
Application of the Rat Grimace Scale as a Marker
of Supraspinal Pain Sensation

after Cervical Spinal Cord Injury

Lonnie E. Schneider,* Kathryn Y. Henley,* Omari A. Turner, Betty Pat,
Tracy L. Niedzielko, and Candace L. Floyd

Abstract

Experimental models of neuropathic pain (NP) typically rely on withdrawal responses to assess the presence of pain.

Reflexive withdrawal responses to a stimulus are used to evaluate evoked pain and, as such, do not include the assessment

of spontaneous NP nor evaluation of the affective and emotional consequences of pain in animal models. Additionally,

withdrawal responses can be mediated by spinal cord reflexes and may not accurately indicate supraspinal pain sensation.

This is especially true in models of traumatic spinal cord injury (SCI), wherein spastic syndrome, a motor disorder

characterized by exaggeration of the stretch reflex that is secondary to hyperexcitability of the spinal reflex, can cause

paroxysmal withdrawals not associated with NP sensation. Consequently, the aim of this study was to utilize an as-

sessment of supraspinal pain sensation, the Rat Grimace Scale (RGS), to measure both spontaneous and evoked NP after a

contusion SCI at cervical level 5 in adult male rats. Spontaneous and evoked pain were assessed using the RGS to score

facial action units before and after the application of a stimulus, respectively. Rodents exhibited significantly higher RGS

scores at week 5 post-injury as compared to baseline and laminectomy controls before the application of the stimulus,

suggesting the presence of spontaneous NP. Additionally, there was a significant increase in RGS scores after the

application of the acetone. These data suggest that the RGS can be used to assess spontaneous NP and determine the

presence of evoked supraspinal pain sensation after experimental cervical SCI.
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Introduction

Spinal cord injury (SCI) is a traumatic event affecting

238,000–332,000 people in the United States with 12,000 new

cases annually.1 Chronic neuropathic pain (NP) can be a debili-

tating consequence of SCI, affecting an average of 65% of pa-

tients.2 Evoked NP occurs in response to peripheral stimuli and can

be categorized as hyperalgesia, in which sensitivity to noxious

stimuli is increased, or allodynia, in which innocuous stimuli be-

come noxious. Spontaneous NP occurs independently of external

stimuli and is described by patients as an intermittent, burning or

stabbing sensation commonly rated as severe.2,3 The presence and

severity of NP are associated with greater impairments in physical,

emotional, and social functioning,4 and alleviation of NP is one of

the highest priorities for the patient.5

Numerous animal models of NP have been developed to eluci-

date mechanisms as well as determine the analgesic potential of

pharmacological interventions. The most commonly used models

involve compression injury or axotomy of peripheral nerves in-

nervating the rodent hindpaw, which result in both hyperalgesia and

allodynia (see Campbell and Meyer6 for a review). To emulate NP

post-SCI, several pre-clinical models have been developed, in-

cluding spinal cord contusion models.7–9 Previous studies have

found hypersensitivity to mechanical,10–14 cold,10,14,15 and thermal

(heat) stimuli11,13,16 after thoracic or cervical contusion injuries in

rodents. However, these studies did not evaluate spontaneous pain.

Given that spontaneous pain is more prevalent among SCI patients,

increases over time, and is rated more problematic than evoked

pain,3,17 there remains an ongoing discussion as to the importance

of evaluating spontaneous pain in pre-clinical models of NP. For

example, Mogil and Crager reviewed studies published in the

journal Pain and found that only 10% (26 of 259 studies) included

assessments of spontaneous pain.18 Others have placed less em-

phasis on measures of spontaneous pain sensation19 with regard to

the clinical relevance of NP models. Evaluation of spontaneous

pain measures in the SCI literature is also rare and restricted to

conditioned place preference, avoidance tests,20 or over-

grooming.21,22 Unfortunately, these assessments all have a large
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motor component and therefore may not be optimal for study of

SCI-induced spontaneous NP. Additionally, place preference and

overgrooming behavior can be confounded by learning, memory,

and other affective states (e.g., anxiety)18 and are thus multi-faceted

behavioral outcome measures with complex interpretation, partic-

ularly in injured animals.

SCI-induced changes in pain sensation to evoked stimuli are

traditionally assessed by determining changes in withdrawal re-

sponses to a stimulus applied to the paw or torso of the animal. A

limitation to the classic reflexive withdrawal measures as indicators

of SCI-induced pain sensation under much discussion is the con-

cept of hyper-reflexive versus hypersensitive states post-SCI. Some

research suggests that withdrawal responses indicate hyper-

reflexia, not hypersensitivity, and, as such, are not reliable indica-

tors of pain sensation.18,19 This interpretation of paw withdrawal

behavior is based on two central ideas. First, paw withdrawal re-

sponses are mediated by activation of spinal reflex pathways

without supraspinal activation. Second, hyper-reflexia is demon-

strated in thoracic and cervical contusion models of SCI, and

spasms can be elicited by various stimuli.23–25 This question as to

whether paw withdrawal responses indicates SCI-induced NP was

raised in a thoracic contusion SCI model by Baastrup and col-

leagues.26 They found decreased thresholds for withdrawal re-

sponses to von Frey and acetone (cold) stimuli, but did not observe

a substantial change in stimulus thresholds required to elicit spinal/

brainstem responses, including guarding and licking of the affected

paw. These data suggest some dissociation between spinally me-

diated withdrawal responses and supraspinally mediated behav-

iors.26 Similarly, van Gorp and colleagues reported that stimulus

thresholds to elicit an escape response were lower than thresholds

required to elicit a withdrawal response, again suggesting diver-

gence between withdrawal responses and supraspinally mediated

pain-like behaviors.27 Interestingly, van Gorp and colleagues did

not find a relationship between withdrawal responses and spastic-

ity. Alternatively, other research indicates that there are increased

brainstem and cerebral responses from below-level mechanical

stimulus.15,28 Taken together, these studies raise the important

point that the relationship between paw withdrawal responses and

supraspinal responses requires further investigation. We posit that

evaluation of the relationship between paw withdrawal responses

and supraspinal responses in a cervical SCI model will further

advance our understanding of these behavioral outcomes.

