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Abstract
A limitation of animal models of central pain is their inability to recapitulate all clinical
characteristics of the human condition. Specifically, many animal models rely on reflexive
measures of hypersensitivity and ignore, or cannot assess spontaneous pain, the hallmark
characteristic of central pain in humans. Here, we adopt a conditioned place preference paradigm
to test if animals with lesions in the anterolateral quadrant of the spinal cord develop signs
consistent with spontaneous pain. This paradigm relies on the fact that pain relief is rewarding to
animals, and has been used previously to show that animals with peripheral nerve injury develop
tonic pain. With the use of two analgesic treatments commonly used to treat patients with central
pain (clonidine infusion and motor cortex stimulation), we demonstrate that analgesic treatments
are rewarding to animals with spinal cord lesions but not sham operated controls. These findings
are consistent with the conclusion that animals with spinal cord injury suffer from tonic pain.
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Introduction
A common consequence of spinal cord injury is the development of severe, debilitating
chronic pain.1, 29, 36 In patients, the pain manifests with a wide range of intensities and
locations. It is usually persistent in the absence of an insult (spontaneous pain), and can
present as hypersensitivity to painful stimuli (hyperalgesia) and hypersensitivity to normally
innocuous stimuli (allodynia).2 The etiology of the pain is unknown and is thought to be
caused by maladaptive changes in the central nervous system.

Several animal models have been developed to study central pain, many of which focused
on studying pain due to spinal cord injury. In all of these models, the location, the extent and
the means to produce injury vary. Some authors use controlled spinal contusions to mimic
clinical traumatic injuries.12, 26, 39 Others have used ischemic lesions,9, 10 or neurotoxic
chemical injection into the spinal cord,4, 37 whereas some have used cuts to sever the spinal
cord (hemisection),5, 6 or localized regions in the spinal cord (cordotomy).31, 32 Most of
these models rely on measures of evoked pain and hypersensitivity, such as mechanical and
thermal withdrawal thresholds. However, they commonly do not attempt to quantify
spontaneous pain, which is the single most common and debilitating complaint from spinal
cord injury patients.8, 29 Our aim was to assess whether animals with spinal cord injury
suffer from spontaneous pain.

We have demonstrated recently that localized electrolytic lesions in the anterolateral
quadrant of the spinal cord result in consistent, long lasting mechanical and thermal
hyperalgesia.19 Like other animal models of central pain, we relied on evoked measures of
hypersensitivity to assess hyperalgesia and did not test if animals exhibit symptoms of
spontaneous pain. Here, we employ a conditioned place preference paradigm described by
King et al.,14 to study tonic pain in animals. This approach takes advantage of the fact that
pain relief is rewarding and, therefore, analgesic treatments should only be rewarding in the
presence of pain.14 We use the conditioned place preference paradigm combined with two
treatments known to alleviate neuropathic pain (clonidine infusion or electrical stimulation
of the motor cortex) to test if animals develop signs of spontaneous pain following spinal
cord lesions. We demonstrate that lesioned animals, but not sham operated controls, develop
rapid preference to the analgesic treatment-paired chamber.

MATERIALS AND METHODS
All procedures were approved by the University of Maryland Animal Care and Use
Committee. Experiments were conducted according to institutional guidelines, federal
regulations, and the guidelines of the International Association for the Study of Pain.

Protocol overview
Twenty eight adult female Sprague-Dawley rats (Harlan, IN) weighing 250–300 g were used
in this study, which was conducted over a 10-week period. Two experiments were
conducted concurrently: (1: Drug group) To test the effect of analgesic drug administration
(clonidine) on the conditioned place preference of animals with spinal cord injury (n=11).
(2: Stimulation group) To test the effect of motor cortex stimulation on the conditioned
place preference of animals with spinal cord injury (n=17). In weeks 1 and 2, rats were
habituated to handling and trained to stand with their forepaws on the experimenter’s hand,
allowing access to the hindpaws, as described in Ren.25 During week 3, rats underwent
behavioral tests to measure mechanical hindpaw withdrawal thresholds (see below). During
week 4, rats underwent spinal lesion surgery to induce central pain or sham lesion surgery as
a control and, for animals receiving motor cortex stimulation, to implant insulated platinum
electrodes (see below). Weeks 5 and 6 involved further behavioral testing to measure

