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Abstract:

Background:

Our objective was to establish a novel, unbiased metric of inflammatory, orofacial pain.

Method:

Rats were placed individually into cages equipped with running wheels, and allowed an acclimation period of 17 days. Diurnal and
nocturnal voluntary running behaviors were recorded. After day 17, rats were deeply anesthetized and divided into mustard oil,
vehicle (mineral oil) and drug (ibuprofen) groups. Injections of mustard oil or mineral oil were made into the vestibule superior to the
maxillary molar. Running wheel behavior was recorded for three days following the procedure.

Results:

After acclimation, the average percentage of running behavior that occurred at night was 94% +/-1% SE. Mustard oil injections
caused externally observable, unilateral inflammation. On average, mustard oil injections significantly reduced nocturnal running on
the first and second nocturnal periods post-injection. The non-steroidal anti-inflammatory, ibuprofen, significantly improved running
behavior during the second nocturnal period, which was abolished when removed during the third nocturnal period.

Conclusions:

We conclude that unilateral injections of algogens in the vestibule coupled with analysis of nocturnal running behavior is an effective
method to measure acute inflammatory pain for three days that mirrors many painful clinical situations. The model could be used as
inexpensive, quantitative method to evaluate putative pain relieving therapeutics.
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1. INTRODUCTION

The United States is  currently facing an epidemic of prescription painkiller abuse.  Addictions and overdoses to
prescription opioids are steadily on the rise, as highlighted by a recent report from the CDC indicating that overdose
deaths from prescription opioids exceed deaths from cocaine and heroin combined. Moreover, the United States spends
approximately, $500 billion annually in costs associated with treating painful conditions [1]. In addition to the financial
toll,  patients  dealing  with  chronic  pain  also  have  a  significantly  reduced  quality  of  life.  Hence,  there  is  a  growing
impetus and need for novel, non-addicting therapies to treat pain. However, there are many barriers to developing new
therapies,  which  include  appropriate  pre-clinical  animal  testing.  There  has  been  considerable  debate  on  the  most
appropriate pre-clinical animal model used to approximate human conditions. Many pre-clinical animal models utilize
pain-stimulating (evoked) behaviors [2 - 5], where a variety of measures such as withdrawal latencies, threshold, and
number of evoked responses are measured. Evoked pain models have been criticized over spontaneous pain models,
which  have  been  argued  to  more  accurately  reflects  human  pain  symptoms  [6].  However,  differentiating  between
evoked pain and spontaneous pain is not straightforward [7] and it has been suggested that ongoing inflammatory pain
should not be  characterized as spontaneous pain  [7]. Animal testing often  utilizes techniques that  subject animals to a
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battery of tests, often require extensive investigator/animal training and rarely evaluates motivation and choice which is
more reflective of the human condition.

Our approach takes advantage of a rat's natural, nocturnal running inclination [8] as a measure of orofacial pain and
inflammation. The objective of our study was to assess the role of orofacial nociception and inflammation on voluntary
running  behavior  in  rats.  We  compared  rats  that  had  received  chemical  injection  of  the  known  noxious  stimulant
mustard oil, into the orofacial cavity to their own baseline activity and to rats that received an analgesic. Mustard oil
injections are effective at producing robust pain and inflammation [9, 10] by activating sensory nerve fibers through
TRPA1 channels [11]. Our model relates orofacial pain with voluntary running behavior and is without experimenter
bias in method or interpretation.

2. MATERIALS AND METHODS

A total of 16 male, Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN) weighing approximately 150 grams
were  obtained  and  divided  randomly  into  three  groups  1)  experimental,  2)  drug,  3)  vehicle.  Rats  were  housed
individually into cages equipped with 36 cm diameter running wheels and a counter (Harvard Apparatus, Holliston,
MA). The counter recorded the number of revolutions, but did not record the rate or time the activity occurred. The
running wheel can rotate in either direction. Animals were housed in a room on a 12-hour light/dark cycle and rats had
free access to the wheel, food and water. Numbers of revolutions were recorded for each rat for each diurnal/nocturnal
period.