To that end, we selected the Rat Grimace Scale (RGS) to eval-

uate the presence of spontaneous pain sensation and a supraspinal

component of evoked pain sensation in our rat model of cervical

level 5 (C5) hemicontusion SCI. The RGS offers several advan-

tages compared to other supraspinal pain measurements for SCI

models, including: 1) It evaluates brain-mediated responses; 2)

requires no pre-training of the rodents; 3) is observational without

invasive monitoring; and 4) and is not affected by motor impair-

ments. The grimace scale also has translational validity because it is

based on successful use of facial coding to interpret pain in young

children and infants.29,30 In terms of rodents, the grimace scale was

first developed in mice using a 0.9% acetic acid abdominal con-

striction pain model31 and was then shown to reliably quantify

spontaneous pain post-laparotomy.32 The grimace scale has since

been adapted to assess post-procedural pain in rabbits33,34 and

horses35 and was translated to the rat by Sotocinal and colleagues.36

They demonstrated that in addition to being highly reliable in as-

sessing spontaneous pain post-laparotomy and induced inflamma-

tion in rats, the RGS scores accurately differentiated between

rodents with ‘‘pain’’ and with ‘‘no pain.’’36 In addition to being a

reliable outcome measure in different species, Oliver and col-

leagues demonstrated that the RGS is also highly reliable with

different models, raters, and environments pertaining to pain.37

Moreover, the RGS has been utilized to examine pain mechanisms

in multiple pain models, including laparotomy,38 plantar incision,39

induced inflammatory pain,40 and experimental tooth movement20

as well as to test the efficacy of analgesics post-laparotomy41,42 and

implantation surgery.37 Interestingly, only one study has previously

used the grimace scale in an SCI model. Wu and colleagues used

the Mouse Grimace Scale to assess the effect of cell-cycle inhibi-

tion treatment on spontaneous pain after a T10 contusion.43 Here,

we extend these findings to evaluate both evoked and spontaneous

supraspinal pain in the rat. Although the use of rats is widespread

throughout the pre-clinical SCI literature, the grimace scale has yet

to be characterized in a rat model of SCI. Therefore, we hypothe-

sized that the RGS can be used to assess supraspinal pain sensation

occurring both spontaneously and in response to a stimulus after

cervical SCI as well as to better elucidate the relationship between

supraspinal responses and paw withdrawal.

Methods

Animals

Adult male Sprague-Dawley rats (275–300 g) were obtained
from Charles River Laboratories (Hartford, CT) and group-housed
2–3 per cage with access to standard rat chow and water ad libitum.
The room was maintained under a 12/12-h light/dark cycle (6:00
am/6:00 pm) at a temperature of 25�C. Animals were divided into
two groups: 1) uninjured laminectomy control (LAM; n = 5) and 2)
cervical SCI (n = 10). All animals were allowed to acclimate to the
facility and investigators for 5 days after arrival, followed by 1 week
of acclimation to behavioral testing equipment. Baseline assess-
ments were performed 1 week pre-injury. Previous data from our lab
using this model suggest that at week 5 post-SCI, animals exhibit
NP-like behaviors, including increased paw withdrawal responses to
acetone and overgrooming. Thus, for this study, all assessments
were performed at week 5 post-injury. All procedures were ap-
proved by the Institutional Animal Care and Use Committee of the
University of Alabama at Birmingham (Birmingham, AL).

Induction of cervical level 5 hemicontusion
spinal cord injury

The dominant paw of each animal was determined before surgery
using the Paw Placement test. Animals received a hemicontusion at
C5 on the side of the spinal cord ipsilateral to the dominant paw. In
this model, the dominant side is injured to standardize the effect of
use-dependent plasticity in functional recovery. The Infinite Hor-
izon SCI Impactor device (Precision Systems and Instrumentation,
Lexington, KY) was used, as previously described, to induce a se-
vere hemicontusion SCI.9 Briefly, each animal was anesthetized
with 4% isoflurane (Piramal Critical Care, Bethlehem, PA) in ox-
ygen for 4 min and maintained on 2% isoflurane in oxygen for the
duration of the procedure. Body temperature was maintained at
37�C throughout surgery with the use of a rectal thermometer and
heating pad. The surgical site was shaved, aseptically prepared for
surgery, and an incision was made from the C2 to T2 vertebrae.
Muscles were retracted to reveal the vertebral column, and the un-
derlying paravertebral muscles of C4–C6 were removed. The lam-
ina covering the C5 vertebrae was removed bilaterally and animal
stabilized on the impactor with clamps on the dorsal processes of C2
and T2. The impactor tip (0.8 mm in diameter) was aligned above
the exposed dorsal aspect of the C5 spinal cord in order to cover the
side ipsilateral to the dominant paw. A hemicontusion injury was
delivered to all animals in the SCI group by the impactor device at a
force of 300 kdyn. Animals in the LAM control group received the
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full surgical procedure through the C5 bilateral laminectomy
omitting the contusion injury. Subsequent to impact (SCI) or la-
minectomy, the musculature and skin were sutured in layers and
animals remained in a heated recovery cage until ambulant. Im-
mediately post-surgery and twice a day (am and pm) for 5 days
thereafter, animals received subcutaneous injections of sterile saline
(3 mL; Hospira Inc., Lake Forest, IL) and carprofen (5 mg/kg; Ri-
madyl; Pfizer, New York, NY) as a fluid replacement and analgesic.
Post-surgery and once a day (am) for 5 days thereafter, injections
included enrofloxacin (2.5 mg/kg; Baytril; Bayer HealthCare LLC,
Shawnee Mission, KS) as a prophylactic antibiotic.

