ, USA) [10].

This device is an electromechanical instrument that pro-

duces shockwave pulses when triggered and is used for

the management of musculoskeletal disorders [10–13].

ImpulseVR produces a controlled average peak force of

200 N, depending on its force setting (low, medium, or

high), delivered in less than 5 ms with a driving frequency

of 126 Hz [10, 12, 13].

The mechanism of action of spinal mechanical shock-

wave pulse therapy on pain modulation has been sug-

gested to involve stimulation of mechanoreceptors

located at the spine and surrounding tissues, triggering a

gate-control response at the segmental level in the spinal

cord and dorsal root ganglia (DRG) [10, 14]. Indeed,

clinical and preclinical studies using instrument-assisted

SMT observed improvement of pain and function out-

comes in populations with spine-related pain [15, 16],

improvement of secondary mechanical hyperalgesia and

modulation of oxidative stress markers in the blood of

rats after hind limb immobilization [17], and inhibition

of interleukin-1b and tumor necrosis factor-a levels in

the DRG and the spinal cord in an animal model of NP

[14]. Despite the benefits of the instrument-assisted SMT

in pain management, its underlying mechanisms remain

to be further elucidated.

Oxidative stress may be defined as an excessive

amount of reactive oxygen species (ROS), which is the

net result of an imbalance between the production and

destruction of these species [18]. ROS are generated as

part of normal cell metabolism and serve both normal

physiological and pathophysiological functions.

Preclinical studies of NP observed that superoxide anion

(one of the ROS) plays a role in mediating long-term po-

tentiation in excitatory neurons and long-term depression

in inhibitory GABAergic interneurons of the spinal cord

[19]. Hydrogen peroxide (another ROS) appears to en-

hance the frequency of action potentials in primary neu-

rons involved in NP [20]. Thiols, which are organic

compounds that contain a sulfhydryl group and are im-

portant in the cell’s protection against oxidative stress

[21], are reduced in the sciatic nerve and spinal cord in

sciatic nerve–induced NP [22, 23]. Interestingly, attenua-

tion of oxidative stress in the spinal cord and sciatic

nerve contributed to ameliorating NP symptoms in rats

[24, 25].

Despite the alteration of oxidative stress in the spinal

cord and sciatic nerve in NP, and the capability of SMT

to modulate oxidative stress, no study to date has ex-

plored the direct relationship between SMT and oxida-

tive stress biomarkers in the spinal cord and sciatic nerve

in NP. Thus, the present study aimed to determine

whether ImpulseVR -assisted SMT (ISMT) reduces NP

symptoms and modulates oxidative stress biomarkers in

the spinal cords and sciatic nerves of rats with chronic

constriction injury (CCI) of sciatic nerve–induced NP, a

commonly used animal model of NP [26]. We hypothe-

sized that ISMT would modulate oxidative stress

markers in the spinal cord and sciatic nerve in parallel

with an antinociceptive effect. Understanding the rela-

tionship between ISMT and biomarkers of oxidative

stress may add important insight into the underlying

mechanisms contributing to the benefits of ISMT man-

agement of NP.

Methods

Animals
Experiments were performed on a total of 36 three-

month-old male Wistar rats, with body weights between

200 and 250 g. All experiments were approved by the

Ethics Committee for Animal Experimentation of the

Universidade Federal do Rio Grande do Sul (CEUA-

UFRGS #32773). Rats were divided into three groups:

naive (rats that did not undergo surgical manipulation),

sham (rats that underwent all surgical procedures in-

volved in CCI except the ligature), and CCI (rats in

which four ligatures were tied loosely around the right

common sciatic nerve). Each group was further divided

into two subgroups (n¼ 6/subgroup), one that received

ISMT and one that did not. Then, the groups were as fol-

lows: naive, naiveþISMT, sham, shamþISMT, CCI, and

CCIþISMT. All rats were housed in a room with a stable

temperature of 23 6 1�C and fed ad libitum with a regu-

lar pellet diet. Rats were acclimated for at least 1 week

before starting the study.

ISMT
The treatment was carried out with the ImpulseVR

Adjusting Instrument (U.S. Food and Drug

Administration approval #K023462, Neuromechanical
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Innovations, Phoenix, AZ, USA). This is a handheld elec-

trically assisted mechanical chiropractic instrument that

has been used clinically as an alternative to manually ma-

neuvering a person’s spine. ImpulseVR is a microprocessor-

controlled electromechanical adjusting instrument that

delivers a shockwave impulse with a faster force rate,

lower amplitude, and shorter duration than those of

manually applied SMT [10, 13]. It is equipped with a

force adjustment switch that allows for the selection of

three force settings (I, low; II, medium; III, high), thereby

controlling the peak force given (ranging from 132.5 to

380.2 N) [13]. A recent report studying the biomechani-

cal characteristics of the ImpulseVR on analogous/model

spine tissue observed that ISMT delivers a shockwave

pulse width of 4.08 ms, a velocity of 1.22 m/s, a plunger

travel of 1.24 mm, and a peak force of 129 N with a driv-

ing frequency of 126 Hz at its maximum force setting

[10]. For the present study, ImpulseVR was adjusted by the

manufacturer to develop a minor peak force suitable to

rodent studies. No additional changes were made to the

ImpulseVR instrument, and external and internal features

similar to the device used in the clinic and approved by

the U.S. Food and Drug Administration were maintained.