Davoody et al. Page 2

J Pain. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mechanical hindpaw withdrawal thresholds and monitor the development of injury related
hyperalgesia. During week 7, rats in the clonidine/saline group underwent surgery to implant
cannulae in the lateral ventricle for drug administration. Week 8 involved recovery from
surgery and further testing of mechanical hindpaw withdrawal thresholds. The conditioned
place preference protocol was conducted during weeks 9 and 10, along with further testing
of mechanical hindpaw withdrawal thresholds.

Mechanical hindpaw withdrawal threshold testing
Mechanical hindpaw withdrawal thresholds were measured bilaterally using calibrated von
Frey filaments (Stoelting, IL). Filaments with forces ranging from 10 to 180 g were applied
to the dorsal surface of the hindpaw based on studies demonstrating that threshold changes
are more reliably and consistently detected at this site.25 Each von Frey filament was applied
five times to each hindpaw and the threshold was defined as the force at which the animal
withdrew the paw to three or more of the stimuli (>50% response frequency). Animals were
not restrained during testing. Rats underwent von Frey testing on three days in week 3
(before spinal or sham lesion surgery) to obtain baseline pre-surgical withdrawal thresholds,
and every 7 days post-lesion surgery for the duration of the study. Rats were also tested
during the conditioned place preference protocol (week 10) to determine mechanical
thresholds in the presence of intraventricular drug treatment or motor cortex stimulation (see
below).

Surgical procedures
Spinal lesions—Fifteen adult female Sprague-Dawley rats underwent spinal lesion
surgery, and thirteen underwent sham lesion surgery during week 4 of the study. Eleven rats
(n=6 lesioned, n=5 sham) underwent surgery to implant a cannula in the right lateral
ventricle during week 7 of the study. Surgeries were conducted under strict aseptic
conditions. Rats were anesthetized with ketamine/xylazine (100/8 mg/kg, i.p.) and placed on
a thermo-regulated heating pad to maintain body temperature. For spinal lesions, a
laminectomy was performed to expose the spinal cord between C6 and T2. A quartz-
insulated platinum electrode (5 μm tip) was targeted unilaterally to the ventrolateral
quadrant of the spinal cord, as described previously.19, 33 Current (10 μA for 10 sec,
repeated 4 times) was passed through the electrode to produce an electrolytic lesion
(approximately 0.6 mm3; lesion locations: 0.8 mm lateral from midline; depth: 2.1 mm). In
some animals (n=9), to produce larger spinal lesions, we modified our approach to produce
two lesions, 0.4mm apart (lesion locations: 0.8 mm and 1.2 mm lateral from midline; depth:
2.1 mm). However, the modification in the protocol had no effect on the consistency or
features of the resultant hyperalgesia. Sham surgery was performed without laminectomy.

Implantation of motor cortex stimulation electrodes—In 17 animals (“stimulation
group”) and, concurrent with spinal lesion surgery, a longitudinal incision was made along
the midline of the skull to expose bregma and lambda. The bone overlying the primary
motor cortex (MI) was removed contralateral to the spinal lesion site. Custom made epidural
bipolar insulated platinum electrodes (diameter: 70 μm, exposed tip: 50 μm, distance
between electrodes: 500 μm) were targeted to the MI contralateral to the site of spinal lesion
using stereotaxic coordinates (A: 1.8 mm, L: 2 mm). These coordinates were obtained from
pilot experiments using electrical microstimulation and from data obtained from our
previously published motor cortex mapping work.34 This allowed us to reliably target the
hindpaw representation of MI since the location of major subdivisions such as the forelimb
or hindlimb areas in the rat motor cortex is somatotopic and consistent from animal to
animal.22 Motor cortex stimulation electrodes were attached to amphenol pins to facilitate
connection to the isolated pulse stimulator (A-M Systems, WA). Electrodes were fixed in
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place using four bone screws and acrylic resin. At the end of surgery, the wound edges were
approximated and sutured to achieve primary closure.