In the first set of experiments, animal running behaviors plateaued after 17 days (Fig. 1) and we decided to begin the
experimental phase. The plateau observed is consistent with another study reporting stabilization at days 17-21 [12].
Rats were deeply anesthetized with 5% isoflurane (Henry Schein, Mellville, NY) in an induction chamber, maintained
with 3% isoflurane via a nosecone throughout the procedure. Their mouths were gently held open with an alm retractor
and injections of 100 uL of either 10% mustard oil (allyl isothiocyanate, Sigma Aldrich, St. Louis, MO; dissolved in
mineral oil; n=5) or 100% mineral oil (vehicle; Walgreen Co., Deerfield, IL; n=2) were made with a 26 gauge needle
into the upper left maxillary buccal vestibule. Injections were made during the first hour of the diurnal period to allow
for the maximum interval of time between the administration of anesthesia and the beginning of the nocturnal recording
session. Rats were immediately returned to their originally assigned cages. Some animals, intermixed with the others,
were acclimated and received mustard oil injections as above, but received water with dissolved ibuprofen 0.3 mg/ml at
the start of the second nocturnal period (n=9). We elected to use the dosing of .3mg/ml for ibuprofen, which is based
upon the average water intakes amounts to approximately 10 mg during the nocturnal period and mirror other studies
related to nociceptive stimuli and healing in rats [13].

Fig. (1). Average number of revolutions traveled over 17 days during the diurnal, nocturnal and 24-hour periods of voluntary running
rats (n=16).
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2.1. Analysis

Since greater than 95% of the running activity occurred during the nocturnal period, data are presented as average
percent differences from baseline nocturnal activity. Wheel activity was normalized by dividing each rat's post-injection
values  by  the  average  of  its  own  last  two  nocturnal  periods  of  activity  during  the  acclimation  period.  Data  are
represented as means +/- SE. Differences between groups were determined by a one-way analysis of variance with
significance set at 0.05.

3. RESULTS

3.1. Baseline Activity

Running wheel activity was greatest during the nocturnal period (Fig. 1). During the last day of the acclimation
period, nocturnal activity of all rats averaged 5.4 +/- 1.0 km/night (range: 1.2 - 11.3 km/night). The average baseline
nocturnal running behavior in each of our three groups, mustard oil, mineral oil, and drug, were 5.2 +/- 1.7, 5.3 +/- 2.1,
and 5.6 +/- 1.3 km/night, respectively, and did not differ significantly between groups (p=0.98; ANOVA single factor
between groups comparison).  Because of the wide range of individual running behaviors for each rat,  each rat  was
compared to its own baseline activity and that activity was averaged within the group.

3.2. Mustard Oil Injections (Experimental)

Unilateral mustard oil injections into the vestibule caused observable buccal swelling, with eye involvement, within
approximately  ten  minutes,  which  persisted  for  approximately  four  days  (n=5;  Fig.  2).  Average  running  behavior
differences  from  baseline  during  the  first  and  second  nocturnal  periods  were  -84.8  +/-  9.3  and  -55.6  +/-  13.6%,
respectively,  and  were  significantly  lower  than  baseline  values  (p<0.0001  and  p<0.003,  respectively;  Fig.  3).
Reductions in running behaviors of mustard oil injected rats were significantly different on the first nocturnal period
compared to vehicle-injected rats (p<0.05; post-hoc  analysis yielded a Power >95%). On the third nocturnal period
following mustard oil injection, running behavior differences from baseline were, on average, -30.8 +/- 17.4%, but did
not significantly differ from baseline running levels (p=0.11; Fig. 3).

Fig. (2). Exemplar rat following 10% mustard oil injection into the vestibule above the second molar. Note the significant, left buccal
swelling and eye discoloration.