The ISMT intervention was conducted according to pre-

vious preclinical studies using other types of instrument-

assisted SMT [17, 27]. ImpulseVR was applied onto the

skin area overlaying the spinous process of L4–L5 at a

rostral direction at an angle of approximately 40
�

to 50
�

to the vertebral horizontal line [17, 27]. The ISMT

started 72 hours after surgery to avoid manipulation im-

mediately after surgery. The ISMT was consistently ap-

plied to the same region for 2 weeks, three times per

week, at force setting III (Figure 1). The treatment was

consistently applied at the same time (5:00 PM) by the

same researcher. Each treatment session consisted of one

single application of the ISMT per animal. The entire

procedure lasted 1–2 minutes, including 1) animal han-

dling, 2) localization of the target location (skin area cor-

responding to the L4–L5 spinous process), 3) instrument

placement and angulation, 4) ISMT application, and 5)

returning the animal to its cage. Rats were not anesthe-

tized for the intervention [17], and no signs of discomfort

in response to treatment were observed. The treatment

protocol was based on a clinical study showing beneficial

effects of manual SMT on pain and blood inflammatory

biomarkers in patients with chronic low back pain [28].

Determination of the ImpulseVR Peak Force and

Pressure
Given that a rat has a mass approximately 350� less

than that of a human weighing 70 kg [29] and that the

ImpulseVR is a device for clinical use, the chiropractic de-

vice was adjusted by the manufacturer

(Neuromechanical Innovations, Phoenix, AZ, USA) to

deliver a body size–scaled force that would be more suit-

able for the rat spine. To estimate the pressure being

delivered to the rat spine, we measured the peak force

value of the device when operated by an investigator us-

ing an S-type load cell with 30-kgf capacity, as described

by Duarte et al. [29]. Similar to Duarte et al. [29], we de-

termined peak force with the ImpulseVR in each of its force

settings (I, low; II, medium; III, high). The test was re-

peated five times. Data were collected by a 16-bit analog

converter (USB1608HS2AO, Measurement Computing,

Norton, MA, USA) connected to a signal conditioner

with five inputs (manufactured by GMAP, Universidade

Federal do Rio Grande do Sul, Porto Alegre, RS, Brazil),

linked to a current amplifier (Model TL074, Texas

Instruments Inc., Dallas, TX, USA) and a computer.

Data were analyzed with Agilent software (UEE Pro 7.5,

Agilent Technology, Santa Clara, CA, USA), and 50,000

points per second were collected in each test [29]. From

peak force data, the pressure values were calculated as

pressure¼peak force value / area of ImpulseVR tip.

Induction of CCI of the Sciatic Nerve
CCI of the sciatic nerve was induced as described by

Bennett and Xie [30], with some modifications [22].

Briefly, a surgical procedure was performed under anes-

thesia (90 mg/kg ketamine and 10 mg/kg xylazine, intra-

peritoneally). For CCI, the right sciatic nerve was

exposed at mid-thigh level, and four ligatures (4.0 chro-

mic catgut, Shalon Fios Cir�urgicos Ltda., S~ao Luis de

Montes Belos, GO, Brazil) were placed around it with a

1.0- to 1.5-mm interval between each ligature. After the

muscle and skin layer was sutured, a topical antibiotic

(Ryfamicin SV 10 mg/mL, Sanofi-Aventis Farmacêutica

Ltda, Brazil) was applied to the wound, and each rat re-

ceived oral aspirin (acetylsalicylic acid, 100 mg/kg).

Sham rats had the sciatic nerve exposed but did not re-

ceive ligatures. All rats made an uneventful recovery after

surgery. After regaining consciousness, rats returned to

their cages and were maintained in the same conditions

previously described. These animals were checked daily

by the same researcher.

Nociceptive Behavioral Assessments
NP nociceptive changes were assessed with electronic

von Frey and hot plate tests, which assessed mechanical

threshold and latency to paw withdrawal in response to

thermal stimulation, respectively [24]. The mechanical

threshold was assessed in all groups with an electronic

von Frey apparatus (Insight, Brazil) before surgery (day

0) and at days 4, 6, 8, 11, 13, and 15 after surgery, al-

ways at 7:00 AM. A single trial consisted of five applica-

tions of the plastic tip, once every 30 s, under the hind

paw of the ipsilateral side of the CCI. A positive response

was defined as the reflex withdrawal of the paw. The

mean of five readings was taken as the threshold for a

particular trial in each rat. Data were log-transformed

for analyses [31]. The latency to paw withdrawal in re-

sponse to the thermal stimulus was assessed in all groups
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before the surgery (day 0) and at days 4 and 15 after sur-

gery, always at 8:00 AM. The withdrawal response to a

heat stimulus was measured by placing the rats on the

hot plate maintained at 50�C, and withdrawal latency (in

seconds) was recorded. A positive withdrawal response

was determined by observation of the rat’s behavior of

jumping or licking the hind paw, regardless of the side. A

cutoff time of 30 s was used to prevent tissue injury. All

animals were tested by the same researcher in a room

with a stable temperature of 23 6 1�C. A timeline of the

experimental procedures is provided in Figure 2.

