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Aims: To investigate the role of exercise-induced hypoalgesia (EIH) in the 
development of neuropathic pain (NP) following infraorbital nerve (ION) injury 
and to explore possible underlying mechanisms defining the differences between 
rats with high and low EIH. Methods: EIH was evaluated by measuring the 
percentage of withdrawal responses to a series of 30 mechanical stimuli applied 
to the hind paw before and after 180 seconds of exercise on a rotating rod. The 
rats were assigned to low- and high-EIH groups based on reduction in the percent 
of withdrawal responses following exercise. NP was induced in high- and low-EIH 
rats via ION constriction injury. Rats were tested with graded nylon monofilaments 
to establish the withdrawal threshold. Increasingly stiff monofilaments were applied 
to the ION territory until there was a clear withdrawal by the rat. This was repeated 
a total of three times. A decreased withdrawal threshold indicates allodynia. Testing 
was performed at baseline and at 3, 10, and 17 days following the injury. On day 
17 postinjury, IONs were harvested for the assessment of interleukin (IL)-6, IL-1β, 
and IL-10 levels. Samples from high-EIH and low-EIH surgically naïve rats served 
as control for the cytokines study. In this second part of the study, the effects 
of cannabinoid 1 (CB1) and cannabinoid 2 (CB2) antagonists and naltrexone 
on EIH profiles and on the withdrawal thresholds to mechanical stimulation 
were measured. EIH and withdrawal thresholds in high- and low-EIH rats were 
measured before and after administration of antagonists. Results: Low-EIH 
rats developed significantly more pronounced allodynia in the ION territory 
following injury compared to high-EIH rats. At 17 days postinjury, ION IL-1β levels 
were higher in low-EIH rats, and IL-10 levels were higher in high-EIH rats. CB1 
antagonist blocked the analgesic effect induced by exercise in high- but not 
in low-EIH rats. The CB2 antagonist had no significant effect on high- or low-
EIH rats. Naltrexone blocked the effects of EIH in both high- and low-EIH rats. 
Exercise induced a significant analgesic effect in high-EIH but not in low-EIH rats. 
CB1 or CB2 antagonist administration had no effect on pre-exercise responses 
to mechanical stimulation, while naltrexone administration resulted in significant 
allodynia in both low- and high-EIH rats. Conclusion: This study demonstrated 
substantial differences between rats with high and low EIH. The results suggest 
that following ION injury, high-EIH rats may have a more prominent or activated 
endocannabinoids system and that their inflammatory response is moderated, 
with higher levels of IL-10 and lower levels of IL-1β. J Oral Facial Pain Headache 
2021;35:230–240. doi: 10.11607/ofph.3003
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Neuropathic pain in the orofacial region shares some mechanisms 
and features with neuropathic pain in spinal nerves, though it 
also demonstrates inimitable characteristics. The trigeminal sys-

tem tends to be more resistant to developing neuropathic pain (NP) 
following trauma; it has been shown that injury to the infraorbital nerve 
(ION) is followed by lower ectopic activity compared to spinal nerve 
injury and that sympathetic sprouting is absent in the trigeminal gangli-
on (TG).1,2 A recent study also suggested that the dorsal root ganglion 
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(DRG) and the TG present subtle, distinct transcrip-
tional variations and are differently regulated follow-
ing peripheral nerve injury.3

Faulty pain modulation mechanisms have been 
linked to various chronic pain conditions, such as 
fibromyalgia,4–7 tension-type headache, musculo-
skeletal pain,8,9 migraine,10 chronic low back pain,11 
irritable bowel syndrome,12 and neuropathic pain, as 
well as to chronic NP in the orofacial region, such as 
trigeminal posttraumatic neuropathies13 and burning 
mouth syndrome (BMS).14,15

Exercise is a known trigger of the pain modulation 
system and has been used in various studies to eval-
uate pain modulation efficacy. Its palliative effect on 
pain sensitivity is commonly termed exercise-induced 
hypoalgesia (EIH).16

The exact mechanisms underlying EIH are not 
fully understood; however, the endogenous opioid 
and cannabinoid systems are recognized as playing a 
major role in this phenomenon.17–19 Other suggested 
mechanisms include involvement of neurotransmit-
ters such as norepinephrine and 5HT,20,21 involve-
ment of the adenosinergic system,22 and interactions 
with the cardiovascular system.23

It has been previously demonstrated that, follow-
ing sciatic nerve damage, the severity of pain is as-
sociated with the EIH profile.24 In a previous study, 
it was demonstrated that rats classified as low EIH 
developed significantly more severe neuropathic pain 
following nerve injury compared to high-EIH rats. 
This finding may have significant clinical importance 
for identifying individuals that are at higher risk for de-
veloping postsurgery chronic pain.24

The objectives of the current study were to assess 
whether EIH profile can predict pain in the orofacial 
region following damage to the rat ION. Additionally, 
the potential roles of the endocannabinoid system, 
the opioid system, and pro- and anti-inflammatory cy-
tokines in the development of neuropathic pain were 
examined. The study hypotheses were that rats with 
less efficient EIH would develop more severe pain 
following ION injury, that cannabinoid and opioid an-
tagonists would reduce EIH (mainly in rats with effi-
cient EIH), and that rats with less efficient EIH would 
have higher levels of proinflammatory cytokines and 
lower levels of anti-inflammatory cytokines. 