3.3. Mustard Oil Injections + Night Two Ibuprofen (Drug)

To  validate  that  the  statistically  significant  decrease  in  running  behavior  versus  baseline  was  due  to  increased
nociceptive activity, 0.3mg/ml ibuprofen was added to the water at the beginning of the second nocturnal period. As
expected, on the first nocturnal period, average rat running behavior differences from baseline following mustard oil
injection  significantly  decreased  (-73.5  +/-  7.5%;  p<0.0001).  Rats  that  had  access  with  water  containing  ibuprofen
restored their running activity toward baseline activity (-21.9 +/- 8.4%) and the recovery was significantly better than
the mustard oil alone group (p<0.05; Fig. 3). After the removal of ibuprofen during the third nocturnal period, running
activity on average declined, rather than improved, to 34.7 +/- 5.9%. On an individual basis, 6 out of 9 (66.6%) rats
exhibited  a  decline  in  activity  from the  second  to  third  nocturnal  periods,  whereas  0  out  5  (0.0%)  rats  exhibited  a
decline after the second nocturnal period in the mustard oil alone group.
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3.4. Mineral Oil Injections (Vehicle)

Unilateral mineral oil injections into the vestibule did not cause observable changes in the face or the eyes of the
animals (n=2). Mineral oil injections significantly reduced running behavior versus baseline levels on the first nocturnal
period (-23.2 +/-0.2%; p<0.001), and was significantly different than the mustard oil injected animals (p<0.05; post-
hoc, Power analysis >95%) but animals returned to baseline activity levels on the second (+6.7 +/- 27.1%; p=0.8) and
third nocturnal periods (+0.5 +/- 16.9%, p=0.9; Fig. 3).

Fig. (3). Percent change from baseline in mineral oil and mustard oil injected rats. Ibuprofen provided ad libitum in drinking water
on night two (bar) significantly attenuated the depression in running during the second nocturnal period. *P<0.01 versus baseline;
**P<0.05 versus experimental group.

DISCUSSION

We  found  that  focal,  unilateral  mustard  oil  injections  into  the  orofacial  cavity  caused  significant  decreases  in
nocturnal voluntary running behavior which persisted for approximately 48 hours. We also found that a high dose of the
NSAID,  ibuprofen,  attenuated  the  decrease  in  running  when  administered  during  the  second  nocturnal  period.
Decreased voluntary running did not reach statistical significance on the third nocturnal period, which may be due to a
low number of animals and diffusion of the mustard oil, but may be due to beneficial effects from exercise, including
reduced hyperalgesia [14 - 16], and reduced “depression” [17].

To our knowledge, our study is the first to report on voluntary running behaviors in a rodent orofacial hociceptive
model. Voluntary running behaviors are depressed in complete Freund’s adjuvant (CFA) injected hindpaws [18, 19],
and  are  likely  the  result  of  evoked  pain  [7].  Running  activity  in  our  model  most  likely  causes  evoked  pain  from
movement of the inflamed cheek directly stimulating nociceptors, but we argue that the pain felt is less than models that
inject algesic chemicals into the hindpaw or osteoarthritic models [12], where the paw and limbs are directly stimulated
by running. In our study, rats injected with mineral oil also displayed a modest reduction in voluntary running compared
to baseline on the first nocturnal period (<25%), but recovered on the second and third nocturnal period. The decrease
in running of rats injected with mineral oil may have resulted from lingering effects of the anesthesia, stress or pain
from the injection. The equipment used in our study does not have the ability to determine the number of attempts that
the animal made at running, which may reveal whether the decrease is from evoked-pain or reduced motivation.