Sample Preparation
Approximately 18 hours after the end of the last inter-

vention, animals were euthanized by decapitation. The

whole lumbosacral spinal cord and a segment (�7 mm)

of the proximal portion of the sciatic nerve (superior to

the ligatures) ipsilateral to the surgery were collected.

This was done to offer insights into the general changes

of the spinal cord and ipsilateral nerve. The spinal cord

was divided transversely into three parts. The same por-

tion always received the same preparation. Two parts of

the spinal cord were immediately cooled in liquid nitro-

gen and processed to determine superoxide anion genera-

tion (SAG) and H2O2 levels. The third part was

homogenized in 1.15% KCl diluted 1:5 (w/v) containing

1 mmol/L phenylmethylsulfonyl fluoride and was centri-

fuged at 1,000 g for 20 min at 4�C, and the supernatant

was used for assays of lipid hydroperoxide levels, total

antioxidant capacity (TAC), and total thiol content, as

described previously [22]. The sciatic nerve received simi-

lar homogenization and preparation. The resulting super-

natant was used for assays of lipid hydroperoxide levels

and TAC, as described previously [32].

Estimation of SAG
The lumbosacral spinal cord SAG was estimated with

nitroblue tetrazolium to form formazan as an index of

SAG, as described by Wang et al. [33] with some modifi-

cation [22]. Absorbance was read at 540 nm. The SAG

was determined as follows: SAG¼A�V/(T�Wt� e� l),

where A is the absorbance of blue formazan at 540 nm, V

is the volume of the solution, T is the period (90 min)

during which the sections were incubated with nitroblue

tetrazolium, Wt is the blotted wet weight of the spinal

cord portion, e is the extinction coefficient of blue forma-

zan (i.e., 0.72 L/mmol/mm), and l is the length of the light

path. Results are reported as reduced nitroblue tetrazo-

lium mM/min/mg tissue.

Determination of H2O2

The lumbosacral spinal cord H2O2 levels were estimated

with horseradish peroxidase, as described by Pick and

Keisari [34] with some modification [35]. Absorbance

was read at 610 nm. The results are reported as lM

H2O2/g tissue.

Determination of Lipid Hydroperoxide Levels
Lipid hydroperoxides were measured in the sciatic nerve

and lumbosacral spinal cord with xylenol orange dye, as

described by Jiang et al. [36] and used in our previous

studies [22, 32]. Absorbance was read at 560 nm. The as-

say was replicated three times. Results are reported as

nM/g tissue.

Determination of TAC
TAC was determined in the sciatic nerve and lumbosacral

spinal cord with 2,2-azinobis-(3-ethylbenzothiazoline-6-

sulfonic acid) radical cation, as described by Erel [37]

and used in our previous studies [22, 32]. Absorbance

was read at 660 nm. The assay was replicated three

times. Results are reported in mM eq trolox/g tissue.

Determination of Total Thiol Levels
Total thiol content was determined in the lumbosacral

spinal cord with 5,5’-ditiobis (2-nitrobenzoic) acid, as de-

scribed by Aksenov and Markesbery [38] and used in our

previous studies [22, 35]. Absorbance was read at

412 nm. The assay was replicated three times. Results are

reported as mM/mg tissue.

Statistical Analysis
Data are presented as mean 6 standard error mean

(SEM), except for peak force and pressure. ISMT peak

force and pressure between force settings (I, II, and III)

were analyzed by one-way analysis of variance

(ANOVA) followed by Dunnet’s multiple variation test.

Results of behavioral tests and oxidative stress bio-

markers were analyzed with two-way ANOVA (factors:

surgery and treatment) followed by the Tukey test.

Differences were considered statistically significant when

Figure 1. Application of chiropractic adjusting instrument
(ImpulseVR ) onto the skin area corresponding to the spinous
process of L4–L5 of a rat.
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P was <0.05. Statistical analyses were carried out with

SigmaPlot version 11.0 software (Systat Software Inc.,

Chicago, IL, USA).

Results

All animals maintained their body mass at every time

point after sham or CCI surgery interventions. Autotomy

was not present in the CCI groups.

Peak Force and Pressure Values
The mean and standard deviation of the mean of the

peak force and pressure of the ISMT at each force setting

are listed in Table 1. There was a significant increase of

peak force values when the force setting was set up to

medium and high (settings II and III) compared with set-

ting I (P¼ 0.010 and 0.001, respectively). There was also

a difference between settings II and III, (P¼ 0.049). With

regard to the pressure applied by the ISMT, there was a

significant increase of pressure values when the force set-

ting was set up to medium and high (settings II and III)

compared with setting I (P< 0.001 and 0.001, respec-

tively). No difference was seen between settings II and III

(P¼ 0.051). Mean differences and 95% confidence inter-

vals (CIs) are presented for all possible comparisons be-

tween force settings in Table 2.