Materials and Methods

All experimental protocols were in compliance with 
the guidelines of the International Association for 
the Study of Pain25 and approved by the Rutgers 
Institutional Animal Care and Use Committee (pro-
tocol no. 10077E1113). Adult male Sprague Dawley 
rats weighing 250 to 300 g were used. Rats were 

habituated preoperatively by spending a daily 10–20 
minutes in the sensory testing apparatus for 5 con-
secutive days. During this period, the rats were test-
ed for mechanical allodynia in the region of the ION. 
During the entire study period, the rats were main-
tained on standard feed, reverse osmosis–treated 
water, and a 12-hour day and night cycle. 

Study Overview
The rats were assessed for EIH levels following daily 
habituation in the testing apparatus for 3 days. Rats 
that demonstrated response reduction to mechanical 
stimuli of ≥ 70% following exercise were consid-
ered to have high EIH, while rats with a reduction of  
≤ 30% were considered to have low EIH. Only high- 
and low-EIH rats were included in the study. Rats 
were randomly allocated into the experimental and 
control groups. The investigator performing the pain 
behavior or surgery was blinded to the EIH profiling 
and intervention.

Experiment 1. Fourteen high-EIH and 12 low-
EIH rats underwent ION constriction injury. All rats 
were tested for mechanical allodynia at baseline and 
at 3, 10, and 17 days following the surgery. 

On day 17, under deep anesthesia and prior to 
euthanasia, each rat’s injured and contralateral IONs 
were harvested for assessment of the interleukin  
(IL)-6, IL-1β, and IL-10 levels. ION samples from  
6 high-EIH and 6 low-EIH naïve rats served as con-
trols for the cytokine study.

Experiment 2. In a different group of low- and 
high-EIH rats, EIH and mechanical allodynia at the ION 
territory were assessed before and following admin-
istration of the CB1 antagonist (high-EIH n = 15, low-
EIH  n = 14), CB2 antagonist (high-EIH n = 15, low-EIH  
n = 14), and naltrexone (high-EIH n = 14, low-EIH  
n = 15).

Exercise-Induced Hypoalgesia
EIH levels were assessed employing a method pre-
viously described by Khan et al.24 In brief, 30 repeti-
tive stimuli with a 60-g von Frey filament were applied 
to the rat’s hind paw before and immediately after 
180 seconds on a rotating rod (RotaRod, Stoelting), 
where they accelerated from 8 to 16 rpm over 100 
seconds, and then maintained the 16 rpm for an ad-
ditional 80 seconds. EIH score was calculated as: 
(% responses at baseline – % responses following 
exercise) / % responses at baseline × 100. 

Rats that demonstrated an EIH reduction of  
≥ 70% were considered to have high EIH, while rats 
with EIH reduction of ≤ 30% were considered to have 
low EIH. In experiment 1, EIH was recorded twice  
(1 week apart) at baseline only. This was done to  
validate that the EIH profiling did not change. However, 
in experiment 2, EIH was measured at baseline  
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and then before and 10 minutes after administration of 
the antagonist. 

ION Injury
Fourteen high-EIH and 12 low-EIH rats underwent 
left ION constriction injury under deep ketamine (50 
mg/kg) and xylazine (7.5 mg/kg) intraperitoneal anes-
thesic solution. Chronic constriction injury (CCI) of 
the ION was performed based on the original model 
described by Imamura et al.26 In brief, an incision ap-
proximately 1 cm long was made along the maxillary 
left gingivobuccal margin, proximal to the first molar. 
About 0.5 cm of the ION was freed of the adher-
ing tissue, and two ligatures (4.0 chromic gut) were 
loosely tied around the nerve. A single investigator 
(J.K.) performed all of the surgeries.

Pain Behavior Assays
The tests were performed with the rat placed inside 
a chamber located on an elevated, perforated floor.

In experiment 1, the rats’ responses to mechan-
ical stimulation were assessed prior to the surgery 
(baseline) and then at 3, 10, and 17 days following 
the surgery. In experiment 2, responses for mechani-
cal allodynia (MA) were recorded before and 10 min-
utes after the antagonist administration. 

