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Abstract

Central neuropathic pain occurs with multiple sclerosis, stroke, and spinal cord injury (SCI). Models of SCI are
commonly used to study central neuropathic pain and are excellent at modeling gross physiological changes.
Our goal was to develop a rat model of central neuropathic pain by traumatizing a discrete region of the dorsal
spinal cord, thereby avoiding issues including paralysis, urinary tract infection, and autotomy. To this end,
dorsal root avulsion was pursued. The model was developed by first determining the number of avulsed dorsal
roots sufficient to induce below-level hindpaw mechanical allodynia. This was optimally achieved by unilateral
T13 and L1 avulsion, which resulted in tissue damage confined to Lissauer’s tract, dorsal horn, and dorsal
columns, at the site of avulsion, with no gross physical changes at other spinal levels. Behavior following
avulsion was compared to that following rhizotomy of the T13 and L1 dorsal roots, a commonly used model of
neuropathic pain. Avulsion induced below-level allodynia that was more robust and enduring than that seen
after rhizotomy. This, plus the lack of direct spinal cord damage associated with rhizotomy, suggests that
avulsion is not synonymous with rhizotomy, and that avulsion (but not rhizotomy) is a model of central
neuropathic pain. The new model described here is the first to use discrete dorsal horn damage by dorsal root

avulsion to create below-level bilateral central neuropathic pain.
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Introduction

CENTRAL NEUROPATHIC PAIN is a frequent consequence
of diverse neurological disorders, including multiple
sclerosis, stroke, syringomyelia, traumatic brain injury, tu-
mors, epilepsy, and spinal cord injury (SCI). Within the SCI
population, chronic pain occurs in approximately 65% of
patients, and within this group approximately 34% describe
the pain as severe and intolerable (Baastrup and Finnerup,
2008; Siddall et al., 2003; Siddall, 2009). Patients experiencing
this intense pain are often depressed and suicidal. The pain is
not only debilitating, but for the most part it is intractable to
treatment. Analysis of current pharmacotherapies for central
neuropathic pain is limited due to the lack of randomized,
controlled studies. The little information that is available in-
dicates that the current pharmacological treatments are no
more effective than has been reported for peripheral neu-
ropathies, 50% pain relief in 1 out of 2-3 patients ( Beniczky
et al., 2005; McQuay et al., 1995, 1996).

Currently, animal models of central neuropathic pain in-
duced by SCI rely on extensive trauma to the spinal cord
(e.g., contusion or hemisection). These models are often
chosen for study because they capture the diverse symp-
tomatology characteristic of this clinical population. Here we
describe a new model of central neuropathic pain created by
a less disruptive lesion to the spinal cord. The unilateral
lesion is created by rapid avulsion of dorsal roots from the
spinal cord, thereby creating deafferentation as well as dis-
ruption of afferent projection regions (i.e., Lissauer’s tract,
the dorsal root entry zone, and the dorsal columns), while
leaving the ventral and contralateral aspects intact. This
discrete damage avoids urinary tract infection and paralysis,
and at most induces delayed, transient autotomy in a mi-
nority of animals. This new model may allow changes
specific to the development of centrally-mediated pain en-
hancement to be studied. It is expected that the data from
this less traumatic model will complement and expand those
from other models.
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This new model was based in part on clinical reports of
dorsal root avulsion from the spinal cord dorsal horn, such as
that which occurs as a result of automobile and motorcycle
accidents (Berman et al., 1998; Carlstedt, 2008). These motor
vehicle accidents are the most common cause of spinal cord
injuries, accounting for approximately 35% of new spinal cord
injuries each year in the United States (DeVivo, 1997). Within
this clinical population, assessment of neuronal activity at the
avulsion site reveals spontaneous neuroelectrical hyperac-
tivity (Edgar et al., 1993). Additionally, electrical hyperactiv-
ity in the dorsal horn after trauma to the thoracolumbar cord
can cause below-level pain (Edgar et al., 1993; Falci et al,,
2002), and such below-level pain with hyperactivity follows a
specific somatotopic map (Falci et al., 2002). The new SCI
model described here was developed guided by these data.
With our model, the injury is limited to the dorsal horn of the
avulsed roots in the thoracolumbar cord, and consistent with
clinical data, the dorsal horn injury leads to below-level pain
in the hindpaw.

