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ABSTRACT

Spinal cord injury (SCI) results in loss of function below the level of injury and the development of
chronic central pain (CCP) syndromes. Since different strains may develop and express chronic pain
behaviors differently, we evaluated behavioral outcomes (locomotor recovery and the development of
mechanical and thermal allodynia) in three commonly used strains of rats (Long-Evans, Wistar, and
Sprague-Dawley) using two models of SCI. The two models examined were contusion at T10 (NYU
impactor, 12.5 mm height) and the T13 hemisection. Mechanical stimulation (von Frey filaments) re-
vealed significantly lower baseline responses for Long-Evans rats and significantly higher baseline paw
withdrawal latencies to thermal stimulation for Wistar rats compared to the other strains. Following
contusion SCI, Long-Evans rats had the highest percentage of animals that developed mechanical al-
lodynia (73%), while Sprague-Dawley rats had the highest percentages (75%) following hemisection
SCI. Interestingly, the Sprague-Dawley rats had the highest percentage (87%) to develop thermal al-
lodynia following contusion SCI, while 100% of both Long-Evans and Sprague Dawley rats developed
thermal allodynia in the hemisection model. Locomotor recovery after SCI was similar for each model
in that Long-Evans rats recovered slower and to a lesser extent than the other strains. In each model,
Sprague-Dawley rats recovered faster and achieved greater function. Overall, the hemisection model
produced a larger percentage of animals that developed CCP and had greater responses to mechan-
ical stimulation. Thus, it appears that strain selection has a greater impact on locomotor recovery and
model selection has a greater impact on the development of CCP following SCI. Furthermore, these
results suggest that genetic factors may play a role in recovery following SCI.
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INTRODUCTION

PINAL CORD INJURY (SCI) is a devastating event that
may result in a loss of function below the level of le-
sion and the development of chronic central pain (CCP)
syndromes (Balazy, 1992; Beric et al., 1988; Boivie,
1984; Davidoff and Roth, 1991; Davidoff et al., 1987;
Jack and Lloyd, 1983; Loubser and Donovan, 1996;

Nogues, 1987; Pagni, 1989; Richards et al., 1980; Rin-
tala et al., 1998; Schliep, 1978; White, 1966). The per-
centage of patients with CCP may be as high as 75%
(Christensen and Hulsebosch, 1997). The development of
CCP greatly affects the quality of life, often resulting in
depression and suicide (Cairns et al., 1996; Lundqvist et
al., 1991; Segatore, 1994). Unfortunately, CCP seems to
increase with time after injury and may be refractory to
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treatment (Richards et al., 1980; Rintala et al., 1998;
Yezierski, 2000).

There are several models that are used to study CCP and
SCI (Ramer et al., 2000; Vierck, 1991; Vierck et al., 2000).
The development of pain syndromes in experimental mod-
els is influenced not only by differences in the neurotrauma
model employed, but also by environmental factors (e.g.,
maternal-fostering vs. cross-fostering), sex, age, diet, and
genetic differences (DeLeo and Rutkowski, 2000; Mogil,
1999; Mogil et al., 1999a,b, 2000; Shir et al., 1998; Su-
dakov et al., 1996; Yoon et al., 1999).

Of particular interest is the genetic predisposition (or
lack thereof) for the development of pain syndromes.
When translating results from experimental animals to
humans, it must be kept in mind that the patient popula-
tion is genetically heterogenous. While the use of inbred
strains in experimentation is certainly important, outbred
strains may more closely resemble the patient population.
Recently, it has been reported that outbred rat strains were
more responsive to sciatic nerve ligation than inbred
strains (Lovell et al., 2000). One possible explanation is
that there may be strain-specific neurochemical and mor-
phological rearrangements in the spinal cord (Lovell et
al., 2000). Outbred strains also demonstrate differences
in the antinoceptive effect of nitrous oxide compared to
inbred strains (Fender et al., 2000). Genes encoding for
proteins and enzymes that metabolize anesthetic and
analgesic agents, which ultimately influence pain recep-
tors and pain-related behaviors, may differ between in-
dividuals (Nebert and Weber, 1990). While some “pain
genes” have been identified, variation in pain-related re-
sponses is likely due to interactions of several genes act-
ing in concert with the environment (Mogil, 1999).