MA was tested with Semmes-Weinstein monofil-
aments sorted by ranks expressing the log base 10 
of the force, applied in grams, to bend the filament 
(Stoelting). The rats’ withdrawal threshold was es-
tablished by applying an increasing amount of force 
to the ION territory with the calibrated monofilament. 
The monofilaments were applied in an ascending or-
der from a low to a high force; the lowest force to 
induce withdrawal response was considered as the 
detection threshold. Typically, rats in pain respond to 
a lower force. 

Cytokine Levels
Under deep anesthesia with ketamine (50 mg/kg) and 
xylazine (7.5 mg/kg) and prior to euthanasia, the ION 
samples were harvested from high-EIH ION-CCI (n = 
6) and low-EIH ION-CCI (n = 6) rats. A 1-cm piece of 
the ION including the area of nerve damage was col-
lected. Approximately 0.25 cm of the proximal and dis-
tal sites of the nerve and 0.5 cm of the site of ligatures 
were harvested. Levels of IL-10, IL-6, and IL-1β in the 
collected tissues were quantified using enzyme-linked 
immunosorbent assay (ELISA). ION samples of naïve 
high-EIH (n = 6) and low-EIH (n = 6) rats served as 
control. 

The tissue samples were weighed and placed 
separately in 300.25-μL medium containing 300 L 
of CelLytic MT mammalian tissue lysis/extraction re-
agent (Sigma Chemical) and 0.25 μl of protease 
inhibitor cocktail (Sigma Chemical). Tissue homoge-

nization was performed using the Polytron PT1200E 
(Kinematica), and tissue samples were centrifuged 
(×13,000 g for 10 minutes). Employing standard pro-
cedures, IL-1β, IL-6, and IL-10 content in the samples 
was quantified using an ELISA microplate absorbance 
reader (Bio-Rad Laboratories) according to the man-
ufacturer’s instructions (R&D Systems). All specimens 
were tested in duplicate, where 50 ug of total protein 
was loaded into each well to assess inter-assay vari-
ability. The cytokine content was expressed in picto-
grams of cytokine per milliliter per milligram.

Drugs and Dosages
Naltrexone hydrochloride, a nonspecific opioid re-
ceptor antagonist (N3136, Sigma-Aldrich), was ad-
ministered intraperitoneally to low- and high-EIH rats 
(low-EIH n = 13, high-EIH n = 15) at a dose of 1 mL/
kg per rat.27 EIH and MA at the ION territory were 
tested prior to and 15 minutes following the naltrex-
one administration. AM251, a CB1 antagonist, and 
AM630 (Sigma Aldrich), a CB2 antagonist, were in-
jected subcutaneously into low- and high-EIH rats 
(AM251: low n = 14, high n = 16; AM630: low n = 
15, high n = 13) at a dose of 1 mL/kg per rat.28,29 EIH 
and MA at the ION territory were tested before and 
10 minutes following the antagonists’ administration. 

Data Analysis
The distribution of outcome measures was tested 
for normality using Shapiro-Wilk test. The results 
indicated that the response to mechanical stimula-
tion data before and after exercise, with and without 
antagonists, were significantly skewed. Therefore, 
nonparametric approaches, such as Wilcoxon rank 
sum test, were used to compare the medians of the 
two groups (high and low EIH). Steel-Dwass multiple 
comparison method was used to control the overall 
type I error in pairwise comparisons. Nonparametric 
Wilcoxon test was used to analyze repeated out-
comes within the group. 

For normally distributed outcomes, Student t test 
was used to compare the means of the high- and 
low-EIH groups; multivariate analysis of variance 
(MANOVA) was used for the analysis of repeat-
ed-measures data. Analysis of variance (ANOVA) was 
used to compare the means across multiple groups 
with Tukey multiple comparison method to control the 
overall type I error in pairwise comparisons. 

Classification of the rats into high- and low-EIH 
responders was based on the percent reduction in 
the number of responses to the 30 mechanical stim-
uli applied to each rat’s paw. A reduction ≥ 70% was 
considered a high response (high EIH), and a reduc-
tion of ≤ 30% was considered a low response (low 
EIH). The data for the affected and contralateral nerve 
territories were analyzed separately. The significance 
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level was set at α = .05, and a confidence interval 
(CI) of 95% was set. A sample size analysis relying 
on previous EIH and pain behavior methods similar to 
those employed in this study suggested that 10 rats 
in each study group would provide a power of 80%. 
Descriptive statistics are presented as mean and stan-
dard error of the mean (SEM). Statistical analyses 
were performed using JMP Pro 13.0.0 (SAS Institute).