Cannula implantations—In eleven animals (“drug group”), a craniotomy was performed
to expose the brain over the right lateral ventricle in week 7. A guide cannula was advanced
to the ventricle and fixed in place using dental resin.

Post operative care—The analgesic buprenorphine (0.05 mg/kg) was administered every
12 hours for 24 hours postoperatively following spinal lesion surgeries and motor cortex
electrode implantation, and every 12 hours for 3 days postoperatively following cannula
implantations.

Conditioned place preference protocol
Conditioned place preference testing was conducted using a custom built, automated 2-
chamber box. The walls of one chamber were white with horizontal black stripes and the
walls of the other chamber were white with vertical black stripes. We used chambers with
striped walls to ensure that rats would not strongly prefer one chamber over the other, as
they would if we had used a more traditional conditioned place preference box with one
dark-walled chamber and one light-walled chamber.

Rats were habituated to the conditioned place preference box for 3 days during week 9 of
the study. On each habituation day, rats were permitted to move freely between the two
chambers for 30 minutes. On day 4 of week 9, a pre-conditioning preference test was
conducted in which rats were permitted to move freely between the two chambers for 15
minutes and time spent in each chamber was recorded to determine each rat’s preference.

After habituation and the pre-conditioning preference test (week 9), rats underwent a 3-day
conditioning phase in week 10 of the study. Two sessions were conducted on each day, at
least 6 hours apart. (1) In one session the animals were placed in the chamber that they
demonstrated preference for during the pre-conditioning test. They spent 30 minutes in that
chamber where rats in the drug group received an intraventricular microinjection of vehicle
(5 μl saline followed by 10 μl saline flush); rats in the stimulation group received sham
motor cortex stimulation (wires attached but no current passed).(2) In the other daily session
the animals were placed for 30 min in the chamber that they did not prefer during the pre-
conditioning test. Here, rats in the drug group received an intraventricular microinjection of
clonidine, an alpha 2-adrenergic agonist (5 μl [2mg/ml] followed by 10 μl saline flush), and
those in the stimulation group received motor cortex stimulation (50 μA, 50 Hz, for 30
minutes). We used intraventricular clonidine in these experiments because it has been shown
previously to reduce tonic and evoked pain in animals with peripheral neuropathic pain
without affecting normal uninjured animals.14

Drug or motor cortex stimulation treatment order was randomized for each rat. That is, some
days the rat received vehicle in the first session while other days the rat received drug in the
first session. Mechanical hindpaw withdrawal thresholds were measured one hour following
saline/clonidine intraventricular injection or immediately after the end of motor cortex
stimulation.

One day after the conditioning phase, a post-conditioning place preference test was
conducted in which rats received no drug treatment and were permitted to move freely
between the two chambers for 15 minutes. Time spent in each chamber was recorded to
determine each rat’s chamber preference.
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Data analysis
Statistical analyses were performed with SigmaStat (Aspire Software International,
Ashburn, VA). To test whether mechanical hindpaw withdrawal thresholds changed over
time after surgery, data from spinal-lesioned rats and sham-lesioned rats were analyzed
separately with the Friedman test. To test the effects of clonidine or motor cortex stimulation
treatment on mechanical hyperalgesia, data from spinal-lesioned rats and sham-lesioned rats
were analyzed separately with the Wilcoxon Signed Ranks test. Conditioned place
preference test results were analyzed using a two-way analysis of variance (group,
conditioning) with repeated measures on one factor (group), followed by a posthoc Fisher
least significant difference (LSD) test to compare individual factors. The significance level
was set at p<0.05 for all tests.