Two models of CCP induced by SCI currently being
used in our laboratory are the contusion and hemisection
models (Christensen et al., 1996; Hains et al., 2000;
Hulsebosch et al., 2000; Mills et al., 2001a). The present
study was undertaken to examine the model and strain
dependences on the development of CCP following SCI.
Three commonly used outbred strains of rats were se-
lected: Long-Evans, Wistar, and Sprague-Dawley. Re-
sponses to mechanical and thermal stimulation, as well
as locomotor recovery were compared between strains
and models before (baseline) and after SCI.

MATERIALS AND METHODS

Experimental Animals

Subjects were male Long-Evans, Wistar, and Sprauge-
Dawley rats, 100—125 g, obtained from Harlan Sprague-
Dawley, Inc., housed with a light/dark cycle of 12 h/12
h, and fed ad libitum. Experimental procedures were re-

viewed by the UTMB Animal Care and Use Committee
and were consistent with the NIH Guide for the Care and
Use of Laboratory Animals. Twenty-five animals from
each strain were divided into either hemisection (n = 10
for each strain) or contusion spinal cord injury (SCI)
groups (n = 15 for each strain). All subjects were accli-
mated to the behavioral testing environment and testing
procedures for 5 days before data acquisition and showed
no evidence of increased responsiveness or learning dur-
ing presurgical testing.

Contusion Injury

Spinal cord contusion injury was produced as previ-
ously described (Gruner, 1992; Huang and Young, 1994;
Hulsebosch et al., 2000). Briefly, subjects were anes-
thetized by an intraperitoneal injection of pentobarbital
(40 mg/kg). Anesthesia was considered complete when
there was no flexor withdrawal in response to noxious
foot pinch. The subjects’ backs were shaven, an incision
made to expose the vertebral column, and a laminectomy
was performed at spinal segment T10. Spinal cord injury
was produced using the New York University (NYU) in-
jury device. A 10-g weight, 2.0 mm in diameter, was
dropped from 12.5 mm onto the exposed cord. Follow-
ing spinal injury, muscle and fascia were sutured, the skin
autoclipped, and the animals were allowed to recover
from anesthesia. Postoperative treatments included 0.9%
saline (1.0 mL subcutaneously) for rehydration and a pro-
phylactic antibiotic (Baytril, 30 mg/kg, subcutaneously)
was given twice daily until bladder control returned.
Bladders were manually expressed twice daily until au-
tomatic bladder control recovered, usually by 10 days fol-
lowing injury.

Henisection Injury

Subjects were deeply anesthetized by intraperitoneal
injection of sodium pentobarbitol (40 mg/kg), and the left
side of the spinal cord was hemisected as previously de-
scribed (Christensen et al., 1996; Hains et al., 2000).
Briefly, a laminectomy was performed at T11, the lum-
bar spinal cord was identified with the accompanying
dorsal vessel, and the spinal cord hemisected at T13, with
ano. 11 scalpel blade without damage to the dorsal spinal
artery or branches. Iridectomy scissors were used to en-
sure the completeness of the hemisection. Muscle and
fascia were sutured closed, the skin closed with autoclips,
and animals were allowed to recover from anesthesia.
Postoperative treatments included 0.9% saline (1.0 mL
subcutaneously) for rehydration and penicillin-G (0.35
mL/kg intramuscular) as a prophylactic antibiotic. The
hemisection lesion was confined unilaterally and in-
cluded the dorsal column, Lissauer’s tract, lateral and
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ventral column systems, and gray matter. Animals that
demonstrated a decrement in locomotor function of the
contralateral hindlimb, indicating an over-hemisection,
were excluded from the study.

Locomotor Function

Locomotor function was evaluated using the Basso,
Beattie, and Bresnahan (BBB) open-field locomotor test
(Basso et al., 1995). Briefly, the BBB scale ranges from
0 (no hindlimb movement) to 21 (normal movement-co-
ordinated gait with parallel paw placement). Scores from
0 to 7 indicate the return of isolated movements in the
three joints (hip, knee, and ankle). Scores from 8 to 13
indicate the return of paw placement and coordinated
movements with the forelimbs. Scores from 14 to 21
show the return of toe clearance during stepping, pre-
dominant paw position, trunk stability, and tail position.
BBB scores were measured before injury (baseline) and
on postinjury days (PID) 1 through 14, 21, 28, and 35.