The novel model of SCI-induced central neuropathic pain
described here allows us to behaviorally evaluate the rats
without compromising their health or motor function. To this
end, our model utilizes unilateral avulsion of the T13 and L1
dorsal roots to induce bilateral central neuropathic pain below
the dermatomal level of injury (hindpaw allodynia, or below-
level pain). In our model the dura is retracted, the roots are
avulsed, and the spinal cord is then covered with sterile
saline-moistened surgical sponge, followed by suturing of the
muscle and skin in layers. To demonstrate that dorsal root
avulsion differs from simple T13 and L1 unilateral root tran-
section (rhizotomy), we compared mechanical allodynia and
spinal cord anatomical changes in response to these two
procedures.

Methods
Subjects

Male Sprague-Dawley rats (350400 g; Harlan Sprague-
Dawley, Inc., Indianapolis, IN) were pair-housed with food
and water available ad libitum. Room temperature was
maintained at 24 +1°C with a 12-h light:12-h dark cycle. The
rats were allowed a minimum of 1 week to habituate to the
colony room prior to surgery and testing. Following surgery
the animals were singly housed. All protocols were approved
by the University of Colorado Institutional Animal Care and
Use Committee.

Surgery

Under isoflurane anesthesia, the appropriate spinal levels
were identified using landmarks relative to the vertebral
thoracic (T) 13 floating rib, and a dorsal laminectomy was
performed. The exposed dura was then reflected. The dorsal
roots were identified and gently isolated. For the rhizotomy
procedure, each root was transected with microscissors ap-
proximately 2-3 mm distal from the dorsal root entry zone,
keeping tension between the root and spinal cord to a mini-
mum in order to avoid dorsal horn damage. For the avulsion
procedure, each root was firmly grasped with microforceps at
the dorsal root entry zone and rapidly torn away from the
dorsal horn, and then transected to remove the cut ends of the
dorsal roots away from the damaged dorsal horn (Fig. 1).
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Methods development included studies to identify the mini-
mal combination of avulsed dorsal roots that create robust
below-level mechanical allodynia as measured in the hind-
paws (L4-L6). To this end, we bilaterally compared the
behavioral consequences of the following surgical mani-
pulations: unilateral T13+L1 avulsion versus unilateral
T12+T13+ L1 avulsion versus sham; unilateral T13+ L1
avulsion versus unilateral T13 avulsion versus unilateral L1
avulsion versus sham; and lastly, unilateral T13 + L1 avulsion
versus bilateral T13 + L1 avulsion versus sham. Sterile saline-
moistened surgical sponge was placed over the exposed spi-
nal cord, the muscle was sutured in layers with sterile 3-0 silk,
and the skin was closed with stainless steel wound clips.
Upon completion of surgery, the rats were individually
placed in their home cages, with foam padding added for a
few hours to protect the rats from inadvertent SCI during the
brief ataxic period associated with recovery from anesthesia,
during which all animals tend to walk awkwardly, falling
against the sides of the cage or rolling, thus putting them at
risk for bruising the spinal cord segment newly exposed by
laminectomy. Sham-operated rats were treated identically,
undergoing laminectomy and opening of the dura, but
without nerve avulsion or transection. Antibiotics were ad-
ministered to all rats at the time of surgery and then daily for
4 days.

Behavioral assessments

Hindpaw mechanical allodynia. Absolute thresholds
were determined in the sciatic innervation area of both ipsi-
lateral and contralateral hindpaws, using the up-down
method with a series of calibrated filaments (von Frey test), as
previously described in detail elsewhere (Milligan et al,,
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FIG. 1. Photograph of spinal cord immediately after dorsal
root avulsion. Following laminectomy and retraction of the
dura, the dorsal roots are isolated and rapidly avulsed from
the spinal cord. This avulsion disrupts the physical integrity
of the spinal cord, leaving holes at the point of dorsal root
entry.
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2001). All testing was performed blinded with respect to
group assignment. Briefly, a logarithmic series of 10 calibrated
Semmes-Weinstein monofilaments (von Frey hairs; Stoelting,
Wood Dale, IL) were applied to both the left and right hind-
paws in random order to determine the stimulus intensity
threshold stiffness required to elicit a paw withdrawal
response. Log stiffness of the hairs is determined by logio
(milligramsx10). The 10 stimuli had the following log-
stiffness values: 3.61 (0.407 g), 3.84 (0.692 g), 4.08 (1.202 g), 4.17
(1479¢g), 431 (2.041g), 456 (3.630g), 4.74 (5.495g), 4.93
(8.511g), 5.07 (11.749g), and 5.18 (15.136g). This range of
monofilaments produces a logarithmically-graded slope
when interpolating a 50% response threshold of stimulus in-
tensity (expressed as logyp [milligramsx10]). Assessments
were made before (baseline), and at specific times after avul-
sion or rhizotomy, as detailed below. The behavioral re-
sponses were used to calculate the 50% paw withdrawal
threshold (absolute threshold), by fitting a gaussian integral
psychometric function by using a maximum-likelihood fitting
method. This fitting method allows parametric statistical an-
alyses (Harvey, 1986).