Results

A total of 229 rats were initially screened (high EIH 
= 96 [42%], medium EIH = 78 [34%], low EIH = 55 
[24%]). A total of 58 high-EIH and 55 low-EIH rats 
were included in the study. The rats were selected 
randomly for the EIH groups.

Experiment 1
Pain behavior following nerve injury. Mechanical 

Allodynia. On the ION-CCI side, no significant differ-
ences were found between low- and high-EIH rats at 
baseline (high: 2.38 ± 0.39; low: 2.48 ± 0.34), day 3 
postsurgery (high: 2.22 ± 0.31; low: 2.76 ± 0.42), or 
day 10 postsurgery (high: 2.56 ± 0.30, low: 2.50 ± 
0.42). Low-EIH rats had a significantly lower thresh-
old (ie, more pain) at day 17 postsurgery compared to 
high-EIH rats (high: 1.49 ± 0.23, low: 0.58 ± 0.01; P 
= .003; Fig 1a). Low-EIH rats’ detection threshold was 

significantly lower on day 17 postsurgery compared 
to baseline (P < .001). While the detection threshold 
decreased in high-EIH rats, it did not approach signif-
icance (P = .101; Fig 1a). 

On the contralateral ION side, no significant differ-
ences were found between low- and high-EIH rats at 
baseline (high: 2.13 ± 0.37; low: 2.30 ± 0.39), day 3 
postsurgery (high: 2.60 ± 0.41; low: 2.14 ± 0.41), day 
10 postsurgery (high: 2.58 ± 0.42; low: 2.45 ± 0.54), 
or day 17 postsurgery (high: 2.78 ± 0.42; low: 2.90 
± 0.45; Fig 1b). Neither high- nor low-EIH rats devel-
oped a significant threshold reduction at days 3, 10, or 
17 postsurgery compared to baseline (Fig 1b).

Cytokine levels. The affected and contralateral 
nerves were harvested at the end of the experiment 
on day 17 postsurgery. Data are presented as mean 
± SEM (pg/mg).

IL-1β levels. On the ION-CCI side, IL-1β levels 
were significantly higher in low-EIH rats compared 
to high-EIH rats (high: 35.83 ± 18.00; low: 87.50 ± 
11.29; P = .018). Low-EIH rats that underwent nerve 
injury had significantly higher IL-1β levels compared 
to naïve low-EIH rats (naïve low: 2.50 ± 2.50, P = 
.003). The difference between high-EIH ION-CCI 
rats and high-EIH naïve rats (naïve high: 1.67 ± 1.67) 
was not statistically significant (Fig 2a). 

On the contralateral ION, there was no significant 
difference between high- and low-EIH rats (high: 
31.90 ± 14.77; low: 48.33 ± 21.77). The difference 

Fig 1 Mechanical allodynia (MA) before and after infraorbital nerve injury. (a) MA at the injured nerve territory. No significant differences 
were found between low- and high-EIH rats at baseline, 3, or 10 days postinjury. Low-EIH rats had a significantly lower threshold (ie, 
more pain) at day 17 postsurgery compared to high-EIH rats (#). Low-EIH rats’ detection threshold was significantly lower compared to 
baseline on day 17 postsurgery compared to baseline (*). while the reduction in high-EIH rats did not approach significance. (b) MA at 
the contralateral nerve territory. No significant differences were found between low- and high-EIH rats at any time point; neither high- nor 
low-EIH rats developed significant allodynia compared to baseline. 
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between high-EIH ION-CCI rats and naïve high-EIH 
rats (1.67 ± 6.01), as well as the difference between 
low-EIH ION-CCI rats and low-EIH naïve rats (2.50 
± 2.50), was not statistically significant.

IL-6 levels. On the ION-CCI side, there was no 
significant difference in IL-6 levels between high-EIH 
and low-EIH rats (high: 38.00 ± 1.63; low: 39.67 ± 
0.82). High-EIH rats that underwent nerve injury had 
significantly higher IL-6 levels compared to high-EIH 
naïve rats (naïve high: 5.80 ± 5.00; P = .004), and 
low-EIH rats that underwent nerve injury had signifi-
cantly higher IL-6 levels compared to naïve low-EIH 
rats (naïve low: 6.67 ± 4.94, P = .003; Fig 2b). 

On the contralateral ION side, there was no sig-
nificant difference between IL-6 levels in high-EIH 
and low-EIH rats (high: 31.90 ± 14.77; low: 48.33 
± 21.71). There were also no differences between 
high- and low-EIH rats that underwent nerve injury 
and naïve high and low rats. 

IL-10 levels. On the ION-CCI side, IL-10 levels 
were significantly higher in high-EIH compared to low-
EIH rats (high: 345.83 ± 73.58, low: 38.89 ± 17.39;  
P = .008) and compared to naïve high-EIH rats (50 
± 55.82; P = .005). No significant difference was 
found between low-EIH rats that underwent nerve in-
jury and naïve low- or high-EIH rats (28.00 ± 16.09).