Mechanical Stimuli

Paw withdrawal frequency in response to repeated me-
chanical stimuli to the glabrous surface of the forelimbs
and hindlimbs was used to quantify mechanical sensitiv-
ity. In this test, the frequency of paw withdrawals in re-
sponse to graded mechanical stimuli (4.79, 9.96, and
204.1 mN and pin) was recorded prior to injury and at
PID 7, 14, 21, 28, and 35 as previously described (Choi
et al., 1994; Christensen and Hulsebosch, 1997). The fre-
quency of paw withdrawals to von Frey filament stimu-
lation in each of 10 trials was repeated for each limb.
Data is expressed as a difference in response frequency
(percent of paw withdrawals after injury minus percent
of paw withdrawals before injury) for between group
comparisons. Since a change in absolute number of with-
drawals to a stimulus may indicate an increase in the
spinal reflex and not development of allodynia, only with-
drawals accompanied by supraspinal behaviors (e.g.,
head turning to attend to the stimulus or biting the von
Frey filament) were counted as a response. Following in-
jury, hindlimb responses to mechanical stimulation for
each of the strains was too variable to draw any conclu-
sions; therefore, these data are not included in the analy-
sis. The development of mechanical allodynia for indi-
vidual subjects was defined by a statistically significant
increase in the number of withdrawals to all strengths of
von Frey stimulation on PID 35 compared to baseline
(p <0.05).

Thermal Stimuli

Forelimb and hindlimb paw withdrawal latency to a
heat stimuli was measured using methods previously de-

scribed (Bennet and Xie, 1988; Dirig et al., 1997; Harg-
reaves et al., 1988) prior to injury and on PID 7, 14, 21,
28, and 35. Briefly, the rats were placed on a glass plate
over a light box, and a radiant heat stimulus was applied
by aiming a beam of light through a hole in the light box
onto the glabrous surface of the paw of each limb through
the glass plate. The light beam was turned off automati-
cally by a photocell when the rat lifted the limb, allow-
ing the measurement of time between the start of the light
beam and the paw withdrawal. This time is defined as
the paw withdrawal latency. Five minutes were allowed
between each trial, and three measurements were aver-
aged for each limb before injury (baseline) and on PID
7, 14, 21, 28, and 35. Values were normalized to zero for
baseline and reported as change, in seconds, from base-
line. Following injury, hindlimb responses to thermal
stimulation for each of the strains was too variable to
draw any conclusions; therefore, these data are not in-
cluded in the analysis. The development of thermal allo-
dynia for individual subjects was defined as a statistically
significant decrease in paw withdrawal latencies com-
pared to baseline on PID 35 (p < 0.05).

Statistical Analysis

Baseline behavioral measures for mechanical and ther-
mal responses were compared between each strain using
a one way analysis of variance (ANOVA). A one way
repeated measures ANOVA was used to test for signifi-
cant differences between each strain for mechanical and
thermal responses following injury. Post hoc compar-
isons were made using Fisher’s LSD test. The Wilcoxon
rank sum test was used for nonparametric analysis of
BBB scores. We used an alpha level of significance at
0.05 for all statistical tests. Data are expressed as means
+ standard error of the mean (SEM).

RESULTS

Baseline Responses to Mechanical
and Thermal Stimuli

There were no strain differences in baseline responses
to a 4.79 mN von Frey mechanical stimulation (Fig. 1A).
Baseline values for 4.79 mN von Frey stimulation were
5.5 0.5, 6.5*0.7, and 6.3 = 1.0 (percentage with-
drawals) for Long-Evans, Wistar, and Sprague-Dawley,
respectively. However, baseline responses to 9.96 mN
von Frey mechanical stimulation demonstrated a signif-
icant difference between Long-Evans and Wistar rats
(p < 0.02) and between Long-Evans and Sprague-Daw-
ley rats (p < 0.05). Baseline values for 9.96 mN von Frey
stimulation were 11.7 = 1.0, 16.5 = 1.4, and 16.0 = 1.8
(percentage withdrawals) for Long-Evans, Wistar, and
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A. Baseline Mechanical Responses
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Baseline forelimb paw withdrawal responses, expressed as percentage, to von Frey filament (4.79, 9.96, and 204.1 mN)

stimulation (A) and baseline forelimb paw withdrawal latencies to thermal stimulation (B). Long-Evans rats consistently show
lower baseline responses to mechanical and thermal stimulation, while Wistar rats consistently have the highest baseline responses
to measures of both mechanical and thermal stimulation. Data are plotted as means = SEM (* = p < 0.05; **p < 0.02; ***p <

0.01).