Thermal hyperalgesia. Latencies for the behavioral re-
sponse to radiant heat stimuli applied to each hindpaw were
assessed using the Hargreaves test (Hargreaves et al., 1988), as
previously described in detail elsewhere (Milligan et al,
2000). All testing was performed blinded with respect to
group assignment. Briefly, paw withdrawal values for both
the left and right hindpaws were separately calculated from
an average of three consecutive withdrawal latencies of each
paw measured at 15-min intervals. Voltage to the heat source
was adjusted to yield baseline latencies ranging from 8-11 sec,
and a cut-off time of 20sec was imposed to avoid tissue
damage. Assessments were made before (baseline) and at
specific times after surgery, as detailed below. The order of
paw testing varied randomly.

Grid-walk test. In order to quantify deficits in motor
control, the rats were trained to walk across a 67-cm-long
horizontal ladder with round metal bars (0.6 cm diameter),
spaced 2.54 cm apart. During all baseline and postoperative
testing, the animals were required to walk across the ladder
three consecutive times without stopping. In order to com-
plete the task successfully, the animals had to step rhythmi-
cally and use fine control of posture and locomotion. This
required optimal integration of both the sensory and des-
cending motor pathways. The rats underwent three separate
habituation periods the week prior to surgery to acclimate to
the novelty of the horizontal ladder. The day before surgery
the rats underwent testing for baseline measures. The animals
were tested once a week beginning 14 days post-surgery. The
total time it took to cross the ladder and the total number of
hindlimb footfalls (errors) was recorded for each trial. The
number of errors from each trial was then averaged to get a
mean error rate for every animal.

Preparation and processing of tissue for anatomy

The rats were overdosed with sodium pentobarbital, and
then transcardially perfused with 0.9% saline. After dissec-
tion, the spinal cord was transferred to a 15-mL tube con-
taining 4% paraformaldehyde in 0.1 M phosphate buffer (PB).
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After fixation at 4°C overnight, the spinal cords were trans-
ferred to 15-mL tubes containing 30% sucrose in 0.1 M PB and
cryoprotected at 4°C for a minimum of 24 h. The spinal cords
were transversely blocked into two 5-mm sections, one sec-
tion including the site of injury, and another 10 mm caudal to
the site of injury. This latter site corresponds to spinal level
lumbar (L)5-L6, the spinal site from which responses to me-
chanical and thermal stimuli were elicited. These tissues were
sectioned at 60 ym in a cryostat and thaw mounted on gelatin-
coated slides. All sections were serially mounted so that the
extent of damage could be determined.

To examine whether rhizotomy or avulsion differentially
disrupted the anatomical structure of the dorsal horn, T13-L1
and L5-L6 slices were compared from rhizotomy, avulsion, or
sham-operated rats, and processed in two ways. For one, we
took advantage of the interaction between 3',3-diamino-
benzidine (DAB; Sigma-Aldrich, St. Louis, MO), and endog-
enous peroxidases expressed by red blood cells. The spinal
cord slices were reacted using DAB for 15 min. Glucose oxi-
dase (type V-s, 0.02%; Sigma-Aldrich), and p-D-glucose (0.1%)
were used to generate hydrogen peroxide. Nickelous ammo-
nium sulfate was added to the DAB solution (0.025% w/v) to
intensify the reaction product. The slides were dried over-
night, cleared, and cover-slipped with slide-mounting fluid.
Another set of slides was stained with cresyl violet to show the
physical disruption of the tissue. A subset of the DAB-stained
slides also underwent cresyl violet counterstaining; however,
due to the darkness of the DAB staining, the cresyl violet
counterstaining of these tissues was difficult to visualize.

Statistical analysis

All data were analyzed by analysis of variance (ANOVA)
using GraphPad Prism version 5.00 for Mac OS X (GraphPad
Software, San Diego, CA). Ipsilateral and contralateral be-
havioral data were analyzed individually. In the initial ex-
periments to determine the optimal dorsal root combination
to avulse, group differences were analyzed by comparing area
under the curve (AUC), as previously described by Jones and
Sorkin (Jones and Sorkin, 2004). AUC values were calculated
from absolute threshold values, from 0 up to the threshold
response of each animal across time. Decreased AUC reflects
an increase in mechanical allodynia.