On the contralateral side, IL-10 levels were signifi-
cantly higher in high-EIH rats (275.83 ± 53.70) com-
pared to low-EIH rats (105.00 + 49.77, P = .044) 
and compared to naïve high-EIH rats (50 ± 55.82, 

P = .005). No significant difference was found be-
tween low-EIH rats that underwent nerve injury and 
naïve low-EIH rats (28.00 ± 16.09; Fig 2c).

Experiment 2
Antagonist effect on EIH. CB1 antagonist. CB1 

antagonist (AM251) administration blocked the exer-
cise hypoalgesic effect in high-EIH rats (EIH: 75.36 
± 3.57; EIH following antagonist administration: 
24.18 ± 5.07; P < .001), but had no significant effect 
in low-EIH rats (EIH: 20.80 ± 2.96; EIH following an-
tagonist administration: 18.40 ± 2.75; Fig 3a). 

CB2 antagonist. CB2 antagonist (AM630) ad-
ministration did not have a significant effect in high-
EIH rats (EIH: 76.00 ± 3.51; EIH following CB1 
administration: 76.81 ± 3.63) or low-EIH rats (EIH: 
15.60 ± 3.30; EIH following CB1 antagonist admin-
istration: 20.10 ± 2.77; Fig 3b).

Opioid antagonist. Opioid antagonist (naltrexone) 
administration blocked the exercise hypoalgesic ef-
fect in high-EIH (EIH: 77.18 ± 3.51; EIH following 
naltrexone administration: 19.18 ± 3.59; P < .001) 
and low-EIH rats (EIH: 25.00 ± 2.64; EIH following 
naltrexone administration: 11.60 ± 2.67; P = .009; 
Fig 3c).

Antagonist effect on mechanical allodynia. 
CB1 antagonist. Exercise significantly increased the 
high-EIH rats’ mechanical detection threshold, indi-
cating reduced sensitivity (before exercise: 0.96. ± 
0.12; following exercise: 1.78 ± 0.26; P = .004), but 

Fig 2 Cytokine levels in the injured and contralateral infraorbital nerves 17 days following injury. (a) IL-1β. Low-EIH rats’ levels were 
significantly higher compared to high-EIH rats (#) and compared to naïve low-EIH rats (*). The difference between high-EIH postsurgery 
rats and high-EIH naïve rats was not statistically significant. On the contralateral side, there were no significant differences in IL-1β 
levels between high- and low-EIH rats, or between high- and low-EIH rats postsurgery and naïve high- and low-EIH rats. (b) IL-6. On 
the injured side, there were no significant differences in IL-6 levels between high-EIH and low-EIH rats. High-EIH postsurgery rats 
had significantly higher IL-6 levels compared to high-EIH naïve rats, and low-EIH postsurgery rats had significantly higher IL-6 levels 
compared to naïve low-EIH rats (*). On the contralateral side, there were no significant differences in IL-6 levels between high-EIH and 
low-EIH rats, or between high- and low-EIH rats postsurgery and naïve high- and low-EIH rats. (c) IL-10. On the injured side, IL-10 levels 
were significantly higher in high-EIH rats compared to low-EIH rats postsurgery (#) and naïve high-EIH rats (*). No significant differences 
were found between low-EIH rats postsurgery and naïve low- or high-EIH rats. On the contralateral side, IL-10 levels were significantly 
higher in high-EIH compared to low-EIH rats postsurgery (#) and compared to naïve high-EIH rats (*). No significant differences were 
found between low-EIH rats postsurgery and naïve low-EIH rats.
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had a nonsignificant effect in low-EIH rats (before ex-
ercise: 0.79 ± 0.17; following exercise: 0.98 ± 0.14). 
Administration of AM251 blocked the hypoalgesia 
induced by exercise in high-EIH rats and significant-
ly increased the tested area’s sensitivity (before exer-
cise: 0.97 ± 0.12; following exercise: 0.56 ± 0.05; P = 
.019). However, it had no significant effect in low-EIH 
rats (before exercise: 1.03 ± 0.21; following exercise: 
0.83 ± 0.22). The antagonist administration did not af-
fect the threshold before exercise in high- or low-EIH 
rats (Fig 4a). 