Assessment of cold hypersensitivity

Hypersensitivity to cold was assessed by applying acetone to the
hindpaw, which has been shown to elicit a significant increase in
withdrawal responses after spinal cord contusion injuries in
rats.10,14,15 We utilized methods previously described by Choi and
colleagues,44 with slight adaptations. Animals were placed in a clear
Plexiglas box (20 · 9 · 10 cm) on an elevated platform with a wire
mesh bottom to allow access to the plantar surface of the hindpaws.
After a 5-min acclimation period, a single drop of acetone (Sigma-
Aldrich, St. Louis, MO) was produced at the end of a 1-mL syringe.
Avoiding contact of the syringe with the paw, the acetone drop was
applied to the plantar surface of the contralateral hindlimb 1 cm
posterior to the footpad of the third and fourth phalanges. There is a
short time delay as acetone evaporates before eliciting the sensation
of coolness44; therefore, a withdrawal response occurring within
20 sec of application was recorded along with the time of with-
drawal. Acetone application was performed using three trials for
each animal with at least 5 min between each trial. The average time
in seconds to withdrawal of the three trials was used to determine
withdrawal time. Importantly, for the comparison to the RGS, if the
animal had a withdrawal response in any of the three trials, the
animal was placed in the ‘‘withdrawal’’ group for data analysis.

Assessment of supraspinal pain

Supraspinal sensation of pain was assessed using an adaptation
of the RGS methodology from Sotocinal and colleagues.36 Filming
for the RGS was performed simultaneously with the acetone test
using a high-speed digital camera (Exilim EX-F0; Casio America
Inc., Dover, NJ). The animal was filmed in high definition at an
operating speed of 60 frames per second with autofocus and
backlight correction to produce images in which the animal’s face
(including nose/cheek, whiskers, eyes, and ears) were clearly vis-
ible. The animal’s face was filmed 1 min before the application of
acetone, and this comprised the ‘‘before’’ acetone period and was
used to assess spontaneous pain (i.e., before the application of the
stimulus). Filming continued as acetone was applied and for 1 min
thereafter, which represented the ‘‘after’’ acetone period and as-
sessment of evoked pain (Fig. 1). This was repeated three times
during the testing session during each application of acetone. The

camera was held by the investigator for the entirety of filming in
order to maintain focus on the animal’s face as the animal moved.

To prepare for scoring, one screen shot per second was extracted
from the video recording for the 20 sec before and 20 sec after the
application of acetone by an investigator naı̈ve to the experimental
group. The screen shots for all three tests were given a unique
coding number, combined into a PowerPoint (Microsoft, Red-
mond, WA) slide presentation, and randomized using a PowerPoint
macro code. Two additional investigators naı̈ve to the screen shot
code scored the animal’s face on each PowerPoint slide (re-
presenting 1 sec of the test) using the RGS. The scale consists of
four action units (AUs): orbital tightening; nose and cheek flat-
tening; ear position; and whisker position. Descriptions of each
action unit during pain are provided in Table 1. Each AU received a
‘‘0’’ if signs of pain were absent, ‘‘1’’ if there were moderate signs
present, and ‘‘2’’ if there were obvious signs of pain (Fig. 2). If the
AU was not clearly visible, it was labeled as ‘‘not assessable’’ and
excluded from further analysis. After scoring, the PowerPoint slide
deck was derandomized and the scores for each AU were averaged
for each slide. Slide scores were then averaged across three raters,
decoded, and categorized into ‘‘before’’ acetone and ‘‘after’’ ace-
tone bins for analysis (Fig. 3). This resulted in two average RGS
scores for each animal: one represents the time period before and
the other representing the time period after the stimulus. Evaluation
of inter-rater reliability was conducted by having all scorers inde-
pendently evaluate an identical set of eight slide decks from injured
and uninjured animals not evaluated in the current study. The
percentage agreement was calculated as 93% – 11%.

Tissue preparation for histopathology

On day 35 post-SCI, animals were euthanized with 4% iso-
flurane (Piramal Critical Care, Bethlehem, PA) for 8 min, then
transcardially perfused with cold 0.1 M of phosphate-buffered sa-
line (PBS; pH 7.4) for 5 min, followed by the fixative, Excell Plus
(American Mastertech, Lodi, CA), for 20 min. The epicenter was
marked with tissue dye (Triangle Biomedical Sciences, Inc.,

FIG. 1. Rat Grimace Scale (RGS) data collection scheme. Recording began 1 min before the application of acetone, representing the
Before Acetone Period. Acetone was applied and the withdrawal timer started. A withdrawal response within 10 sec of application was
recorded. Recording was continuous and ended 1 min after acetone was applied. The minute after acetone comprised the After Acetone
Period.

Table 1. Action Units and Their Description

During Pain Sensation

RGS action units Description during pain

Orbital tightening The area of the eye decreases from wide
to squinted.

Nose and cheek
flattening

The nose and cheek display a flatter and
longer appearance.

Ear position Ears appear curled or pointed and often
appear spread out.

Whisker position Whiskers appear tense and bunched
together or angled down.