Nociceptive Behavioral Assessments
There was a main effect of CCI on mechanical threshold

between groups (F2,53¼ 210.567, P< 0.001), a main ef-

fect of treatment (F2,53¼ 10.588, P¼ 0.001), and an in-

teraction between lesion and treatment on mechanical

threshold (F2,53¼ 6.826, P< 0.001). The post hoc test

revealed that although the mechanical threshold did not

exhibit any significant change in naive (1.7 6 0.02) and

sham (1.7 6 0.02) rats over time (Figure 3A, 3B), this

threshold significantly (P< 0.001) decreased in CCI rats

(Figure 3C). The mechanical threshold was decreased at

all time points: 4 (1.4 6 0.01), 6 (1.5 6 0.02),

8 (1.4 6 0.03), 11 (1.4 6 0.01), 13 (1.5 6 0.04), and 15

(1.3 6 0.02). In contrast, ISMT attenuated the decrease

of mechanical threshold after CCI. Relative to CCI,

CCIþISMT rats had an increased mechanical threshold

at all assessed times points: 4 days (1.6 6 0.01), 6 days

(1.6 6 0.03), 8 days (1.6 6 0.03), 11 days (1.6 6 0.03),

13 days (1.6 6 0.01), and 15 days (1.6 6 0.03).

Therefore, the ISMT attenuated the decrease in mechani-

cal threshold by approximately 53% compared with CCI

rats that did not receive the therapy.

There was a main effect of lesion on thermal with-

drawal latency between groups (F2,53¼ 7.224,

P< 0.001), but no treatment effect (F2,53¼ 0.739,

P¼ 0.482) was observed. However, a significant interac-

tion between lesion and treatment (F2,53¼ 2.925,

P¼ 0.005) was observed. The post hoc test revealed that

the thermal withdrawal latency did not change in naive

(27.2 6 2.7) and sham (25.2 6 2.7) rats (Figure 4A, 4B).

However, the latency decreased in CCI rats (Figure 4C).

On day 4, the thermal withdrawal latency was

13.6 6 2.2 and 14.5 6 2.4 in CCIþISMT and CCI, re-

spectively. On day 15, although no recovery was found

in the withdrawal responses of CCI (15.6 6 2.4), an in-

crease was observed in CCIþISMT (21.5 6 2.4) rats com-

pared with the pre-nerve lesion. Therefore, the ISMT

attenuated the decrease in thermal withdrawal latency by

approximately 38% (day 15) compared with CCI rats

that did not receive the therapy.

Oxidative Stress Markers in the Sciatic Nerve
A main effect of surgery (F2,53¼ 3.484, P¼ 0.044) and

treatment (F2,53¼ 7.985, P¼ 0.008) in lipid hydroperox-

ide levels in the sciatic nerve was observed, with no inter-

action effect between factors (F2,53¼ 2.836, P¼ 0.075)

(Figure 5A). Post hoc testing revealed that the lipid hy-

droperoxide levels increased in the sciatic nerves of the

CCI rats (233.9 6 20.4) compared with the naive

(149.9 6 22.8, P¼ 0.012) and sham (157.9 6 19.5,

P¼ 0.035) groups. In contrast, no increase of lipid hydro-

peroxides was observed in the CCIþISMT group

MT
TL
Surgery
procedure

ISMT
0 3 154 5 6 7 8 9 11 12 13 14

MT
TL
Euthanasia

MT
TL

ISMT MT ISMT MT MT MTISMT ISMT ISMT

Days post-lesion

Figure 2. Timeline of experimental procedures. MT¼mechanical threshold assessed with von Frey test. TL¼ the latency of paw
withdrawal in response to thermal stimulus assessed with hot plate test.

Table 1. Mean and standard deviation of the peak force and
pressure of the ISMT in its three different force settings (I, II,
and III)

Setting I Setting II Setting III

Peak Force Pressure Peak Force Pressure Peak Force Pressure

20 6 0.26 45.4 6 0.6 22 6 1.50 50.0 6 3.4 23.5 6 0.20 53.4 6 0.6

Peak force and pressure are presented in Newtons (N) and Pascals (Pa), re-

spectively. ISMT¼ Impulse
VR

device adapted by the manufacturer for use in

preclinical studies.
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(149.9 6 22.8), whereas the lipid hydroperoxide values

were comparable to those in the sham (P¼ 0.979) and

naive (P¼ 0.888) groups. Statistical difference between

the CCI and CCIþISMT groups was observed

(P¼ 0.015).

In addition, there was a main effect of surgery on TAC

levels in the sciatic nerve (F2,53¼ 807.677, P< 0.001), but

no treatment effect was observed (F2,53¼ 0.483, P¼ 0.497),

and there was no interaction effect between lesion and treat-

ment (F2,53¼ 1.317, P¼ 0.296) (Figure 5B). Post hoc testing

revealed that TAC increased in the sciatic nerves of the CCI

group (28.7 6 0.6) compared with the naive (7.5 6 0.6,

P< 0.001) and sham (6.3 6 0.3, P< 0.001) groups. TAC

also increased in the sciatic nerves of the CCIþISMT group

(29.56 0.7, P< 0.001) compared with the naive and sham

groups.