CB2 antagonist. Exercise increased the high-EIH 
rats’ mechanical detection threshold significantly (be-
fore exercise: 0.94. ± 0.15; following exercise: 2.04 ± 
0.29; P = .003) but did not have a significant effect in 
low-EIH rats (before exercise: 0.81 ± 0.15; following 
exercise: 1.17 ± 0.34). CB2 antagonist administration 
did not have a significant effect on the hypoalgesia in-
duced by exercise in high-EIH rats (before exercise: 
1.04. ± 0.11; following exercise: 1.83 ± 0.24) or in 
low-EIH rats (before exercise: 0.97 ± 0.17; following 
exercise: 1.14 ± 0.19). The antagonist administration 
did not have a significant effect on the threshold be-
fore exercise in high- or low-EIH rats (Fig 4b).

Opioid antagonist. Exercise increased the high-
EIH rats mechanical detection threshold significantly 
(before exercise: 1.23. ± 0.19; following exercise: 2.55 
± 0.21; P < .001), but did not have a significant effect 
in low-EIH rats (before exercise: 1.19 ± 0.18; follow-
ing exercise: 1.51 ± 0.37). Naltrexone administration 
in high-EIH rats significantly reduced the detection 
threshold before exercise compared to naïve rats 
(without naltrexone: 1.23 ± 0.19; with naltrexone: 0.60 
± 0.13; P = .011) but did not block the hypoalgesia 
(ie, threshold elevation) induced by exercise (before 
exercise: 0.60 ± 0.13; following exercise: 2.49 ± 0.25;  

P < .001). Administration in low-EIH rats did not sig-
nificantly change the response before exercise com-
pared to naïve rats (without naltrexone: 1.19 ± 0.18; with 
naltrexone: 0.71. ± 0.24); however, exercise induced a 
significant hypoalgesia (before exercise: 0.71. ± 0.68; 
following exercise: 1.68 ± 0.2; P = .007; Fig 4c). 

Discussion

This study investigated the role of EIH profile in rats 
in the development of neuropathic pain following ION 
injury and explored its association with pro- and an-
ti-inflammatory cytokine levels in the injured nerve. 
Additionally, the effect of systemic opioids and can-
nabinoid antagonists on EIH and the response to 
mechanical stimulation in the ION territory were also 
investigated. 

The key findings of this study are the substan-
tial differences between rats with high- and low-EIH 
profiles. Low-EIH rats developed significantly more 
pain following ION injury compared to high-EIH rats. 
Differences were also noted in the pro- and anti- 
inflammatory cytokine levels at the injured nerve and in 
the responses to opioid and cannabinoid antagonists. 

In clinical practice and in animal studies, exercise 
has been shown to have a palliative effect on various 
painful conditions, including neuropathic pains.30–37 
Regular physical activity may also play a role in pre-
venting the development of chronic pain and the ac-
tivation of central neurons.38 Exercise is presently 
included in the treatment protocols for chronic painful 
conditions such as arthritis, fibromyalgia, chronic fa-
tigue, and low back pain.39–44 However, less is known 
about the effect of exercise on neuropathic orofacial 

Fig 3 Effect of cytokine antagonist administration on EIH. (a) CB1 antagonist AM251 blocked the exercise hypoalgesic effect in high-
EIH rats (*), but had no significant effect in low-EIH rats. (b) CB2 antagonist AM630 did not have a significant effect in high-EIH or 
low-EIH rats. (c) Opioid antagonist naltrexone (NLX) blocked the exercise hypoalgesic effect in high- and low-EIH rats. BL = baseline.
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pain, as previous studies have focused on masti-
catory myalgia.45 Orofacial or trigeminal nerve neu-
ropathic pain share mechanisms and features with 
spinal-nerve neuropathic painful conditions; however, 
the trigeminal nerve seems to display some unique 
pain syndromes unknown in other anatomical sites. 
These may include trigeminal neuralgia, BMS, and 
primary headaches, such as migraines and trigeminal 
autonomic cephalalgias. It also seems to react differ-
ently to trauma with less electrophysiologic activity at 
the level of the neuroma,2 a lower incidence of neu-
ropathic pain,46 and no sympathetic-sensory relation-
ships at the level of the dorsal root ganglion, as seen 
in the sciatic nerve.1,47 Additionally, there is a signifi-
cantly lower incidence of other painful syndromes in 
the trigeminal system, such as complex regional pain 
syndrome and painful diabetic neuropathy. 