Sprague-Dawley rats, respectively. Responses to 204.1
mN von Frey stimulation also revealed a significant de-
crease for Long-Evans rats compared to Wistar (p <
0.01) and Sprague-Dawley rats (p < 0.05). Baseline re-
sponses to 204.1 mN von Frey stimulation were 63.9 *+
3.4,76.7 £ 3.9, and 74.0 = 3.0 (percentage withdrawals)

for Long-Evans, Wistar, and Sprague-Dawley rats, re-
spectively.

Responses to thermal stimulation also revealed strain
differences in baseline values (Fig. 1B). Wistar rats
demonstrated longer baseline paw withdrawal latencies
compared to Long-Evans (p < 0.002) and Sprague-Daw-
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ley rats (p < 0.05). Baseline paw withdrawal latencies to
thermal stimulation were 11.0 = 0.4, 12.8 = 0.3, and
11.6 £ 0.4 sec for Long-Evans, Wistar, and Sprague-
Dawley rats, respectively.

Percentages of Animals Developing Allodynia

Following contusion SCI, each strain displayed a dif-
ference in the percentages of animals that developed
mechanical and thermal allodynia (Fig. 2A). Long-Evans

rats displayed the highest percentages of the three stains
to develop mechanical allodynia (11/15, 73%), while
only 60% developed thermal allodynia (9/15). Sixty per-
cent (9/15) of the Wistar strain developed mechanical al-
lodynia following contusion SCI, while 80% (12/15) de-
veloped thermal allodynia. Sixty percent (9/15) of the
Sprague-Dawley strain developed mechanical allodynia,
with 87% (13/15) developing thermal allodynia.
Subjects in the hemisection model of SCI also demon-
strated strain differences in the development of mechan-
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FIG. 2. Bar graph representing the percentages of each strain that developed mechanical (A) or thermal (B) allodynia follow-
ing contusion or hemisection SCI. The percentage is indicated above each bar. Overall, Sprague-Dawley rats in the hemisection
model produced more animals that developed both mechanical and thermal allodynia.
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ical and thermal allodynia (Fig. 2B). Long-Evans rats dis-
played the lowest percentage of subjects to develop me-
chanical allodynia (4/10, 40%); however, 100% devel-
oped thermal allodynia (10/10). Sixty percent (6/10) of
the Wistar strain developed mechanical allodynia fol-
lowing hemisection SCI, while 90% developed thermal
allodynia (9/10). Seventy-five percent (6/8) of the
Sprague-Dawley strain developed mechanical allodynia,
and 100% (8/8) developed thermal allodynia. For both
models, each animal that developed mechanical allody-
nia also developed thermal allodynia, except for the
Long-Evans strain in the contusion model. Only the an-
imals that developed mechanical and thermal allodynia
were included in this study.

Locomotor Function

All strains in the contusion SCI group had baseline
BBB scores of 21.0 £ 0.0 (Fig. 3A). On PID 1, each
strain in the contusion group had little to no hindlimb
movement as indicated by BBB scores of 0.5 = 0.2,
0.7 = 0.2, and 0.7 = 0.2 for Long-Evans, Wistar, and
Sprague-Dawley rats, respectively. However, by PID 4,
Sprague-Dawley rats had significantly higher (p < 0.05)
BBB scores than the other strains. Wistar rats initially re-
covered faster than Long-Evans, but by PID 12 there was
no difference between Wistars or Long-Evans rats. BBB
scores for each strain slowly rose through PID 14 where
values stabilized through PID 35. On PID 35, BBB scores
were 12.1 £ 0.7, 13.8 = 1.4, and 16.0 = 1.0 for Long-
Evans, Wistar, and Sprague-Dawley rats, respectively.