Pro-Oxidative Markers in the Spinal Cord
There was a main effect of surgery on SAG levels in the

spinal cord between groups (F2,53¼ 30.667, P< 0.001), a

main effect of treatment (F2,53¼ 13.147, P¼ 0.002), and

an interaction effect between lesion and treatment on

SAG levels (F2,53¼ 13.807, P< 0.001) (Figure 6A). Post

hoc testing showed that the levels of SAG significantly in-

creased in the spinal cords of CCI rats (73.9 6 3.2,

Table 2. Peak force and pressure mean difference and confidence intervals (MD [CI]) of multiple comparisons between force set-
tings (I, II, and III) of the ISMT

Comparisons MD (CI) MD (CI) P Values

Setting I vs Setting II –2.00 (–3.403 to –0.596) –4.60 (–8.014 to –1.186) 0.010; <0.001

Setting I vs Setting III –3.50 (–4.903 to –2.097) –8.00 (–11.41 to –4.586) <0.001; <0.001

Setting II vs Setting III –1.50 (–2.996 to –0.004) –3.40 (–6.814 to 0.013) 0.049; 0.051

Specific comparisons are listed in the left column. In the P value column, the first number indicates the P value for peak force comparison, and the second num-

ber indicates the value for pressure comparison. ISMT¼ Impulse
VR

device adapted by the manufacturer for use in preclinical studies.
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Figure 3. Assessment of mechanical threshold in rats with CCI of the sciatic nerve, naive and sham with or without ISMT. Data are
reported as mean6SEM (n¼6/group). *P<0.05 compared with pre-nerve lesion values, #P<0.05 compared with CCI with ISMT
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P< 0.001) compared with naive (37.9 6 2.9) and sham

rats (38.4 6 3.2), contrasting with CCIþISMT

(45.8 6 3.2), which prevented the increase of SAG in the

spinal cord, bringing SAG to values comparable to naive

(P¼ 0.155) and sham (P¼ 0.484) rats. Also, there was a

significant difference between CCI and CCIþISMT

(P¼ 0.006).

We also observed a main effect of surgery

(F2,53¼ 10.511, P< 0.001) and treatment (F2,53¼ 4.809,

P¼ 0.043), with a significant interaction effect between

them (F2,53¼ 7.489, P¼ 0.005) on the spinal cord H2O2

levels (Figure 6B). Post hoc testing revealed that H2O2

levels significantly increased in the spinal cords of CCI

rats (2.5 6 0.3, P< 0.001) compared with the naive

(1.0 6 0.3) and sham (1.1 6 0.2) groups. In contrast, no

significant increase of H2O2 levels was observed in the

CCIþISMT group (1.8 6 0.3) compared with the naive

(P¼ 0.855) and sham (P¼ 0451) groups. Also, there was

no significant difference between CCI and CCIþISMT

(P¼ 0.292).

When lipid hydroperoxide levels in the spinal cord

were assessed, no main effect of the surgery was found

between groups (F2,53¼ 3.299, P¼ 0.056) (Figure 6C). In

contrast, a significant difference was found for treatment

(F2,53¼ 16.201, P< 0.001), with a significant interaction

effect between surgery and treatment (F2,53¼ 6.034,

P¼ 0.008). The post hoc testing revealed a significant in-

crease in the lipid hydroperoxide levels in the spinal cord

of CCI rats (202.5 6 12.2) compared with the naive

(137.2 6 11.4, P¼ 0.06) and sham (134.9 6 10.9,

P¼ 0.006) groups. No statistical difference was observed

between the CCIþISMT (119.9 6 10.8) and naive and

sham groups. Also, there was a significant difference be-

tween CCI and CCIþISMT (P< 0.001).

Antioxidant Markers in the Spinal Cord
In the spinal cord, a significant main effect of surgery be-

tween groups was observed for TAC level

(F2,53¼ 20.092, P< 0.001), but neither a treatment effect

(F2,53¼ 0.0586, P¼ 0.810) nor an interaction effect be-

tween lesion and treatment (F2,53¼ 1.049, P¼ 0.364)

was observed (Figure 7A). Despite the increase of TAC

levels in both the CCIþISMT (37.1 6 2.7) and CCI

(33.4 6 2.7) groups compared with the sham (19.6 6 3.3,

P¼ 0.001 and P¼ 0.008, respectively) and naive

(19.7 6 2.8, P< 0.001 and P¼ 0.015, respectively)
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Figure 4. Assessment of paw withdrawal latency in response to thermal stimulus in rats with CCI of the sciatic nerve, naive and
sham with or without ISMT. Data are reported as mean6SEM (n¼6/group). *P<0.05 compared with pre-nerve lesion values (two-
way ANOVA followed by Tukey post hoc test). Naive¼ rats without surgery. Sham¼ rats in which all surgical procedures involved
in the CCI were used except the ligature. ISMT was applied onto the skin area corresponding to the spinous process of L4–L5, three
times per week for 2 weeks.
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groups, no statistical difference between the CCI and

CCIþISMT groups was observed (P¼ 0.343).