Our finding that mustard oil injections causes acute, swelling is not novel, as mustard oil has long been used as a
chemical irritant to induce orofacial pain [20 - 22] and is known to cause central sensitization when applied directly to
the tooth pulp [23]. The concentration of mustard oil used in the present study was used as a starting point and is within
the range of published studies that established mustard oil as an inflammatory irritant in the temporomandibular joint
[20, 21]. However, we used a higher volume (100 uL), as we questioned whether the solution would dissipate in the
relatively larger space. Animals injected with mustard oil in the present study had eye involvement that persisted for
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approximately three days. Rats displayed some aspects of “red tears”, caused by the secretion of the pigment porphyrin,
a  condition  known as  chromodacryorrhea  which  has  been used  as  a  metric  in  a  model  of  temporomandibular  joint
inflammation/pain [24]. Although running activity was recorded during the nocturnal period, without any light in the
facility,  loss  of  vision  and  decreased  eye  coordination  may  have  contributed  to  the  decreased  voluntary  running
observed. Ibuprofen attenuated the decrease in running behavior on the second nocturnal period, and we argue that the
animal benefitted from both the analgesic and anti-inflammatory properties of the drug. We choose ibuprofen, rather
than opioids, to decrease the effect of loss of ambulatory ability associated with narcotics [25]. Future study using our
model could evaluate the dose dependency of ibuprofen and mustard oil, the effects of ibuprofen alone and the efficacy
of other known analgesics on running behavior. Another limitation of our study includes the use of only male rats.
Indeed, important differences exist in nociception between the sexes exist, including in the orofacial complex [26], and
comparative studies using our model are warranted.

Several different models to study orofacial pain currently exist which have recently been reviewed [27]. Orofacial
pain models include orofacial formalin or CFA tests where behavioral measures of pain, such as face-rubbing [28 - 30],
are defined and quantified or operant models where reward systems are utilized [31]. Another interesting study utilized
a  metric  of  chewing,  through  a  plastic  dowel,  as  a  measure  of  pain  [32].  Additionally,  mice  display  empathetic
behaviors when injected with acid, and will display heightened pain behaviors when mice in pain are nearby, even when
housed  separately  [33].  In  the  present  study,  rats  were  housed  singly  but  might  have  observed  nociceptive  pain
behaviors via visual, auditory or olfactory cues and may have affected our results [33].

Our study has several advantages over existing current orofacial pain models in that, animals are observed for long
periods  of  time  rather  than  limited  observations  of  behaviors,  which  are  usually  recorded  when  the  animal  would
normally be sleeping. We have no experimenter bias, as there is no training of the investigator or animal. Stress on the
animals is significantly lowered in our study because we have intentionally minimized interventions and the animal is
housed in the same environment as the running wheel [34]. Another advantage is that voluntary running is fully by
choice  and  may  be  more  reflective  of  a  quality  of  life  indicator  in  humans.  Admittedly,  chemical  induction  of
nociception into the perioral cavity does not exactly mimic any clinically painful condition in the human, in our model
or others, but may have a close resemblance to the pain and inflammation experienced following a molar extraction,
post-surgical or post-implant placement. Future study may include testing of new anti-inflammatory agents.

Decreases in food and water intake as a result of the facial edema observed in the present study may have adversely
affected hydration and nutrition and therefore contributed to the observed decrease in voluntary running. However, as
part of another study in our laboratory where animals received identical injections as the present study, water drinking
behaviors for two days prior to injections did not significantly differ from post-injection values (n=6; 37.6+/-2.6 vs.
35.2+/-2.3 mL; p=0.51). Future study should include monitoring of food intake and body weights. Other studies may
include injection of algesic substances into the temporomandibular joint or masseter as clinical correlates of joint and
masticatory inflammatory pain or a study to determine the effects of chronic orofacial pain, using a chronic constriction
injury, on voluntary wheel running.

CONCLUSION

In the present study, introduction of a noxious stimulus into the orofacial cavity of rats caused significant, transient
reductions  in  nocturnal  free  running  behavior.  We  conclude  that  our  model  accurately  reflects  acute,  orofacial
nociception and could be used to test other nociceptive models and to test the efficacy of putative pain relieving drugs.
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