Results

Compatrison of the number and laterality of avulsed
dorsal root combinations on below-level hindpaw
mechanical allodynia

The testing area on the hindpaw is innervated primarily by
sciatic nerve axons from L4-L6 dorsal root ganglia (Takahashi
and Nakajima, 1996). Thus afferent information arising from
the hindpaw enters the spinal cord ~ 4 spinal segments below
the avulsion injury. This is important, as below-level pain is
generally defined as pain greater than two dermatomal levels
below the site of injury (Siddall and Finnerup, 2006). Our goal
was to avulse as few dorsal roots as possible that would result
in profound and long-lasting hindpaw mechanical allodynia.
Studies were used to identify the optimal number and later-
ality of roots avulsed for creating robust hindpaw allodynia
with minimal neurotrauma (Figs. 2, 3, and 4). Here we
tested both ipsilateral and contralateral hindpaw mechanical
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FIG.2. T13+ L1 unilateral dorsal root avulsion leads to more robust hindpaw mechanical allodynia than unilateral avulsion
of the T13 or L1 dorsal roots alone. The first step in developing the avulsion model was to determine the minimum number of
roots to avulse that would lead to hindpaw mechanical allodynia. To this end, the individual unilateral roots T13 and L1 were
avulsed, as were combined unilateral T13 4+ L1. The data are presented in two ways: as line graphs representing the time
course of the ipsilateral (A) and contralateral (C) allodynia, and as bar graphs showing the AUC, on which statistical analyses
were performed (ipsilateral B, and contralateral D). Avulsion of either the T13 or the L1 dorsal root alone resulted in a less
robust mechanical allodynia than did the combined avulsion of T13 4 L1, both ipsilateral and contralateral to the avulsion
(n=4-5 per group; *p <0.05 compared to sham animals; AUC, area under the curve).

allodynia. For each of these studies, a one-way ANOVA was
conducted on the area under the curve (AUC; described
above).

As a first step, we compared the efficacy of either unilateral
avulsion of a single dorsal root (T13 or L1), and unilateral
avulsion of the T13 +L1 dorsal roots for producing below-
level hindpaw mechanical allodynia, both ipsilateral and
contralateral to injury. As shown in Figure 2, single-root
avulsion did not result in as robust an allodynic response,
ipsilaterally or contralaterally, as did the combined avulsion
of T13+L1. The one-way ANOVA comparing ipsilateral
AUC of sham, T13 alone, L1 alone, and T13 + L1 avulsion
was significant [F(3,18)=3.946, p=0.03; Fig. 2B], as was
the comparison of these groups on the contralateral side
[F(3,17)=3.715, p=0.03; Fig. 2D]. Post-hoc analysis of the
AUCs revealed that the T13 + L1 avulsion group was signif-
icantly more allodynic than sham animals (p < 0.05). In con-
trast, neither the T13 or L1 avulsion groups differed from
sham animals. These data point to the combined avulsion of
T13 + L1 as being the more robust option.

The next step was to test whether unilateral avulsion of
three dorsal roots, T12+T13 + L1, would significantly en-
hance mechanical allodynia compared to T13 + L1 avulsion.
T12 was chosen as the third dorsal root to be avulsed, rather
than L2, in order to keep the caudal-most avulsion level
constant between groups. As shown in Figure 3, comparable
ipsilateral and contralateral below-level allodynia was

induced across time by both avulsion procedures. AUC
analysis supported that both of these avulsions reliably
lowered mechanical response thresholds compared to shams,
ipsilaterally [F(2,10)=8.620, p=0.01; Fig. 3B], and con-
tralaterally [F(2,10) =6.938, p =0.02; Fig. 3D]. Post-hoc analy-
ses of ipsilateral and contralateral data indicated that in both
cases unilateral T13 + L1 and unilateral T12 + T13 + L1 avul-
sion groups did not significantly differ from each other;
however, both exhibited significantly lower response thresh-
olds compared to sham-operated controls (p <0.05). Thus,
given the goal of minimizing trauma, T13 + L1 avulsion was
selected for further study.