Results
Animals in the drug group develop mechanical hyperalgesia following spinal lesions

We and others have previously shown that rats with spinal cord lesions develop behavioral
signs consistent with central pain, including mechanical and thermal hyperalgesia caudal to
the lesion site.19, 27, 32 Consistent with the literature, all spinal-lesioned rats in the
clonidine/saline treatment group showed a significant decrease in mechanical hindpaw
withdrawal thresholds bilaterally within 7 days of the lesion surgery (Fig. 1A). Mechanical
thresholds decreased from 93.3 g (SD 16; median 100; range 60–100; n=6) to 55.3 g (SD 28;
median 60; range 26–100; p<0.001, Friedman). Sham surgery (n=5) had no effect on
mechanical withdrawal thresholds on either the ipsilateral or contralateral hindpaw (Fig.
1A). Each animal tested had identical withdrawal thresholds on the ipsilateral and
contralateral hindpaw at every time point. As a result, Figure 1A shows the behavioral data
for the contralateral hindpaw; results for the ipsilateral hindpaw were the same and are
therefore not shown.

Clonidine reverses mechanical hyperalgesia in animals with spinal lesions
Intraventricular injection of clonidine (2 mg/ml) at 35 days after spinal lesion surgery
reversed hyperalgesia in lesioned animals (Fig. 1A), returning mechanical withdrawal
thresholds to pre-spinal lesion values (pre-surgery: mean 93.3g, SD 16, median 100, range
60–100; clonidine at 35 days: mean 81g, SD 31, median 100, range 26–100; p=1.0,
Wilcoxon). The infusion of an equivalent volume of saline at 35 days had no effect on
mechanical hyperalgesia in these animals (mean 48.7g, SD 18, median 60, range 26–60;
p=0.03, compared with pre-surgical values, Wilcoxon; Fig. 1A). Clonidine and saline
treatments had no effect on mechanical hindpaw withdrawal thresholds in sham-lesioned
animals (p>0.05). These findings are consistent with previous studies demonstrating that
clonidine is effective in reducing mechanical hyperalgesia in animal models of neuropathic
pain and that it can be used to examine behaviors related to chronic neuropathic pain.7, 14

Clonidine unmasks the tonic aversive state in animals with spinal lesions
Before conditioning, both sham operated controls and spinal lesioned animals showed a
slight but not statistically significant preference for the vertically striped chamber (Fig. 1B).
Sham animals spent an average of 46.9% (SD 4, n=5) of the 15 minute test period in the
horizontally striped chamber, while spinal lesioned animals spent an average of 37.6% (SD
17, n=6) of the test period in the horizontally striped chamber. During the conditioning
phase, all animals received intraventricular infusions of clonidine (2 mg/ml) and were then
restricted to the horizontally striped chamber for 30 minutes. Saline injections were paired
with restriction in the vertically striped chamber (repeated on 3 days). After this
conditioning paradigm, animals with spinal cord lesions, but not sham animals (animals
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without spinal cord injury), developed a strong and significant preference for the clonidine
paired chamber (Fig. 1B), spending an average of 71.1% (SD 10) of the 15 minute test
period in the drug-paired horizontally striped chamber (p=0.002, posthoc Fisher LSD;
F=6.91, p=0.03 for group × conditioning interaction, two-way ANOVA). The preference of
the sham animals remained unchanged, with this group spending an average of 49.6% (SD
2) of the test period in the horizontally striped chamber (p>0.05, posthoc Fisher LSD). The
findings that spinal lesioned animals, but not shams, prefer the chamber in which analgesia
is provided, suggests that clonidine unmasks a tonic aversive state.

Motor cortex stimulation unmasks the tonic aversive state in animals with spinal lesions
Like the first group of animals in this study, these spinal-lesioned rats developed a
significant decrease in mechanical hindpaw withdrawal thresholds bilaterally (Fig. 2A).
Mechanical thresholds decreased from 121.2 g (SD 39; median 100; range 60–180; n=9) to
60.0 g at week 8 (SD 17.5; median 60; range 26–100; p<0.001, Friedman). Sham surgery
(n=8) had no effect on mechanical withdrawal thresholds on either the ipsilateral (Fig. 2A)
or contralateral hindpaw (data not shown).