There was no effect of surgery between groups

(F2,53¼ 1.442, P¼ 0.262) or for treatment (F2,53¼ 0.184,

P¼ 0.673); no interaction between lesion and treatment

(F2,53 ¼ 3.258, P¼ 0.062) was observed on total thiol

levels in the spinal cord (Figure 7B). Total thiol content

of the spinal cord was as follows: naive (0.5 6 0.03),

naiveþISMT (0.4 6 0.03), sham (0.4 6 0.03),

shamþISMT (0.4 6 0.02), CCI (0.3 6 0.02), and

CCIþISMT (0.4 6 0.03).

Discussion

The present study demonstrated for the first time that

ISMT increases the mechanical threshold of rats exposed

to NP. ISMT also attenuated the increase of lipid hydro-

peroxides in the sciatic nerve and spinal cord in addition

to diminishing the increase of SAG and H2O2 in the spi-

nal cord after CCI-induced NP. These findings support

our study hypothesis that ISMT would provide an anti-

nociceptive effect and modulate oxidative stress markers

in the peripheral and central nervous system in a rat

model of NP.

A growing number of preclinical SMT studies are im-

proving our understanding of the functional effects and

molecular mechanisms involved in SMT. The decrease of

the mechanical threshold of the plantar aspect of the

hind paw and the diminished paw withdrawal latency in

response to thermal stimulation that we observed after

CCI is in line with previous studies [22, 32, 35]. We ob-

served that lumbar ISMT—performed three times per

week for 2 weeks—promoted a protective effect in rats

undergoing CCI-induced NP, increasing the hind paw

mechanical threshold. Previous studies using other types

of instrument-assisted SMT observed a similar protective

effect on secondary mechanical hyperalgesia after hind

limb immobilization–induced pain hypersensitivity and

intervertebral foramen inflammation and chronic com-

pression of the DRG-induced NP [14, 17, 29]. Von Frey

testing is widely used as a way to measure the mechanical

threshold in clinical and preclinical studies of NP and is

useful in determining the presence of cutaneous hyperal-

gesia (an increase in the pain elicited by a noxious stimu-

lus) or allodynia (pain evoked by a normally innocuous

stimulus) [39]. CCI leads to the manifestation of second-

ary hyperalgesia, a hallmark of central sensitization [40].

This phenomenon in the CCI-induced NP model is

thought to be caused by an abnormal barrage of neuron

discharge, either in the peripheral nerve or at the DRG

level, leading to sensitization of central neurons in the

spinal cord [40]. Our findings of an increased mechanical

threshold in the CCIþISMT group relative to the CCI

group suggests attenuation in nociceptive response and

consequently modulation of the function of the somato-

sensorial system. Furthermore, the act of choosing which

paw to lift to avoid the thermal stimulus in hot plate test-

ing is believed to require supraspinal structures [39]. This

suggests that the hot plate test goes beyond a spinal

cord–mediated reflex, requiring integration between

supraspinal and spinal cord structures [39]. Thus, ISMT

may exert a beneficial effect at both the spinal and supra-

spinal levels. Further studies on the possible role of the

ISMT on spinal circuitry and supraspinal areas are

recommended.

ROS are important in the development of NP symp-

toms [41]. Deficiency in the ROS-producing enzyme

NOX4 led to an attenuation of mechanical hypersensitiv-

ity induced by CCI [42]. The development of mechanical

hyperalgesia appears to be related to the levels of super-

oxide anion and hydroxyl radicals in the spinal cords of

mice with NP [19]. In agreement with previous studies

using a similar animal model of NP [22, 32, 35], we

A

B

Figure 5. Scatter plot showing individual values of lipid hydro-
peroxide levels (A) and TAC (B) in the sciatic nerves of rats
with CCI, naive and sham with or without ISMT. Mean 6 SEM
(n¼6/group) are represented by horizontal and vertical bars
for each group, respectively. *P<0.05 compared with sham
rats; **P<0.05 compared with naive rats; ***P<0.05 com-
pared with CCI rats with ISMT (two-way ANOVA followed by
Tukey post hoc test). Naive¼ rats without surgery. Sham¼ rats
in which all surgical procedures involved in the CCI were used
except the ligature. ISMT was applied onto the skin area corre-
sponding to the spinous process of L4–L5, three times per
week for 2 weeks.
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observed elevated levels of SAG and H2O2 in the spinal

cords of the CCI group, while ISMT prevented their in-

crease. A previous study showed attenuation in the me-

chanical threshold parallel to a decrease in SAG in the

spinal cord of CCI rats [22]. Data from the present study

showing attenuated SAG and H2O2 concomitant with at-

tenuated hypersensitivity to mechanical and thermal

nociception suggest that the decrease in SAG and H2O2

levels may be contributing to the antinociceptive effect of

ISMT.