RGS, Rat Grimace Scale.
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Durham, NC), and the spinal cord from C2 to T2 was removed.
Spinal cord tissue was post-fixed in Excell Plus for 24 h at 4�C and
cryoprotected with 10% sucrose/PBS for 1 hour at 4�C, followed by
30% sucrose for 48 h. A 3-mm section was blocked from the epi-
center and embedded into Tissue Tek� optimum cutting tempera-
ture compound (Scigen Scientific, Gardena, CA) and stored at
-80�C until sectioning. Serial 30-lm transverse sections were
sliced using a cryostat (Leica Microsystems, Wetzlar, Germany)
and mounted onto 1% gelatin-coated slides for subsequent evalu-
ation of spinal cord pathology. Tissue sections were collected, such
that 10 sets of adjacent sections were obtained, resulting in a 300-
lm intersection interval. From these 10 sets of similarly spaced
serial sections, one set was randomly selected for histological as-
sessment of pathology, as described below.

Cresyl violet histology

To visualize neurons in the gray matter and lesion volume, cresyl
violet acetate (Sigma-Aldrich) histology was performed as previ-
ously described.9 Briefly, tissue sections were dehydrated using
increasing ethanol concentrations from 70% to 100%, followed by
clearing with xylene, rehydrated in ethanol, and processed with
0.1% cresyl violet acetate for 5 min. Tissue was rinsed with double-
distilled water, followed by 95% ethanol with acetic acid for 2
minutes, dehydrated with alcohol, washed with xylene, and, finally,
cover-slipped using Permount (Thermo Fisher Scientific, Walthan,
MA) mounting medium.

Quantification of dorsal and ventral horn neurons
using stereology

Tissue sections were visualized on an Olympus IX-73 microscope
with an Olympus DP-73 digital camera (Olympus, Tokyo, Japan)
using with Visiopharm newCAST� stereology software (Visio-
pharm, Broomfield, CO). The optical fractionator probe was used to
estimate the total number of neurons in the dorsal and ventral horns at
the lesion epicenter, as previously described.45–47 Briefly, a separate
contour of the ipsilateral dorsal horn and the ipsilateral ventral horn
was traced, and a counting frame (60 · 60lm2) was superimposed on
the micrograph at a random location within each contour. The
counting frame was then moved by the optical fractionator probe
macro to nonoverlapping locations along the x- and y-axes. Neuronal
cell counts were evaluated at 400 · magnification with the following
inclusion criteria: 1) an ovoid, triangular, or multipolar cellular profile;
2) soma diameter greater than 10 lm; and 3) an intact cell membrane
with a clearly defined nucleus. Eight sections per animal were eval-
uated, for a total tissue sampling volume of approximately 2940lm3.

Quantification of percentage of lesion area

Lesion area at the epicenter was determined using an Olympus
IX-73 microscope attached to an Olympus DP-73 digital camera
with Visiopharm newCAST� stereology software. Lesion area
was obtained at 40 · magnification by placing a contour around the
entire spinal cord and second contour around the injured area, in-
cluding both gray and white matter. The percentage of the lesioned
area was calculated for each section by taking the value of the
injured area / total spinal cord area · 100. Eight sections per animal
were evaluated, for a total tissue sampling volume of approxima-
tely 2940 lm.3 Given that the injury is a hemicontusion, the per-
centage lesion area is always less than 50%.

Statistical analyses

All data were analyzed using GraphPad Prism 7 Statistical
Software (GraphPad Software Inc., San Diego, CA) with signifi-
cance set at a p value of p £ 0.05. All data are presented as
mean – standard error of the mean. Pre- and post-injury differences
in RGS scores were analyzed using a one-way analysis of variance,
followed by Holm-Sidak post-hoc analysis. Differences in RGS
score between trials with and without a withdraw response were
analyzed using Student’s t-test.

FIG. 2. Representative images and corresponding Rat Grimace
Scale scores. A score of ‘‘0’’ indicated the absence of signs of
pain, ‘‘1’’ indicated moderate signs of pain, and ‘‘2’’ indicated
obvious signs of pain.

FIG. 3. Rat Grimace Scale analysis procedure. After video capture, an investigator naı̈ve to the experimental groups captured screen
shots from the digital recording. Another investigator naı̈ve to the experimental groups placed each screen shot onto a PowerPoint slide,
gave each slide a unique coding number, and randomized the slides using a randomization matrix. Two investigators naı̈ve to the
experimental groups scored each slide, and the scores were averaged. Derandomization was conducted by a separate investigator as was
final data analysis. Thus, a minimum of four investigators were involved to maintain anonymity of experimental conditions (i.e., injury
or control and before or after acetone).
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Results

Rat Grimace Scale detects the presence of
spontaneous neuropathic pain sensation after spinal
cord injury

We utilized the RGS to evaluate the presence of spontaneous NP in

the rat C5 hemicontusion model of SCI. As seen in Figure 4A, we found

a significant increase in average grimace score at week 5 post-injury

(0.68 – 0.10) compared to pre-surgery baseline (0.28– 0.06) and week

5 LAM controls (0.44– 0.06; p £ 0.05). Based on Oliver and col-

leagues,37 we utilized a threshold score (analgesic intervention score,

rounded to 0.7) to categorize SCI animals into ‘‘pain’’ and ‘‘no-pain’’

subsets.37 As seen in Figure 4B, no animals in the LAM group reached

the analgesic intervention score of 0.7 (dotted line), suggesting that

none were exhibiting spontaneous pain. In comparison, a subset of

animals in the SCI group (50%) had a grimace score at or above the

analgesic intervention score, suggesting that these animals were ex-

periencing spontaneous pain (Fig. 4B,C). We concluded from these

data that the RGS can also be used to distinguish between animals

exhibiting spontaneous pain from those with no spontaneous pain post-

SCI, and that only animals in the SCI group exhibited spontaneous NP.