Consistent with our previous findings (Lucas, 2010) motor cortex stimulation (50 μA, 50
Hz, 300 μs square pulse, 30 minute duration) 63 days after spinal lesion surgery significantly
reduced the hyperalgesia in animals with spinal cord injury (Stimulation on: mean 80 g, SD
21, median 80, range 60–100; Stimulation off: mean 57.7 g, SD 19, median 60, range 26–
100; p=0.04, Wilcoxon, n=9). Unlike the clonidine treatment, the reduction in mechanical
hyperalgesia after motor cortex stimulation was not complete and mechanical threshold
values did not return to pre-surgery levels (p=0.04, Wilcoxon). Motor cortex stimulation in
sham lesioned animals (n=8) had no effect on mechanical hindpaw withdrawal thresholds
(p>0.05, Fig. 2A).

To test if motor cortex stimulation unmasks the tonic aversive state in animals with
anterolateral spinal cord lesions, we used the conditioned place preference test. Before
conditioning, both sham and spinal lesioned animals showed a slight but not statistically
significant preference for the vertically-striped chamber (Fig. 2B). Sham animals spent an
average of 41.7% (SD 5, n=8) of the 15 minute test period in the horizontally striped
chamber, while spinal lesioned animals spent an average of 39.9% (SD 10, n=9) of the test
period in the horizontally-striped chamber. During the conditioning phase, all animals
received motor cortex stimulation (50 μA, 50 Hz, 300 μs square pulse, 30 minute duration)
while restricted in the horizontally striped chamber for -striped chamber (repeated on 3
days). After this conditioning paradigm, lesioned animals, but not sham animals, developed
a preference to the motor cortex stimulation-paired chamber (Fig. 2B) spending an average
of 52% (SD 9) of the 15 minute test period in the motor cortex stimulation-paired chamber
(p=0.003, posthoc Fisher LSD; F=4.34, p=0.04 for group × conditioning interaction, two-
way ANOVA). The preference of the sham animals remained unchanged, with this group
spending an average of 42% (SD 12) of the test period in the horizontally striped chamber
(p>0.05, posthoc Fisher LSD). Findings from the conditioned place preference test suggest
that motor cortex stimulation reduces tonic pain.

Discussion
This study was designed to test whether animals with anterolateral spinal cord lesions suffer
from spontaneous pain. We found that animals with spinal cord injury develop mechanical
hyperalgesia that can be attenuated by treatments commonly used for patients with central
neuropathic pain: clonidine or motor cortex stimulation. Using the conditioned place
preference test we further demonstrate that these treatments unmask a tonic aversive state
suggesting that these animals exhibit signs of spontaneous pain.
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Signs of spontaneous pain in animals with spinal cord lesions
The conditioned place preference test or modifications of, is commonly used to study the
motivational effects of drugs and pain on animals.13, 15 King and colleagues14 adopted the
conditioned place preference paradigm to investigate if animals with peripheral neuropathic
pain suffer from spontaneous pain. They demonstrated that animals with spinal nerve
ligation, but not sham operated controls, rapidly develop a preference to the clonidine-paired
chamber. King et al., posited that clonidine administration results in the removal of a tonic
state, suggesting that the animals experience pain relief. These findings led King and
colleagues to conclude that animals with SNL suffer from tonic pain. 14

In our animal model of central pain, and similar to King et al.,14 intraventricular clonidine
administration resulted in negative reinforcement whereby lesioned animals preferred the
drug-paired chamber while clonidine was not rewarding in the absence of injury. Therefore,
these findings suggest that animals with spinal cord injury suffer from tonic pain. Clonidine
not only unmasked the presence of a tonic pain component, but also reversed mechanical
hyperalgesia in animals with spinal cord lesions. These findings are consistent with previous
reports that clonidine reverses mechanical and thermal hyperalgesia in animal models of
neuropathic pain.7, 14 Another treatment for neuropathic pain, motor cortex stimulation, also
resulted in negative reinforcement in animals with spinal cord lesions but not in controls.
These findings further support the notion that spinal cord lesioned animals suffer from tonic
pain.