Each strain in the hemisection SCI group had baseline
BBB scores of 21.0 = 0.0 (Fig. 3B). Following hemi-
section on PID 1, all strains had little to no movement of
the ipsilateral hindlimb as indicated by BBB scores of
0.3*+0.3, 0.3 *£0.2, and 0.3 = 0.2 for Long-Evans,
Wistar, and Sprague-Dawley rats, respectively. Each
group slowly recovered through PID 14 with scores sta-
bilizing on PID 14 through PID 35. On PID 3 through
PID 10, Wistar and Sprague-Dawley rats demonstrated
higher BBB scores than Long-Evans rats, with Sprague-
Dawley rats remaining consistently higher than Long-
Evans rats through PID 28. Long-Evans rats had consis-
tently lower BBB scores at all time points measured. BBB
scores on PID 35 were 15.0 = 0.4, 15.6 = 1.6, and
17.0 = 1.2 for Long-Evans, Wistar, and Sprague-Daw-
ley rats, respectively.

Mechanical Allodynia

Following contusion SCI, all strains demonstrated a
temporal development of mechanical allodynia as indi-
cated by an increase in forelimb withdrawals to graded
von Frey stimulation (Fig. 4A,C,E). Responses to 4.79

mN von Frey stimulation slowly increased similarly for
each strain to reach values of 19.1 = 1.0,24.5 = 2.2, and
22.9 = 1.7 (percentage withdrawals) on PID 35 for Long-
Evans, Wistar, and Sprague-Dawley, respectively (Fig.
4A). A similar pattern was seen for 9.96 mN von Frey
stimulation; values were 22.1 = 3.3, 24.3 = 1.4, and
23.8 = 2.0 (percentage withdrawals) on PID 35 for Long-
Evans, Wistar, and Sprague-Dawley rats, respectively
(Fig. 4C). For 204.1 mN von Frey stimulation, values
were 21.4 = 2.1,21.9 = 1.9, and 20.7 £ 2.7 (percentage
withdrawals) for Long-Evans, Wistar, and Sprague-Daw-
ley rats respectively (Fig. 4E). Each strain responded
100% of the time to pin stimulus at each time point mea-
sured (data not shown).

Following hemisection SCI, all strains demonstrated a
temporal development of mechanical allodynia as indi-
cated by an increase in paw withdrawals to graded von
Frey stimulation (Fig. 4B,D,F). Responses to 4.79 mN
von Frey stimulation slowly increased similarly for each
strain to reach values of 14.2 = 3.5, 18.3 = 6.0, and
15.8 £ 1.5 (percentage withdrawals) on PID 35 for Long-
Evans, Wistar, and Sprague-Dawley, respectively (Fig.
4B). A similar pattern was seen for 9.96 mN von Frey
stimulation; values were 20.4 = 2.1, 26.3 = 4.3, and
18.3 £ 5.8 (percentage withdrawals) on PID 35 for Long-
Evans, Wistar, and Sprague-Dawley rats, respectively
(Fig. 4D). For 204.1 mN von Frey stimulation, values
were 32.3 + 2.0, 37.1 = 6.0, and 27.5 £ 3.2 (percentage
withdrawals) for Long-Evans, Wistar, and Sprague-Daw-
ley rats, respectively (Fig. 4F). Each strain responded
100% of the time to pin stimulus at each time point mea-
sured (data not shown).

Thermal Allodynia

Following contusion injury each strain demonstrated a
gradual decrease in forelimb withdrawal latencies to ther-
mal stimulation, indicating the development of thermal
allodynia (Fig. 5). On PID 35, in the contusion model of
SCI, paw withdrawal latencies had decreased by 3.7 =
1.1, 3.8 £ 1.3, and 4.3 = 1.3 sec for Long-Evans, Wis-
tar, and Sprague-Dawley rats, respectively (Fig. SA). A
similar, albeit not as robust, development of thermal al-
lodynia was seen in the hemisection model of SCI (Fig.
5B). Forelimb withdrawal latencies on PID 35 were 1.6 *+
0.5, 2.8 £ 0.8, and 3.4 = 0.8 sec for Long-Evans, Wis-
tar, and Sprague-Dawley rats, respectively.