Lastly, we tested if bilateral T13 + L1 avulsion resulted in
reliably greater hindpaw allodynia than unilateral T13 + L1
avulsion. Figure 4 shows that unilateral and bilateral avulsion
of T13 + L1 equally induce ipsilateral and contralateral hind-
paw mechanical allodynia. The one-way ANOVA comparing
the AUC for sham, unilateral T13 + L1 avulsion, and bilateral
T13 + L1 avulsion was significant for both hindpaws, ipsi-
laterally [F(2,11) =7.719, p = 0.01; Fig. 4B], and contralaterally
[F(2,10)=8.663, p=0.01; Fig. 4D]. Post-hoc analyses showed
that the ipsilateral and contralateral AUC for both bilateral
T13+L1 avulsion and unilateral T13+L1 avulsion were
significantly lower compared to the sham group (p <0.05);
however, they were not statistically significantly different
from each other. That is, unilateral T13 +L1 and bilateral
T13+L1 avulsion induced ipsilateral and contralateral
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FIG. 3. T13+L1 unilateral dorsal root avulsion results in robust hindpaw allodynia comparable to that induced by uni-
lateral avulsion of T12+T13 +L1. After identifying that unilateral avulsion of two dorsal roots induced more robust allo-
dynia than single-root avulsion, we tested whether avulsion of three dorsal roots would be more robust than two. Unilateral
avulsion of T13 + L1 induction of behavior was compared to that of unilateral avulsion of T12 4 T13 + L1. Ipsilateral (A and
B) and contralateral (C and D) time course data are presented, as are the AUC data, which were statistically analyzed.
Unilateral avulsion of three dorsal roots (T12, T13, and L1) did not result in greater hindpaw mechanical allodynia than
unilateral avulsion of two dorsal roots (T13 and L1; n =3—4 per group; *p < 0.05 compared to sham animals; AUC, area under

the curve).

hindpaw allodynia equally well, and statistically significantly
greater than sham operation. Taken together with the data
above, the optimal model for creating robust below-level al-
lodynia with minimal spinal trauma was determined to be
unilateral T13 + L1 dorsal root avulsion. A significant addi-
tional advantage of choosing unilateral over bilateral avulsion
is the ability to easily study the induction of below-level pain
induced contralaterally as well as ipsilaterally relative to the
injury site. Bilateral avulsion obscures the detection and in-
terpretation of contralateral versus ipsilateral pain modula-
tion. Thus unilateral T13 + L1 dorsal root avulsion was used
for the remainder of the studies.

Unilateral avulsion of the T13 and L1 dorsal roots
leads to sustained bilateral hindpaw allodynia,
but not thermal hyperalgesia

The next experiment expanded on the initial studies and
tested the length of time that unilateral T13+ L1 avulsion
induced bilateral hindpaw mechanical allodynia. Unilateral
avulsion of T13+L1 leads to below-level ipsilateral and
contralateral mechanical allodynia in the hindpaws compared
to sham animals (Fig. 5A and B), but not thermal hyperalgesia
(data not shown). The repeated-measures ANOVA interac-
tion between surgery and time comparing mean radiant heat
paw withdrawal latencies was not significant for the ipsilat-
eral hindpaw [F(8,48)=0.30, p=0.96], or the contralateral
hindpaw [F(8,48) =0.56, p =0.84]. The corresponding main

effects also did not reach significance, ipsilaterally [surgery:
F(1,36) =0, p =0.98; time: F(6,36) =22.85, p =0.06], and con-
tralaterally [surgery: F(1,36)=0, p=0.96; time: F(6,36)=
15.06, p =0.32]. In contrast, the repeated-measures ANOVA
interaction between surgery and time for ipsilateral hindpaw
allodynia was significant [F(10,100)=12.41, p <0.001]. The
unilateral avulsion of the T13 + L1 group showed statistically
significantly greater ipsilateral hindpaw allodynia than the
sham group, beginning at day 21, and these two groups re-
mained statistically significantly different through day 63
(p <0.05). There were main effects in the two-way ANOVA
for surgery and time [F(1,100)=11.52, p<0.005, and
F(10,100)=7.16, p <0.001, respectively], but no reliable in-
teraction was seen between surgery and time for contralateral
hindpaw allodynia (p=0.09). This avulsion group showed
statistically significantly greater hindpaw allodynia than the
sham-operated group in the contralateral (mirror-image) paw
compared to sham animals on days 21 and 28 (p < 0.05).