Rat Grimace Scale detects supraspinal pain sensation
related to cold hypersensitivity after spinal cord injury

We next examined the hypothesis that the RGS could be used to

indicate supraspinal pain sensation to evoked stimuli. Specifically,

we tested this by assessing the RGS in conjunction with cold hy-

persensitivity using the application of acetone to the contralateral

hindpaw, as previously described.44 We first evaluated the effect of

acetone application on the average grimace score in animals before

surgical manipulation (baseline). As seen in Figure 5A, we found

no significant differences in average grimace score when compar-

ing in the 20 sec before the application of acetone (0.25 – 0.06 pre-

acetone) with the 20 sec after the acetone application (0.29 – 0.04

post-acetone) in nonsurgical animals. Next, we assessed the effect

of acetone application on average grimace score in the uninjured

laminectomy group at week 5 post-surgery. Similar to the baseline

data, we found no significant differences in the average grimace

score in the 20 sec before the application of acetone (0.43 – 0.07

pre-acetone) as compared to the 20 sec after the acetone application

(0.75 – 0.13 post-acetone; Fig. 5B). Notably, a nonsignificant trend

toward a higher average grimace score was observed in the LAM

group following acetone application. In contrast, when the average

grimace score before and after the application of acetone was

compared in the animals that received SCI at week 5 post-injury,

we observed a significant increase in RGS score following the

application of acetone (0.68 – 0.10 pre-acetone; 0.88 – 0.07 post-

acetone; p £ 0.05; Fig. 5C). As we did for the spontaneous pain, we

also evaluated the effect of group on the percentage of animals with

average grimace scores below versus at/above the analgesic inter-

vention score as a separator into ‘‘pain’’ and ‘‘no-pain’’ groups

related to evoked pain (Fig. 5D). We found that 90% of the animals

in the SCI group exhibited an average grimace score at or above the

analgesic intervention score after the acetone stimulus (Fig. 5E).

Taken together, these data indicate that the grimace score can be

FIG. 4. SCI induced significant elevation in Rat Grimace Scale (RGS). (A) Grimace scores increase significantly after SCI compared
to baseline and LAM controls (*p £ 0.05, one-way analysis of variance). (B) Individual scores subdivided by group indicate that the
animals in the LAM group have a grimace score below 0.7, whereas a subset of animals from the SCI group have a grimace score of 0.7
or higher, indicating spontaneous pain sensations. (C) Fifty percent of animals in the SCI group demonstrate spontaneous pain
sensations according to the RGS by having a score of 0.7 of higher. SCI, spinal cord injury; LAM, laminectomy.
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used as an indicator of supraspinal sensation of evoked cold hy-

persensitivity and that a large percentage of animals in the SCI

group exhibited hypersensitivity to a cold stimulus, as indicated by

this supraspinal pain response.

The Rat Grimace Scale parallels the reflexive
withdrawal response in animals with spinal cord injury

Given that we found that the RGS can be used to indicate

spontaneous pain and a supraspinal response after an evoked stim-

ulus, we next asked whether there is a correspondence between

elevated RGS and paw withdrawal responses. An important aspect

of the relationship between spontaneous pain and the reflexive

withdrawal response is that, although mechanistically different,48

supraspinal pain indicators and reflex responses are not always

mutually exclusive depending on injury magnitude and SCI model.

First, we analyzed all the acetone trials of every animal in the SCI

group. We found that the average grimace score after acetone was

significantly higher in the trials in which there was a paw withdrawal

response as compared to trials without a withdrawal response

(0.69 – 0.10 without withdrawal; 1.12 – 0.08 with withdrawal;

p £ 0.05; Fig. 6A). Next, we evaluated the individual animals’ av-

erage grimace score in instances with and without a paw withdrawal

to acetone (Fig. 6B). We found that most (8 of 10) animals that

exhibited paw withdrawals also exhibited an average grimace score

greater than the analgesic intervention score (0.7). Additionally, we

observed that the 2 animals that did not exhibit paw withdrawal had

a corresponding average grimace score below 0.7 (Fig. 6B). These

data suggest that although the paw withdrawal reflex is spinally

mediated and grimace is supraspinally mediated, the vast majority

of trials in which a paw withdrawal occurred corresponded to an

elevated grimace, suggesting that cold hypersensitivity is sufficient

to elicit reflexive paw withdrawal and an accompanying supraspinal

pain response, albeit by activation of different sensory pathways.

We next considered only the animals in the SCI group that ex-

hibited spontaneous NP (at or above the analgesic intervention

score). In animals with spontaneous pain, we observed no statistical

differences between the average grimace score before or after the

acetone stimulus (Fig. 7A), which suggests that the pain sensation

from the evoked stimulus (cold hypersensitivity) is not additive to

FIG. 5. SCI induces increases in average Rat Grimace Scale post-acetone. (A) No significant difference in average grimace scores
between pre- and post-acetone at baseline. (B) No significant difference in average grimace scores between pre- and post-acetone in the
LAM group. (C) Animals in the SCI group exhibited a significant increase in average grimace score after acetone (*p £ 0.05, Student’s t-
test). (D) Individual scores subdivided by group. A subset of animals in the LAM group exhibited a grimace score above 0.7 post-
acetone. Contrastingly, a majority of animals in the SCI group exhibited a grimace score above 0.7 post-acetone. (E) For the SCI group,
90% of the animals exhibited a grimace score of 0.7 or higher post-acetone. SCI, spinal cord injury; LAM, laminectomy.
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the spontaneous pain. Interestingly, as shown in Figure 7B, the

subset of animals with spontaneous NP exhibited a paw withdrawal

response to acetone in 80% of the trials (Fig. 7B). Last, we eval-

uated the subset of animals that did not exhibit spontaneous NP

(below threshold of 0.7) to determine the relationship between

average grimace score and paw withdrawal. We found that in an-

imals not exhibiting spontaneous NP, 80% of the animals in which

a paw withdrawal occurred corresponded to an average grimace

score at or above the analgesic intervention score (Fig. 7C). Taken

together, these data suggest that there is a strong correspondence

between paw withdrawal and average grimace score, with higher

RGS scores associated with withdrawal.