DISCUSSION

The present study examines baseline responses to me-
chanical and thermal stimulation in three outbred strains
of rats: Long-Evans, Wistar, and Sprague-Dawley. Ad-
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A. Contusion
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FIG. 3. BBB locomotor recovery scores for combined hindlimbs in the contusion model (A) and for the ipsilateral hindlimb in
the hemisection model (B). For each model, the Sprague-Dawley rats recovered faster and to a greater extent that the other two
strains. The rank order of recovery for each model was Sprague-Dawley > Wistar > Long-Evans; however, each strain displayed
a similar temporal pattern of recovery. Data are expressed as means = SEM. *Statistically significant difference compared to
Long-Evans (p < 0.05); *statistically significant difference compared to Wistar (p < 0.05).
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FIG. 4. Forelimb paw withdrawal responses, expressed as percentage change from baseline, to von Frey filament (4.79, 9.96,
and 204.1 mN) stimulation in the contusion (A, C, E) and hemisection (B, D, F) models. A similar temporal pattern for the de-
velopment of mechanical allodynia is seen in all three strains. However, Sprague-Dawley rats in the hemisection model appear
to have more robust responses, especially at 204.1 mN stimulation. Each strain responded 100% of the time to pin stimulation
before and after injury for each model (data not shown). Data are expressed as means = SEM.

ditionally, individual strains were examined for the de-
velopment of mechanical and thermal allodynia, and lo-
comotor recovery in two separate models of SCI. Over-
all, Wistar rats displayed greater responsiveness to
mechanical and thermal stimulation in baseline responses

compared to the other two strains. Long-Evans rats dis-
played the lowest responsiveness of the three strains to
both mechanical and thermal stimulation. In both contu-
sion and hemisection models of SCI, the rank order
of magnitude in locomotor recovery was Sprague-Daw-
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FIG. 5. Forelimb paw withdrawal latencies to thermal stimulation in the contusion (A) and hemisection (B) models of SCI ex-
pressed as change in seconds from baseline. Each strain in each model demonstrated the same temporal pattern of development
of thermal allodynia. While the hemisection model had a more rapid onset, the contusion model produced slightly more robust

responses. Data are expressed as means = SEM.

ley > Wistar > Long-Evans. While each strain devel-
oped mechanical allodynia in a similar temporal pattern,
the hemisection model produced a more robust response
in general; however, the contusion model of SCI pro-
duced a more pronounced thermal allodynia. Overall, the
Sprague-Dawley strain produced the most subjects to de-
velop mechanical and thermal allodynia, with the hemi-
section model generating larger percentages than the con-
tusion model.

Strains and Pains

It has become apparent that there is a strain-depen-
dency on the development of pain-like syndromes in ex-
perimental models. However, there are some strains that
appear to be more responsive than others. For example,
Sprague-Dawley rats have shorter tail withdrawal laten-
cies to a hot water bath than Long-Evans or Wistar Ky-
oto rats (Mogil et al., 2000). Furthermore, in a spinal
nerve ligation model of neuropathic pain, Sprague-Daw-
ley rats demonstrate higher levels of pain-like behaviors
than Long-Evans rats (Yoon et al., 1999). Our results
show that Sprague-Dawley rats have higher baseline re-
sponses to mechanical stimulation compared to Long-
Evans rats, which is in agreement with previous reports.
However, our results are in contrast to a study on strain
differences in a sciatic nerve ligation model examining
neuropathic hyperalgesia (Lovell et al., 2000), where it

was reported that there were no significant differences
between Wistar and Sprague-Dawley rats in baseline or
post ligation measures of thermal hyperalgesia. In con-
trast, we found a significant increase in baseline thermal
responses for Wistars compared to Sprague-Dawley rats.
One possible explanation for the observed difference is
that the rats were purchased from different venders,
which maintain separate breeding populations. It has been
shown that Sprague-Dawley rats from different venders
demonstrated different levels of pain-like behaviors fol-
lowing spinal nerve ligation (Yoon et al., 1999), which
may be provided in part by differences in central nora-
drenergic projections and functions (Clark and Proudfit,
1992; Clark et al., 1991; West et al., 1993). Another pos-
sible explanation is that there were diet differences be-
tween the rats in each study. Shir et al. (1998) have shown
that a diet free of soy greatly enhances the degree of me-
chanical and thermal allodynia following sciatic nerve
ligation. Animals in the current study were fed soy free
rat chow. Another consideration for inter-strain differ-
ences in baseline measures of mechanical and thermal re-
sponsiveness is that each strain may have different phys-
ical characteristics, such as plantar skin thickness and/or
blood flow (Shir et al., 1991; Yoon et al., 1999).