Hindpaw mechanical allodynia following dorsal root
avulsion is different from that induced by rhizotomy

The unilateral T13 + L1 avulsion group showed statistically
significantly more enduring and robust ipsilateral and con-
tralateral hindpaw mechanical allodynia compared to the
unilateral T13 4 L1 rhizotomy group and the sham-operated
group (Fig. 6). The two-way ANOVA interaction between
surgery and time was significant for the ipsilateral hindpaw
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FIG.4. TI13+ L1 unilateral dorsal root avulsion results in robust hindpaw mechanical allodynia consistent with that created
by T13 + L1 bilateral dorsal root avulsion. Unilateral avulsion was compared to bilateral avulsion to determine if bilateral
avulsion of T13 + L1 would lead to more robust hindpaw allodynia than unilateral avulsion alone. Ipsilateral (A and B) and
contralateral (C and D) time-course data are presented, as are the AUC data, which were statistically analyzed. Bilateral
avulsion did not induce greater hindpaw mechanical allodynia than unilateral avulsion (1 =4 per group; *p < 0.05 compared

to sham animals; AUC, area under the curve).

[F(16,168) =5.316, p <0.0001]. Unilateral T13+L1 avulsion
induced greater ipsilateral hindpaw allodynia than unilateral
T13 + L1 rhizotomy and sham-operated rats (p <0.05). The
two-way ANOVA interaction between surgery and time for
the contralateral hindpaw was also significant [F(16,168) =
4.574, p<0.0001]. Similarly, unilateral T13+L1 avulsion
resulted in greater hindpaw mechanical allodynia on the
contralateral (mirror-image) side compared to rhizotomy and
sham operated rats (p < 0.05).

Dorsal root avulsion causes tissue disruption and injury
to the dorsal spinal cord

Visualization of the avulsion injury by staining with DAB
and its reaction with red blood cells (Fig. 7), or via cresyl violet
staining (Fig. 8), revealed clear macroscopic differences be-
tween the dorsal spinal cords following avulsion versus rhi-
zotomy surgery. In the method described here, root avulsion
rips the dorsal root from the dorsal root entry zone of the
spinal cord, and as such physically disrupts the fine structure
of the superficial layers of the dorsal horn, as is made apparent
by the cresyl violet stain, and also causes an influx of red
blood cells representative of hemorrhage and dorsal horn
trauma. This physical disruption demonstrated by the cresyl
violet stain and corresponding red blood cell accumulation
spans laminae I, II, and III, and to a lesser degree lamina IV.
As shown here, the white matter did not appear to be physi-
cally disrupted. While no apparent physical disruption was
seen in the dorsal spinal columns with the cresyl violet stain,
the influx of red blood cells showed some cells outside of the

dorsal horn, in Lissauer’s tract and the dorsal columns. In
contrast, rhizotomy surgery did not result in physical dis-
ruption of the dorsal spinal cord or in red blood cell influx.
Thus the avulsion method described here results in an injured
spinal cord dorsal horn.

Dorsal root avulsion produces at most only mild
and transient effects on motor and autotomy scores,
and no urinary tract infections

Motor changes were assessed using grid-walk behavior on
a horizontal ladder. Initially following surgery, both unilat-
eral T13+L1 dorsal root avulsion and sham-operated rats
misstepped equally when walking across the horizontal
ladder, with the number of missteps ranging from 1 to 2
missteps per trial (Fig. 9). This is lower than the numbers
seen following dorsal column lesions (Davies et al., 2006), or
spinal cord contusion (McEwen and Springer, 2006), both
which were been reported to average 7 missteps. During the
first 14 days, even though the number of missteps did not
differ between groups, subtle differences were observed.
During this period of time the avulsion-operated rats, while
appearing to completely put their weight on both hindpaws,
demonstrated awkward movements of the ipsilateral hind-
paw. This initial mild motor impairment resolved within 14
days, at which point blinded observers could not discern
which rats had had avulsion versus sham surgery. While not
systematically quantitified, the impression was that the be-
havioral profile observed would be comparable to a rating of
19-20 on the Basso, Beattie, and Bresnahan rank scores
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FIG. 5. Unilateral dorsal root avulsion leads to bilateral
below-level mechanical allodynia. Following baseline as-
sessment of the response to calibrated von Frey filaments,
the rats underwent avulsion surgery. Avulsion of T13 4 L1
induced ipsilateral and contralateral hindpaw mechanical
allodynia that became robust within 21 days post-surgery
(n=6 per group; A, ipsilateral; B, contralateral; *p <0.05
compared to sham animals; BL, baseline).

during the first 14 days, and after that to a rating of 21 (Basso
et al., 1995).

Additionally, following avulsion none of the rats devel-
oped urinary tract infections or paralysis. Both sham- and
avulsion-operated rats showed transient paresis in the hind
legs that generally resolved within 14-21 days. A small
number of rats (approximately 4%) did develop mild autot-
omy between 21 and 28 days post-surgery, most often located
just above the knee, which was treated with topical antibiotics
and resolved in approximately 7 days. The behavioral profiles
of these animals did not differ from those that did not develop
autotomy.