No changes in lesion area or dorsal horn neuron
counts between pain and no-pain animals

We compared injury induction characteristics and gross patho-

logical features of the lesions between animals classified in the pain

versus no-pain categories as indicated by an RGS at/above versus

below 0.7 in the spontaneous pain assessment. The average impact

force for animals that received SCI and were later classified in the

pain category was 306 – 3.1 versus 307 – 7.5 kDA for those animals

in the no-pain category. The average tissue displacement for ani-

mals that received SCI and were subsequently classified into the

pain category was 1750 – 28.9 versus 1730 – 20.0 lm for those in

the no-pain category. These data indicated that there were not

FIG. 6. Average grimace score is increased in trials with cor-
responding paw withdrawal. (A) Average Rat Grimace Scale
(RGS) score in animals in the spinal cord injury group that had a
withdrawal response was significantly higher than the average
RGS score in animals with no corresponding withdrawal
(*p £ 0.01, Student’s t-test). (B) Individual scores subdivided by
withdrawal response post-acetone indicate that all animals with a
withdrawal response exhibited a grimace score of 0.7. Contrast-
ingly, the 1 animal that did not exhibit a withdrawal response had
a corresponding grimace score below 0.7.

FIG. 7. Average grimace score is increased in trials with cor-
responding paw withdrawal responses independent of spontaneous
pain status. (A) Animals in the SCI group with a spontaneous Rat
Grimace Scale (RGS) score above the analgesic intervention score
did not exhibit a significant difference in RGS post-acetone. (B)
Considering only the animals in the spinal cord injury (SCI) group
with spontaneous RGS score above the analgesic intervention
score, all animals exhibiting a withdrawal response post-acetone
had a corresponding RGS above 0.7. (C) Considering only the
animals in the SCI group with a spontaneous RGS below the
analgesic intervention score, all animals exhibiting a withdrawal
response had a grimace score above 0.7.
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significant differences in the injury induction parameters between

animals in the pain and no-pain categories.

Next, we compared the lesion area in animals that received an SCI

and were classified in the pain versus no-pain categories. When we

evaluated the single-tissue section at the lesion epicenter (defined as

the section with the greatest lesion area), we found an average lesion

area of 19.1 – 6.3% for animals in the pain category and an average

lesion area of 13.1 + 1.5% for animals in the no-pain category. Thus,

we did not observe a significant difference between these injury

groups ( p = 0.52). We also evaluated the average percentage lesion

area across the entire injury area (approximately 2940 lm3 in eight

serial sections); as seen in Figure 8A,B, we found no significant

differences ( p = 0.41) in percent lesion area between pain and no-

pain categories. Taken together, these data suggest that lesion area

was similar for animals in both the pain and no-pain categories.

Next, we evaluated the number of surviving neurons in the dorsal

horn and ventral horn using unbiased stereology in SCI animals as

divided into pain and no-pain groups. We observed a nonsignificant

trend ( p = 0.13) toward reduction of dorsal horn neurons in the pain

group as compared to the no-pain group (Fig. 8B). Similarly, we

observed a nonsignificant trend ( p = 0.46) toward reduction in the

number of neurons in the ventral horn in the pain group as com-

pared to the no-pain group. These data suggest, although prelimi-

nary, that there may be a trend toward differences in spinal cord

pathology between pain categories.

Discussion

We found that the RGS can be used to determine the presence of

spontaneous NP sensation in a rat cervical hemicontusion model of

SCI. In addition, we found that the RGS can also detect evoked pain

from cold stimuli. We did not observe a heightened pain response,

as indicated by RGS score from an evoked stimulus, in the cases

when the animal exhibited spontaneous pain before the stimulus,

which suggests that the supraspinal sensation of spontaneous and

evoked pain are not additive with regard to intensity. Importantly,

these findings are in a cervical model of SCI, which models the

most common in injury classification in human SCI population. We

FIG. 8. Representative micrographs from lesion epicenter from animals in pain and no pain groups. (A) Representative micrographs
of cresyl violet histochemistry of the ipsilateral spinal cord are shown at 4 · magnification (scale bar = 200 lm for all images) from an
animal that received SCI and was below (left) or above (right) the analgesic intervention score. (B) Average percentage lesion area in
animals that received a spinal cord injury (SCI) and exhibited a Rat Grimace Scale (RGS) score below and above the analgesic
intervention score. (C) Neuron counts from the ipsilateral dorsal horn in animals that received an SCI and exhibited an RGS score below
and above the analgesic intervention score. (D) Neuron counts from the ipsilateral ventral horn in animals that received an SCI and
exhibited an RGS score below and above the analgesic intervention score.
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also found a strong correspondence between a high grimace score

(supraspinally mediated) and a paw withdrawal (spinal reflex me-

diated) response to a cold stimulus, suggesting that the presence of

both high grimace score and paw withdrawal is likely a robust

indicator of pain.