It has been suggested that different strains may un-
dergo different levels of central sensitization (Luo and
Wiesenfeld-Hallin, 1994; Yoon et al., 1999); however, in
the current study, each strain developed mechanical and
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thermal allodynia in a similar temporal pattern with only
slight differences in magnitude. In the three outbred
strains examined in the present study, mechanisms that
lead to mechanical and thermal allodynia may be simi-
lar. It should be noted that not each strain develops these
markers of central sensitization in an equal fashion.

Models of Spinal Cord Injury
and Chronic Central Pain

There are several models used to study CCP in SCI
(Ramer et al., 2000; Vierck et al., 2000). Two models of
CCP induced by SCI currently being used in our labora-
tory are the contusion and hemisection models (Chris-
tensen and Hulsebosch, 1997; Hains et al., 2000; Hulse-
bosch et al., 2000; Mills et al., 2001a). Each model has
strengths and weaknesses, some of which are highlighted
by the results of the present study.

The contusion model of SCI may more closely paral-
lel the types of spinal injury that occurs in the patient
population (Bunge, 1994; Bunge et al., 1993; Ramer et
al., 2000). Most injuries in humans are produced by ver-
tebral or disc displacement that impinges upon the spinal
cord (Ramer et al., 2000). The development and wide-
spread use of the NYU impactor has helped to standard-
ize the contusion model of SCI (Basso et al., 1996; Con-
stantini and Young, 1994; Gruner, 1992; Hulsebosch et
al., 2000; Magnuson et al., 1999; Metz et al., 2000; Mills
et al., 2001a). However, this type of model makes it dif-
ficult to compare postinjury neuronal survival vs. regen-
eration of damaged axons. Moreover, the present study
shows that not every animal, regardless of strain, devel-
ops mechanical and thermal allodynia after contusion in-
jury. Thus, time, effort, and money, are spent on animals
that will have to be removed and replaced. Furthermore,
rats receiving the contusion injury require substantial
postinjury care, most notably, manual bladder expression
twice daily with prophylactic treatment for the develop-
ment of urinary tract infections.

Not all spinal injuries result from disc or vertebral dis-
locations. Stabbings, gunshot wounds, and other forms
of penetrating trauma contribute to spinal cord injury eti-
ology. As such, the hemisection injury model is better
suited to model these types of injuries. The hemisection
model allows for selective surgical elimination and study
of individual pathways (specific tracts) for regeneration
and cell survival (Ramer et al., 2000). The present study
demonstrates that in the hemisection model, almost every
animal develops thermal allodynia; however, lower per-
centages develop mechanical allodynia depending on
strain. Thus, time and effort may be expended on ani-
mals that will not develop pain-like syndromes if care is
not given to strain selection (consider that only 40% of

Long-Evans rats develop mechanical allodynia). The
hemisection model has the additional advantage of sur-
gical ease (no weight-drop apparatus needed) and no
large demands on postinjury animal care.

Both the contusion and hemisection models suffer
from another drawback when compared to human SCI.
Each model requires direct dorsal access to the cord via
a laminectomy; however, most human injuries in humans
occur within the “closed” vertebral system, which may
result in ventral or circumferential cord compression
(Ramer et al., 2000). While each model has its short-
comings, it should be noted that the results from this study
demonstrate an important quality of both, namely that re-
gardless of strain, those animals which do develop CCP
syndromes, do so in a similar temporal fashion. There are
many mechanisms proposed to explain the altered be-
havioral states and the development of CCP after SCI,
ranging from structural alterations (Hulsebosch and
Coggeshall, 1981a,b; Krenz and Weaver, 1998; Krenz et
al., 1999; McNeill et al., 1990, 1991) to excitatory amino
acid receptor-mediated changes (Bennett et al., 2000;
Grossman et al., 1999, 2000; Hulsebosch et al., 2000,
Mills et al., 2000, 2001b,c; Woolf and Thomson, 1991;
Wrathall et al., 1997) and loss of tonic descending in-
hibitory control (Hains et al., 2001; Sweet, 1991). Since
mechanical and thermal allodynia can be separated etio-
logically and/or pharmacologically, it appears that two
separate mechanisms may mediate the development of
these modalities (Bennett et al., 2000; Mills et al., 2001b;
Sluka and Willis, 1997; Sluka et al., 1997), and it appears
that these separate mechanisms may be similar across
each strain examined in this study.