A limited number of studies assessed the asso-
ciation between pain modulation and neuropathic 
orofacial pain48,49; however, it has been shown that 
patients with less efficient pain modulation devel-
oped more chronic pain following root canal treat-
ment,13 and patients suffering from BMS have a less 
efficient pain modulatory system.14 In contrast, a 
study employing the blink reflex test to measure pain 
modulation and capsaicin as a painful stimulus could 
not demonstrate altered pain modulation in atypical 
odontalgia patients.50

Although exercise is commonly used to evaluate 
the inhibitory pain modulation system,51 the majority 
of the studies on orofacial pains and all of the studies 
on neuropathic orofacial pain employed the condi-
tioned pain modulation (CPM) paradigm, whereby a 
painful conditioning stimulus inhibits the test stimu-
lus (pain inhibits pain). CPM and EIH share common 
mechanisms, such as activation of the opioid, canna-
binoid, serotonergic, noradrenergic, and dopaminer-
gic systems17,19,52–56; however, they are not identical 
phenomena.57 An important difference is the effect 
duration—while the CPM effect is limited to the time 
at which the conditioning painful stimulus is provided, 
EIH endures beyond the exercise period.58

An association between pain modulation profile 
and postsurgical pain was first demonstrated in a 
prospective study in patients undergoing thoracoto-
my, where patients with less efficient pain modulation 
suffered more from significant persistent postsurgi-
cal neuropathic pain.59

In a previous study employing the same meth-
od for assessing EIH in rats, the present authors 
demonstrated that the severity of the pain developed 
following sciatic nerve injury is related to the rat’s 
EIH profile.24 Rats with less efficient hypoalgesia fol-
lowing exercise (low EIH) not only developed more 
severe neuropathic pain following the nerve injury, 
but also developed pain in the contralateral intact 
paw. It is not clear whether the low- and high-EIH 

Fig 4 Effect of cytokine antagonist administration on mechanical allodynia (MA). The mechanical detection threshold (MDT) to Sem-
mes-Weinstein monofilaments was tested before and after exercise, with and without antagonist administration. A lower score denotes 
increased sensitivity. (a) Exercise significantly increased the MDT in high-EIH rats but had a nonsignificant effect in low-EIH rats. CB1 
antagonist AM251 did not have a significant effect on the responses before exercise; however, in high-EIH rats, the antagonist blocked 
the hypoalgesia induced by exercise, and the detection threshold following exercise decreased significantly (*). (b) Exercise increased 
the MDT in high-EIH rats significantly, but did not have a significant effect in low-EIH rats. CB2 antagonist AM630 did not have a 
significant effect on the hypoalgesia induced by exercise or on the threshold before exercise in high-EIH or low-EIH rats. (c) Exercise 
increased the MDT in high-EIH rats significantly, but did not have a significant effect in low-EIH rats. Opioid antagonist naltrexone (NLX) 
significantly reduced the MDT in high-EIH rats before exercise compared to naïve rats, but had no significant effect in low-EIH rats. NLX 
did not block the threshold elevation following exercise in the high- or low-EIH rats.
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rats are endowed with this trait or whether behavioral 
change, such as an increase in activity (such as daily 
exercise), can change EIH profile.17,60

The current study is the first to use EIH profile 
in the prediction of developing chronic pain following 
nerve injury in the trigeminal nerve. As expected, and 
in line with the study on sciatic nerve injury, low-EIH 
rats developed significantly more pain compared to 
high-EIH rats. However, ION injury induced pain only 
in the affected nerve territory, with no detectable pain 
in the contralateral nerve territory. This may be an-
other difference between the trigeminal system and 
spinal nerves.

In various clinical studies, most of the partici-
pants demonstrated hypoalgesia following exercise 
at some point of the study. However, while some 
individuals consistently demonstrated hypoalgesia, 
some changed their response from hypoalgesic to 
hyperalgesic, or vice versa, when tested on different 
days.61–65 To avoid potential inconsistency in the re-
sponse to exercise, the current study included only 
rats that demonstrated a clear high (reduction of  
≥ 70%) or low (reduction of ≤ 30%) EIH profile in 
three tests performed on 3 consecutive days. 

It is not clear whether exercise alleviates all kinds 
of pain and works for all patients suffering from 
chronic pain, as variations have been noted among 
patients with different pain conditions, such as mus-
culoskeletal pain, whiplash, and osteoarthritis.66–68 
Exercise can also induce or augment existing pain, 
especially in some of the patients suffering from 
chronic pain conditions.56,69,70 EIH profile, or each 
patient’s ability to modulate pain, and differences in 
the underlying mechanisms may play a role in the dif-
ferences among patient responses to exercise and 
in the transition from acute postinjury pain to chronic 
neuropathic pain. 