Spontaneous pain after spinal cord injury

Persons with SCI indicate that spontaneous pain is more severe

and more disruptive of everyday life than evoked pain3,17; yet, the

experimental emphasis in pre-clinical models often does not in-

clude evaluation of spontaneous pain.18 This is, in part, attributed to

the difficulty of evaluating spontaneous pain in animal models. The

RGS has been developed to measure spontaneous supraspinal pain

sensation36 in animal models of NP. This technique is based on

facial coding in nonverbal or infant humans29,30 and has been ap-

plied in rodents,31,36 rabbits,33,34 and horses.35 Here, we demon-

strate that rats with a C5-hemicontusion SCI exhibit elevated

spontaneous grimace scores as compared to LAM controls. Our

finding is similar to that of Wu and colleagues,43 who recently

demonstrated that SCI induces elevated grimace scores in mice,

which can be attenuated by a pharmacological manipulation that

reduces NP. Thus, these studies indicate that in mice and now in

rats, grimace scores indicate spontaneous NP post-SCI.

Analgesic intervention score to delineate
pain/no-pain groups

Recently, Oliver and colleagues identified a delineation point

within the RGS, which can be used to categorize animals into those

with spontaneous pain versus no pain, termed the analgesic inter-

vention score.37 They determined that the analgesic intervention

score was 0.67 by assessing the RGS in conjunction with expert

pain/no-pain classification to perioperative pain. Further, Oliver

and colleagues applied this analgesic intervention score analysis to

data published by Sotocinal and colleagues36 and determined that

the analgesic intervention score correctly identified time points

associated with peaks in the RGS after Freund’s adjuvant, in-

traarticular kaolin/carrageenan, and laparotomy.36,37 In addition,

the analgesic intervention score correctly identified the morphine-

treated animals versus the controls in Freund’s adjuvant–treated

rats. Intriguingly in the only study to date to use grimace to evaluate

spontaneous pain post-SCI, mice in the SCI group receiving the

vehicle also exhibited grimace scores above 0.7 whereas the sham

groups did not.43 Based on these findings, we used the RGS score of

0.7 as the analgesic intervention score to categorize rats that exhibit

spontaneous pain from those with no spontaneous pain. We found

that animals that received only the laminectomy procedure did not

exhibit an RGS above the analgesic intervention score when we

measured spontaneous pain. Additionally, we found that the aver-

age RGS for the SCI group was above the analgesic intervention

score, and when each animal was considered individually, we ob-

served that 50% of the SCI animals (as compared to 0% of the LAM

animals) exhibited RGS scores for spontaneous pain above the

analgesic intervention score. Taken together, our data provide

further support that the analgesic intervention score accurately

delineates animals into pain and no-pain phenotype groups, which

suggest that spontaneous pain, as indicated by the RGS, could be

used as a criterion to subdivide animals in models of SCI-induced

NP, particularly those with heterogeneity.

It is important to consider that not all animals from this model

develop NP pain according to our data. Our data are similar to that

reported by Detloff and colleagues, who found that 40% of rats

injured by hemicontusion at the C5 level exhibited hypersensitivity

to evoked stimuli.49 Additionally, heterogeneity has also been

observed in other models of SCI, including the thoracic spinal

stenosis model in which 59% of animals (13 of 22) develop hy-

peralgesia post-SCI.48,50 With regard to analytical simplicity, it is

advantageous for all animals in a study to develop pain. Yet, het-

erogeneity can also be used to address clinically relevant questions

related to mechanisms of SCI-NP, especially when a reliable

method of segregation of groups such as the RGS is utilized. This

lays the groundwork for further studies in which comparison be-

tween pain and no-pain animals for determination of mechanisms

of pain formation is a key component.

Evoked supraspinal pain after spinal cord injury

We found that acetone application results in a grimace score

above the analgesic intervention score in 90% animals with SCI,

which indicates that this contusion SCI model induces evoked SCI-

induced NP. Several methods are utilized to evaluate supraspinal

pain, including operant escape tasks,50 place escape/avoidance,26

and the escape response test.27 However, there are some limitations

to these methodologies for evaluating supraspinal response in terms

of SCI studies. For example, tasks such as operant escape and place

escape avoidance require pre-training of the animal and are de-

pendent on motor function, which is often compromised in SCI

animals. Additionally, the escape response task requires extensive

animal handling in performing the task, potentially increasing fear

or stress and thereby exacerbating the affective component of

pain.51,52 Given that the rodent grimace involves noninvasive and

observational recording, we posit that this test is highly useful for

evaluation of supraspinally mediated behaviors related to SCI-

induced NP. Importantly, any evaluation method should be care-

fully selected to consider the SCI model, experimental design, and

research question.

Evoked supraspinal pain and correspondence
to paw withdrawal

One important contribution of this study is the evaluation of

supraspinal-evoked pain response and its correspondence to re-

flexive paw withdrawal response in a cervical hemicontusion SCI

model. We found that post-SCI, the average RGS score associated

with the evoked stimulus was above the analgesic intervention

score in the trials wherein a paw withdrawal occurred. Moreover, in

the instances in which there was not a paw withdrawal, the average

RGS score was below the analgesic intervention score. When

considering the individual responses, all of the rats that exhibited a

paw withdrawal also had an associated RGS score above the an-

algesic intervention score. Conversely, in the 2 rats that did not

exhibit paw withdrawal, the associated RGS score was below the

analgesic intervention score. Taken together, our data suggest that

there is a correspondence between paw withdrawal and a painful

RGS in the cervical hemicontusion model. Given that paw with-

drawal is a spinally mediated reflex and grimace is a supraspinally

mediated response, our data suggest that evaluation of both RGS

and paw withdrawal afford a robust indicator of evoked pain re-

sponse, which includes both spinal and supraspinal responses.

However, the mechanisms that underlie these responses were not

addressed in the current study.

Classically, research has utilized withdrawal responses as an

indicator of pain. Recent studies have questioned the exclusive

reliance on paw withdrawal,26,27,50 as well as question the suffi-

ciency of reflexive responses to measure the presence of pain. The
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use of paw withdrawal in the study of SCI-induced NP is even

further complicated by hyper-reflexia and spastic syndrome post-

SCI.19,53 Importantly, Baastrup and colleagues26 and van Gorp and

colleagues27 reported divergence between withdrawal responses

and supraspinally mediated behaviors, which differs from our

findings wherein we see a correspondence. There are many meth-

odological differences between our study and the previous work.