Increased pro-oxidant markers, such as superoxide

anions and H2O2, may be related to the increased lipid

hydroperoxide levels that we observed in the injured sci-

atic nerve and the spinal cord. Lipid hydroperoxides are

an early intermediate in the lipid peroxidation process

[43]. As ROS concentration is lowered by antioxidants

[18], increased pro-oxidant markers may be related to an

increase in TAC in the sciatic nerves and the spinal cords

of CCI rats. TAC reflects total antioxidant system func-

tion [44]. However, TAC increased similarly in the

nerves and spinal cords of CCI and CCIþISMT rats, de-

spite ROS levels in CCIþISMT being similar to those in

naive rats. There are some spectrophotometric methods

to evaluate the TAC of a sample [45]. The Trolox equiva-

lent antioxidant capacity assay measures mainly non-

enzymatic components of the antioxidant system, such as

albumin, uric acid, ascorbic acid, a-tocopherol, and bili-

rubin [45]. A series of clinical and preclinical studies with

SMT observed that a course of treatment with manual

SMT increased enzymatic antioxidant levels, such as su-

peroxide dismutase and glutathione peroxidase activities,

in the red blood cells of patients with chronic back or

neck pain [46]. In addition, instrument-assisted SMT

(Activator 4) increased glutathione peroxidase activity in

the red blood cells of rats that underwent hind limb im-

mobilization–induced pain hypersensitivity [17]. Taken

together, these results suggest that manual SMT and

instrument-assisted SMT increase the activity of different

antioxidant systems in the systemic circulation. Here,

CCI elevated antioxidant capacity in nervous tissue (and

in a NP model), but there was no effect of SMT; thus, the

different results may be related to the examined tissue or

the presence of an NP condition. Nevertheless, we ana-

lyzed TAC using only one assay. It is recommended that

A

C

B

Figure 6. Scatter plot showing individual values of SAG (A), hydrogen peroxide (B), and lipid hydroperoxide (C) levels in the spinal
cords of rats with CCI, naive and sham with or without ISMT. Mean 6 SEM (n¼6/group) are represented by horizontal and vertical
bars for each group, respectively. *P<0.05 compared with sham rats; **P<0.05 compared with naive rats; ***P<0.05 compared
with CCI rats with ISMT (two-way ANOVA followed by Tukey post hoc test). Naive¼ rats without surgery. Sham¼ rats in which all
surgical procedures involved in the CCI were used except the ligature. ISMT was applied onto the skin area corresponding to the
spinous process of L4–L5, three times per week for 2 weeks.
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various assays should be used for TAC evaluation [45].

Thus, further research is needed to better understand the

relationship between the antioxidants and SMT on the

backdrop of different pain conditions.

Thiols are important in the cell’s protection against

oxidative stress [21]. However, no significant change oc-

curred in total thiol content in the spinal cord of

CCIþISMT rats compared with CCI rats. This result sug-

gests that ISMT did not alter total thiol content in the

spinal cord of CCI rats. However, total thiol content was

lower in the spinal cords of CCI (0.3 6 0.02) rats than in

those of CCIþISMT (0.4 6 0.03) rats, and this last value

was similar to that found in naive (0.45 6 0.03) rats.

Thus, we cannot exclude the hypothesis that ISMT plays

a beneficial effect on thiol groups in the spinal cord after

CCI-induced NP.

Although our findings point to the modulation of pro-

oxidant and antioxidant biomarkers in the spinal cords

and sciatic nerves of CCIþISMT rats as an underlying

factor in the amelioration of nociception, we cannot

exclude the contribution of other factors. A recent study

using a spinal nerve ligation mouse model suggested that

mechanical hyperalgesia is the result of the combination

of long-term potentiation in excitatory spinothalamic

neurons and long-term depression in inhibitory

GABAergic interneurons of the spinal cord [19]. Thus,

the increase in mechanical threshold may be related to

the effect of ISMT on GABAergic neurons of the spinal

cord. Skyba et al. [47] showed that joint mobilization

produced its antinociceptive effects through a non-opioid

system in a model of capsaicin-induced central sensitiza-

tion. Joint mobilization and SMT have distinct mechani-

cal characteristics (e.g., peak force, pre-load, and thrust)

and therefore likely work throughout different systems,

with joint mobilization likely affecting more superficial

axial muscles and SMT stimulating receptors within deep

intervertebral muscles [48]. Nevertheless, joint mobiliza-

tion and SMT may also share common antinociceptive

modulatory pathways. Supraspinal suppression of the

spontaneous activity of thalamic nociceptive neurons has

been recently reported after a single SMT in Wistar rats

[49]. Instrument-assisted SMT ameliorated NP symp-

toms through a mechanism mediated by interleukin-10

decreasing inflammatory factors and leading to DRG

neuron excitability recovery [14, 29]. The interleukin-10/

miR-155 pathway appears to have an important role in

regulating NOX2, a critical inducer of both extracellular

and intracellular ROS in microglia/macrophages [50].

Thus, the ameliorative effect of ISMT on pain outcomes

may be related to changes in interleukin-10, which might

be contributing to a decrease in pro-oxidant biomarkers

in nervous tissues after SMT.