Spontaneous pain is difficult to assay in animals and especially rodents because they do not
display behaviors or postures that reflect the presence of mild to moderate pain.21, 28

Current animal models of central pain are unable to demonstrate that animals with spinal
cord injury suffer from spontaneous pain. Previous investigations in animals relied heavily
on observations of overgrooming/autotomy, licking, guarding and vocalization.30 These
behaviors have been criticized as unreliable and nonspecific.20, 35 The conditioned place
preference paradigm offers a suitable supplement to these behaviors especially since it
specifically measures cognitive, motivated preference and pain is an emotional cognitive
experience.

Neuropathological basis of ongoing pain following spinal cord injury
Spinal cord injury can result in maladaptive plastic changes throughout the neural axis. In
the spinal cord, following injury, there is massive reorganization and sprouting in primary
afferents.5, 6 Injury causes elevated concentrations of excitatory amino acids18 in the
extracellular space and dorsal horn neurons show increased spontaneous activity.10, 11 In the
thalamus, spinal cord injury results in increased activity, increased spike bursts and changes
in glial activation.33, 40 We have demonstrated that spontaneous activity of PO and SI
neurons are dramatically increased (PO: ~30 fold increase; S1: ~3 fold) in animals with
spinal lesions when compared to sham operated controls.19, 24 The change in spontaneous
activity of thalamic and cortical neurons may contribute to the tonic pain observed in our
animal model of spinal cord injury pain.

In humans with spinal cord injury and chronic pain, functional imaging studies reveal
significant changes in blood flow in the thalamus during rest3, 23 and electrophysiological
recordings reveal abnormal spontaneous discharges in thalamic neurons.16, 17 These
maladaptive changes may contribute to the pathogenesis of spontaneous pain in humans.
However, the underlying mechanisms remain to be elucidated.

Here, we present findings that suggest that animals with spinal cord injury exhibit signs of
spontaneous pain. The presence of tonic pain and hyperalgesia, the small size of spinal
damage when compared to other animal models of spinal cord injury,5, 10, 27, 32, 38 the
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reduced morbidity and the high percentage of animals developing hyperalgesia after lesions
(94%)19 make this model ideal to study the neurobiological substrates responsible for the
development of central pain.
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Figure 1. Intraventricular Administration of Clonidine Reverses Mechanical Hyperalgesia and
Unmasks a Tonic Aversive State
A. Animals in the clonidine/saline group develop mechanical hyperalgesia following spinal
cord lesions (n=6; p<0.001) while sham surgery had no effect on mechanical withdrawal
thresholds (n=5). Intraventricular administration of clonidine (5 μl [2mg/ml] followed by 10
μl saline flush) reversed mechanical hyperalgesia in animals with spinal cord lesions. The
administration of an equivalent volume of saline had no effect of mechanical withdrawal
thresholds. B. The percentage of time spent in the drug paired chamber is shown. Animals
with spinal cord injury (n=6) prefer the chamber where they receive clonidine treatment
(p=0.002). Clonidine had no effect on chamber preference of sham-operated controls (n=5).
Error bar=SEM. *: Statistically significant difference.

Davoody et al. Page 11

J Pain. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Motor Cortex Stimulation Reduces Mechanical Hyperalgesia and Unmasks a Tonic
Aversive State
A. Like the clonidne/saline group, animals in the motor cortex stimulation group developed
mechanical hyperalgesia following spinal cord lesions (n=9; p<0.001). Mechanical
withdrawal thresholds in animals receiving sham surgery were not significantly different
from pre-surgical values. Motor cortex stimulation (50 μA, 50 Hz, for 30 minutes) reduced
mechanical hyperalgesia in animals with spinal cord lesions (p=0.04), but had no effect on
sham-operated controls. B. Animals with spinal cord lesions (n=9) preferred the chamber
where they received motor cortex stimulation (p=0.003). Motor cortex stimulation had no
effect on the preference of sham operated controls. Error bar=SEM. *: Statistically
significant difference. MCS: Motor cortex stimulation.
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