Discussion

The present series of studies demonstrate that unilateral
low thoracic plus upper lumbar dorsal root avulsion causes
discrete damage to the dorsal horn at the avulsion site, as well
as persistent below-level bilateral mechanical allodynia
measurable in the hindpaws. Importantly, behavioral mea-
surement of below-level hindpaw mechanical allodynia is not
confounded by paralysis or infection secondary to urinary
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FIG. 6. Avulsion of T13 + L1 dorsal roots creates a more
robust mechanical allodynia profile than rhizotomy of the
same roots. Following baseline assessment of the response to
calibrated von Frey filaments, the rats underwent avulsion
surgery or rhizotomy surgery. Avulsion of the T13+ L1
dorsal roots induced more robust below-level bilateral
mechanical allodynia than did rhizotomy (1 =8 per group;
A, ipsilateral; B, contralateral; *p < 0.05 compared to sham
animals; +p < 0.05 compared to rhizotomy).

retention. While the spinal cord is minimally damaged, the rat
is otherwise healthy and without the complications generally
associated with commonly used models of SCI. This is the first
model to use unilateral T13—L1 dorsal root avulsion to induce
below-level mechanical allodynia in the hindpaws, and to
model chronic central pain. Notably, the mechanical allodynia
slowly develops over time, reliably within the first 14 days,
with some animals developing allodynia more rapidly than
others. This pattern of mechanical allodynia development is
consistent with clinical reports of below-level pain, as central
neuropathic pain does not develop immediately, but rather
slowly develops over 0.5-30 months following injury
(Baastrup and Finnerup, 2008). Following surgery, both
avulsion and sham-operated rats did show reductions in the
mechanical threshold over the first 14 days, which was not
surprising given the tissue trauma inherent to the sham sur-
gery as well. However, in contrast to the resolving allodynia
observed in the sham groups after this time, allodynia con-
tinued to develop in rats with avulsion. For these rats, allo-
dynia was maintained until approximately 9 weeks after
surgery. As the mechanisms underlying acute and chronic
pain differ, the long-lasting allodynic state induced by
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FIG. 7. Avulsion of dorsal roots dramatically disrupted the dorsal spinal cord, causing an influx of blood cells only at the
lesion site, while rhizotomy did not result in blood cell influx. Incubation of tissue with 3',3-diaminobenzidine (DAB)
revealed an influx of blood cells into the site of avulsion, but not at the spinal site of the below-level pain (A, T13—L1; B,
L4-L6). No influx of blood was found at either site following rhizotomy (C, T13—L1; D, L4—-L6).

unilateral T134 L1 avulsion indicates that this model will ~we show that unilateral dorsal root avulsion resulted not only
prove useful for drug testing aimed at understanding and in ipsilateral below-level pain, but also contralateral below-
treating SCI pain of prolonged duration. level pain. The pain on the contralateral side may be caused by

Pain that arises in the corresponding body part contralat- similar mechanisms to those underlying mirror-image pain
eral to the injured site is referred to as mirror-image pain. Here ~ observed following peripheral neuropathy (Huang and Yu,

A

L S 4

FIG. 8. Avulsion of dorsal roots physically disrupted the dorsal horn. Rhizotomy did not physically alter the dorsal spinal
cord. Staining tissues with cresyl violet revealed the physical disruption at the site of avulsion, but not at the spinal site of
below-level pain (A, T13—L1; B, L4—L6). The tissue was not disrupted following rhizotomy (C, T13—L1; D, L4—L6).
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FIG. 9. Avulsion of dorsal roots did not alter horizontal
grid-walk performance. Motor function was assessed using
the grid walk, in which the rats were trained to rapidly cross
a horizontal ladder, and baseline measures were taken prior
to surgery. No differences were observed between the sham
group and the avulsion group (n =5 per group).

2010; Milligan et al., 2003; Spataro et al., 2004). The unilateral
damage confined to the dorsal spinal cord makes the avulsion
model appealing for further studying this mirror-image-like
pain in central neuropathy.