Oxidative stress can activate a variety of transcription

factors, leading to the activation of several inflammatory

genes [51]. In chemotherapy-induced neuropathy, it has

been observed that a complex cascade of events involving

endothelial cell activation and infiltration of monocytes/

macrophages expressing CX3C chemokine receptor 1 at

the sciatic nerve leads to increased ROS and sensitization

of sensory neurons expressing TRPA1 channels, thus

evoking a pain response [52]. Activation of Schwann cell

TRPA1 channels may generate a spatially constrained

gradient of oxidative stress that maintains macrophage

infiltration to the injured sciatic nerve and increases the

traffic of paracrine signals to activate TRPA1 of

unsheathed nociceptors, sustaining mechanical allodynia

[25]. Thus, the beneficial effect of ISMT could involve a

complex interplay between ROS and multiple cell types

(immune cells, endothelial cells, and/or neural cells) in

both the peripheral and central nervous system; further

studies are required to address the impact of ISMT on

these mechanisms and their role in NP.

There are some limitations of our present study. First,

we used the whole lumbosacral spinal cord for oxidative

stress analysis. It has been reported that functional

changes in the gene expression of factors related to pain

inhibition between the ipsilateral and contralateral spinal

A

B

Figure 7. Scatter plot showing individual values of TAC (A) and
total thiol content (B) in the spinal cords of rats with CCI, naive
and sham with or without ISMT. Mean 6 SEM (n¼6/group) are
represented by horizontal and vertical bars for each group, re-
spectively. *P<0.05 compared with sham rats; **P<0.05 com-
pared with naive rats (two-way ANOVA followed by Tukey post
hoc test). Naive¼ rats without surgery. Sham¼ rats in which
all surgical procedures involved in the CCI were used except
the ligature. ISMT was applied onto the skin area correspond-
ing to the spinous process of L4–L5, three times per week for
2 weeks.
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cord, as well as between the dorsal and ventral horns of

the spinal cord, may exist after unilateral neuropathy

[53]. Thus, we need to consider that the oxidative

changes of the ipsilateral side of the spinal cord may be

diluted by the contralateral side. Second, as TAC results

may vary depending on the assay performed [45], further

studies should use a combination of TAC assays and

analysis of other specific antioxidants. Third, there are

several sources of ROS that were not examined. For ex-

ample, it has been shown that NOX4, an enzymatic

source of ROS, is involved in the development of NP

states by producing oxidative stress and subsequent cyto-

kine dysregulation at the lesion site [42]. Future studies

may want to examine this as a source of ROS production,

the impact on pain, and the effect of SMT. Fourth, al-

though the peak force developed by the spinal manipula-

tion device after manufacturer adjustment was reduced

to �20 N to suit the rat model, preclinical setup peak

force was not fully scaled to the rat body weight. Given

the rat body mass (250 g) and the peak force applied, ani-

mals received approximately 100 times greater force than

their body weight. Although previous studies have shown

the validity of scaling the peak force to animal body

mass, the determination of the ideal scaling parameters,

the effects of tissue compliance (stiffness), and the re-

sponse to input force (impedance) in rats are not clear

[54, 55]. Fifth, because ISMT was applied to the target

area with its original probe and rubber end tip, we need

to consider that this interface (probe end þ treatment lo-

cation) of contact with the rodent’s spine may be large

for such a small animal compared with humans. Further

studies are necessary to clarify this aspect. Sixth, the

shockwave profile of the adapted device was not

assessed. Although the approximation of a half sine wave

with the thrust curves was 83% for ImpulseVR , and this

wave was consistent across settings and tissue compli-

ance [10], further studies are necessary to show the

shockwave profile of animal model–adapted ImpulseVR .

Seventh, the oxidative stress markers were assessed only

15 days after ISMT. There is a need to assess these

markers at earlier and longer time points to determine

the temporal effect of ISMT. Eighth, we did not assess

the types of afferent fibers activated by ISMT. It has been

proposed that SMT activates peripheral afferent fibers,

which initiate a cascade of peripheral and central neuro-

physiological effects [56]. In acupuncture, the intensity,

frequency, duration, and interval between stimuli directly

influence the kind of afferent nerve fibers activated; exci-

tation of Ab (group II) and some Ad fibers (group III) is

involved in electroacupuncture-induced analgesia [57].

Ab-fiber electrical stimulation modulated excitatory and

inhibitory populations of superficial dorsal horn neurons,

suggesting that Ab stimulation at a segment adjacent to

where the pain is located may improve analgesic efficacy

[58]. Therefore, it is important to consider that ISMT-

induced antinociception may be related to activation of

afferent nerve fibers, specifically Ab (group II) fibers,

that may likely converge from various tissues and may

likely be contributing to the antinociceptive effect seen in

the present study. Despite these limitations, our results

are important because they are the first to demonstrate

the effect of ISMT on nervous tissue oxidative stress and

thermal and mechanical hypersensitivity in a model of

NP.

Conclusions

The present study demonstrates that ISMT induces anti-

nociception in parallel with changes in oxidative stress

markers in the spinal cords and the sciatic nerves of rats

with CCI-induced NP. Given that ROS plays an impor-

tant role in NP, modulation of the spinal cord and sciatic

nerve oxidative stress markers may be physiological

mechanisms underlying the effects of SMT in NP disor-

ders. Overall, our findings add to the evidence supporting

the potential role of SMT as a nonpharmacological thera-

peutic strategy to manage or treat NP.
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