The foremost of these is the consideration of the type of supraspinal

response used for comparison. For example, the Baastrap and von

Gorp studies evaluated escape/attack responses, including jumping,

licking, guarding, vocalizing, struggling, and biting, but did not

assess grimace. It is possible that the grimace response is an in-

termediary response that precedes the more-pronounced escape-/

attack-based responses in terms of pain intensity. This idea is

supported by assessment of pain severity in veterinary medicine,

wherein escape/attack behaviors and vocalization are generally

accepted as indicators of more-extreme pain.54 Additional studies

are needed to evaluate this premise. A second methodological

consideration that varies between our study and the previous work

is the probability that different models and magnitudes of SCI may

yield different pathobiological underpinnings and, consequently,

differing pain phenotypes. Although we do not know the mecha-

nism, this study highlights the difference in pain evaluation out-

comes between cervical and thoracic SCI models.

Our finding of correspondence between supraspinal and reflex-

ive responses is important because it has been noted that below-

level pain post-SCI in humans is highly likely to have a cerebral

component, 26,55 as well as a reflexive element. Thus, it is clinically

relevant to evaluate both supraspinal measures and reflexive

withdrawal responses in pre-clinical models. In fact, in a recent

review by Vierck and Yezierski, it was noted that in order to de-

termine whether pain is involved in the spinal reflexive response

from a given stimulus, it is necessary to assess those responses to

supraspinal pain measures.48

Lesion analysis

We performed standard assessments of lesion area and dorsal

and ventral horn neuronal counts to evaluate whether there are

differences in injury pathology post-SCI that may contribute to pain

in SCI rats. Our assessments found no significant differences in

lesion size between animals in no-pain versus pain categories, as

based on the analgesic intervention score. Interestingly, the pres-

ence of pain appears to be independent of lesion size, suggesting

that other pathological changes may be contributing to pain. In

addition, we found no significant differences between dorsal and

ventral horn neuron counts between animals with no pain compared

to those with pain, although nonsignificant trends were observed.

These studies are limited by a small sample size and cursory

pathological evaluation; thus, future studies will more directly and

completely address this important question.

Study caveats

Although our study highlights the need to evaluate both su-

praspinal and reflexive withdrawal measures in assessment of SCI-

induced NP, we recognize a number of experimental caveats. The

first is that we evaluated RGS and withdrawal responses at only one

time point post-SCI. Our previous work with the C5-hemicontusion

model indicates that by week 5 post-SCI, the animals have reached

a plateau in functional recovery.45 Additionally, other studies in-

dicate that by week 5 post-SCI, SCI-induced NP is present in ro-

dents.26,27 However, our study is limited, in that only one time point

was assessed. Future work should evaluate the RGS and paw

withdrawal across a more-extensive time course post-SCI. This

limitation is especially important when considering the use of the

RGS in evaluating therapeutic strategies, and further experiments

are required in this cervical model to determine the therapeutic

window for pain development to optimize analgesic effects of

pharmacotherapy.

Another caveat of this study is we did not perform sensory

threshold testing. Our preliminary data indicated that this model is

most sensitive to acetone using reflexive withdrawal response. The

acetone test does not afford threshold testing; however, we recog-

nize the need to follow up our current findings using experimental

paradigms that evaluate increasing levels of cold stimulus to de-

termine at what stimulus threshold pain becomes apparent using the

RGS. Future studies will also extend threshold testing to mechan-

ical (Von Frey) and thermal (heat) stimuli to model human pain

responses.

Another important consideration is that affective changes, such

as fear and anxiety, could contribute to the behavioral changes

observed in the RGS. Our experimental design sought to minimize

these possibilities through rigorous acclimation before each set of

experiments; however, this parameter was not formally evaluated.

Other possible contributing factors to the RGS may also be

numbness, paresthesia, or dysesthesias, but our experiments did not

account for these possible effects. Future experiments are required

to understand whether there is a specific effect of these altered

biological states on behavior and the RGS post-SCI.

An interesting, yet unexpected, result from our study is that 2 of

5 of the animals in the uninjured LAM group exhibited a grimace

score above the analgesic intervention score, suggesting that some

animals in the LAM group experienced evoked NP. Although the

LAM group is typically used in pre-clinical SCI studies as a pro-

cedural control, this is an invasive procedure. It is recognized that

surgery can induce chronic neuropathic pain,38 and in the clinical

arena, complications and post-operative pain post-laminectomy are

a frequent concern.56,57 Indeed, laminectomy is often used in rats to

model failed back syndrome,58 a condition associated with NP.

Alternatively, this trend toward a heightened response post-

laminectomy may be attributed to introduction of a new stimulus,

and future studies should include a control substance, such as water,

to evaluate the effect of a liquid stimulus alone.

Conclusion

NP is a serious consequence of SCI with limited currently

available treatment options.59 Improved modeling of SCI-induced

NP is likely to improve understanding of the pathobiology and

therapeutic targets. Importantly, given that most patients with SCI

have multiple concomitant pain types, including both spontaneous

and evoked pain, a pre-clinical model that measures multiple pain

types is valuable. The results from the current study emphasize the

need to assess both supraspinal and reflexive responses in pre-

clinical models of SCI-induced NP, given that we found a corre-

spondence between the RGS and paw withdrawal responses.

Moreover, this study illustrates the utility of the RGS in studies

designed to assess heterogeneity of SCI-induced NP, as related to

both pathobiology and development of therapeutic interventions.
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