One concern regarding withdrawals to evoked stimuli,
such as von Frey or thermal stimulation, is that the re-
sponses may be learned and therefore withdrawals would
occur more frequently or more rapidly with repeated tests.
This is unlikely for several reasons: (1) not all animals
displayed a change in response frequency or withdrawal
latencies after surgery; (2) animals were acclimated and
tested for several days/trials before data collection began
and demonstrated no evidence of increased responsive-
ness prior to surgery; and (3) no change in withdrawal
frequency occurred over time in naive or sham animals
using the testing paradigms of the present study (Chris-
tensen et al., 1996). Another confound in the behavioral
analysis is that differences in locomotor ability follow-
ing the contusion injury for the three rat strains may be
due to histopathological differences between the strains
(i.e., differences in lesion volumes). The lesion produced
by the moderate level of contusion injury used here re-
sults in an incomplete SCI that is consistent in lesion vol-
ume measures (Mills et al., 2001b). The extent of actual
tissue loss is confined mainly to T10 with slight en-
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crouchment into T9 (caudal portion) and T11 (rostral por-
tion) affecting predominately the ventral portion of the
dorsal funiculus (corticospinal region) and central gray
matter. While lesion parameters, such as gray and white
matter sparing have been well described, it should be
noted that some studies have shown preferential changes
in susceptibility to cell death in specific cell types fol-
lowing contusion injury (Grossman et al., 1999; Qiu et
al., 2001). It is possible that specific strains of rats may
have populations or subpopulations of cells that are more
susceptible to injury, which contribute to differential be-
havioral outcomes. Thus, a detailed examination of cell
specific loss in different strains following SCI is war-
ranted for future studies.

Animals that exhibit both mechanical and thermal al-
lodynia of the forelimbs, also demonstrate a bilateral band
of mechanical allodynia at, and rostral to, the segmental
level of injury (Christensen and Hulsebosch, 1997;
Hulsebosch et al., 2000). This observation is in agree-
ment with other models of SCI and of patient reports
(Tasker and Dostrovsky, 1989). For example, in the
quisqualic acid excitotoxic lesion model of SCI (Yezier-
ski, 2000), unilateral overgrooming/autotomy develops in
dermatomes that border the lesion. It should be noted that
overgrooming/autotomy indicates the presence of abnor-
mal tonic sensations rather than anesthesia (Kauppila,
1998). Monkeys and rats both demonstrate overgroom-
ing/autotomy following lesions of the anterolateral spinal
column (Levitt and Levitt, 1981; Ovelmen-Levitt et al.,
1995). Additionally, anterolateral cordotomy can produce
allodynia and hyperalgesia in rats (Vierck and Light,
2000; Vierck et al., 1986) and humans (Bowsher, 1988).
Pain-like behaviors are also seen following photochemi-
cally induced ischemic spinal lesions (Hao et al., 1991;
Wiesenfeld-Hallin et al., 1997; Xu et al., 1992). Further-
more, our results demonstrating that not every animal de-
velops mechanical or thermal allodynia is consistent with
previous reports in other models (Xu et al., 1992).

CONCLUSION

In summary, the present study demonstrates that there
are baseline behavioral differences in measures of me-
chanical and thermal stimulation between Long-Evans,
Wistar, and Sprague-Dawley rats. Following SCI pro-
duced by contusion or hemisection, different percentages
of each strain develop mechanical and thermal allodynia.
In both contusion and hemisection models of SCI, the
rank order of locomotor recovery was Sprague-
Dawley > Wistar > Long-Evans. While each strain de-
veloped mechanical allodynia in a similar temporal pat-
tern in both models, the hemisection model had a more

robust response in general. However, the contusion
model of SCI produced a more pronounced thermal al-
lodynia. Overall, the Sprague-Dawley strain produced the
most subjects to develop mechanical and thermal allo-
dynia, with the hemisection model generating larger per-
centages than the contusion model. These results suggest
that strain selection has a greater impact on initial loco-
motor recovery and model selection has a greater impact
on the development of CCP following SCI. There are sev-
eral models of CCP induced by SCI and currently there
appears to be no one model or strain which best paral-
lels CCP in the human SCI patient. However, the use of
different strains does demonstrate that genetic contribu-
tions play an important role in recovery following SCI.
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