In addition to its palliative effect, exercise has 
been shown to modulate inflammation, immune re-
sponse, and cytokine expression.71–75 It has been 
suggested that the imbalance between pro- and  
anti-inflammatory cytokines might play a role in the 
development of chronic pain states.76–80 

The cytokines assessed in this study are known to 
be involved in the initiation and maintenance of neuro-
pathic pain.78,81 While IL-1β and IL-6 are known to in-
duce pain, IL-10 may have a role in alleviating pain.82–84 

The primary hypothesis of this study, that IL-1β lev-
els would be higher in rats with a less efficient pain 
modulation system (low EIH), while IL-10 would be 
higher in rats with a more efficient pain modulation sys-
tem (high EIH), was confirmed. IL-6 levels were higher 
in the injured nerves, but with no differences between 
high- and low-EIH rats. IL-10 levels were higher in 
high-EIH rats in the affected and contralateral nerves, 
while IL-1β and IL-6 levels were elevated significantly 

only in the injured nerve. The cytokine levels were as-
sessed only at one time (17 days following injury) and 
only at the peripheral nerve. Cytokine levels at different 
time points and at the DRG or higher levels of the ner-
vous system could show a different distribution. 

It appears that, at least in part, high-EIH rats’ ex-
cessive IL-10 levels in the affected and contralateral 
nerves play a role in the lower pain levels following 
ION injury, while the high IL-1β in low EIH rats may 
increase the risk of developing pain. 

 The high-EIH rats’ contralateral nerve increase in 
IL-10 levels may also play a part in protecting from the 
development of widespread pain following injury. 

The exact mechanisms of how exercise alleviates 
pain are not fully understood, though the endogenous 
opioid and cannabinoid systems and activation of the 
pain modulatory system may play a major role in this 
phenomenon.17–19 A majority of studies have demon-
strated that opioid antagonists can block EIH85; how-
ever, some studies have shown limited or no effect on 
EIH.19,56 The role of the endocannabinoid system in 
EIH has been supported by studies that demonstrated 
an increase in circulating endocannabinoids follow-
ing exercise19 and prevention of EIH in rodents with 
endocannabinoid antagonists.28 Although interaction 
between the endogenous opioid and endocannabi-
noid systems has been reported,86 it has not been as-
sessed in relation to EIH and not in orofacial pain. 

In the present study, both the CB1 antagonist and 
the nonspecific opioid antagonist (naltrexone) prevent-
ed EIH. However, while naltrexone blocked EIH in both 
high- and low-EIH rats, the CB1 antagonist’s effect 
was limited to high-EIH rats. 

As expected, exercise induced a hypoalgesic ef-
fect to mechanical stimuli applied to the face (ION 
territory); however, the reduction in the response was 
significant only in high-EIH rats. CB1 antagonist ad-
ministration did not change the pre-exercise response 
to mechanical stimuli, while naltrexone administration 
resulted in increased sensitivity in high-EIH rats. The 
effect of CB1 antagonists and naltrexone on the hy-
poalgesia induced by exercise had opposite trends. 
Following CB1 antagonist administration, the ION 
territory became more sensitive to mechanical stimuli 
in high-EIH rats, while following naltrexone administra-
tion, exercise induced a significant hyposensitivity to 
the mechanical stimuli in both high- and low-EIH rats. 

These findings suggest that although both CB1 
antagonists and naltrexone reverse EIH, the endocan-
nabinoid pathway is more prominent in rats that have 
a more efficient EIH and a more efficient pain modu-
latory system. 

The mechanisms underlying EIH and the individu-
al differences in response to exercise are complex and 
not yet completely understood. However, based on the 
present study’s findings, rats with less efficient inhibito-
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ry pain modulation (low EIH) have a higher risk of devel-
oping pain following injury to the trigeminal nerve. The 
endocannabinoid system is more active in rats with a 
more efficient inhibitory pain modulation system (high 
EIH), while the endogenous opioid system effect is 
not necessarily associated with EIH efficiency. Table 1 
summarizes the antagonists’ effects on EIH and on the 
response to mechanical stimulation before and after ex-
ercise. The inhibitory pain modulation efficiency is also 
associated with cytokine profiles characteristic of rats 
with efficient or nonefficient pain modulation systems, 
suggesting differences in the inflammatory response 
following nerve injury.

It is not clear whether daily exercise can help a 
less efficient pain inhibitory system become a more 
efficient one or whether it will reduce the risk of devel-
oping chronic pain following injury. Athletes have been 
shown to have reduced sensitivity to cold and me-
chanical stimuli87,88; however, overall, there are no sig-
nificant differences in pain modulation between elite 
athletes and healthy controls.89 Future rodent research 
that includes daily exercise, EIH assessment, biomark-
ers such as cytokine and endocannabinoid levels, and 
responses to an antagonist may provide an answer to 
this question.

Key Findings/Highlights

• Rats with less efficient inhibitory pain modulation 
(low EIH) have a higher risk of developing pain 
following injury to the trigeminal nerve.

• The endocannabinoid system is more active 
in rats with a more efficient inhibitory pain 
modulation system (high EIH).

• Inhibitory pain modulation efficiency is also 
associated with cytokine profiles characteristic 
of rats with efficient or nonefficient pain 
modulation systems.
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