Studies of recovery of motor function have extensively
used ventral root avulsion as a model of SCI (Chu et al., 2009;
Penas et al., 2009; Rodrigues Hell et al., 2009; Scorisa et al.,
2009; Su et al., 2009; Zhou et al., 2008), with to our knowledge
only one prior article considering root avulsion and allodynia
(Bigbee et al.,, 2007). In that paper, Bigbee and associates
avulsed L6—S51 ventral roots from the spinal cord and mea-
sured at-level (the L5 dermatome level) mechanical allodynia
and thermal hyperalgesia in the hindpaw. Similarly to the
below-level findings presented here, avulsion induced at-
level hindpaw mechanical allodynia within 2 weeks post-
surgery, that continued through week 7, without affecting
thermal response thresholds. Other models of SCI, including
spinal transverse hemisection at spinal level T13 (Gwak and
Hulsebosch, 2009; Gwak et al., 2004; Hains et al., 2003), con-
tusion injury at spinal level T8 or T10 (Hulsebosch et al., 2000;
Lampert et al., 2006; Tan et al., 2008; Vierck et al., 2000; Zhao
et al,, 2007), and chemical lesioning with quisqualic acid
(Abraham et al., 2001a, 2001b; Gorman et al., 2001; Yezierski
et al., 1998), have all been reported to result in long-lasting
bilateral below-level mechanical allodynia, as well as bilateral
below-level thermal hyperalgesia. While the pattern of allo-
dynia but no hyperalgesia has been seen following peripheral
nerve inflammation (Chacur et al., 2001; Milligan et al., 2003;
Sorkin et al., 2002; Thompson et al., 1996), allodynia without
hyperalgesia following central trauma has only been previ-
ously reported by Bigbee and colleagues, with L6—S1 ventral
root avulsion (Bigbee et al., 2007). The degree of trauma and
the corresponding immune response has been proposed to
explain this response pattern when it is seen following pe-
ripheral nerve injury (Sorkin et al.,, 2002; Thompson et al.,
1996). When grooming behavior was used as a measure of
neuropathic pain (Abraham et al., 2001a, 2001b; Yezierski,
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2006), the onset and severity of grooming, and the expression
of thermal hyperalgesia, were dependent on the degree of
gray-matter tissue damage caudal and rostral to the initial
injury. Given the very mild degree of injury induced by
avulsing nerve roots from the spinal cord, it seems likely that
these factors may also explain why mechanical allodynia, but
not thermal hyperalgesia, were observed here, in contrast
with other more traumatic spinal injury models that induce
both phenomena below the level of injury.

In reviewing the literature, the term “avulsion” has often
been equated with rhizotomy and deafferentation. Deaf-
ferentation is a general term referring to the disruption of
afferent nerve communication. As such, both avulsion of
dorsal roots from the spinal cord and rhizotomy are different
means of deafferentation. While avulsing dorsal roots does
cause deafferentation, it is not the equivalent of severing the
rootlets external to the spinal cord (Ovelmen-Levitt et al.,
1984). We considered here whether (1) the spinal cord anat-
omy is differentially affected by dorsal root avulsion versus
rhizotomy, and (2) simply severing the connection from the
dorsal root ganglia to the spinal cord was sufficient to induce
the same behavioral profile and anatomical profile we ob-
served following dorsal root avulsion from the spinal cord.
Our spinal cord images (Figs. 7 and 8) show that while
avulsion dramatically disrupts the spinal cord dorsal horn
structure, rhizotomy does not. Future studies will character-
ize the microscopic changes (e.g., central arborization de-
generation and neuronal state) that occur in the spinal cord
over time. Below-level bilateral hindpaw mechanical allody-
nia was observed following both surgeries; however, the al-
lodynia seen following avulsion was more robust and longer-
lasting than that seen following rhizotomy. That is, greater
mechanical allodynia resulted when deafferentation was ac-
companied by damage to the dorsal horn. Traumatizing the
dorsal spinal cord gray matter induced below-level mechan-
ical allodynia, and a mechanical-allodynia profile different
from that of rhizotomy. Taken together, these data show that
this unilateral T13—L1 avulsion model of central neuropathic
pain differs significantly from rhizotomy, and thus suggests
that the term “avulsion” be reserved for situations that include
dorsal horn damage rather than simple deafferentation. This
would be in keeping with the formal dictionary definition of
avulsion as “the forcible tearing away of a body part by
trauma or surgery”.

Our model differs significantly from other models in that
most aim to model the entire impact of SCI, and then to
consider individual co-morbidities. Our model was devel-
oped to specifically study hindpaw mechanical allodynia, and
as such our goal was to injure the spinal cord just enough to
induce below-level allodynia. In doing so, discrete regions of
the spinal cord were damaged, while leaving the ventral and
contralateral aspects intact. As such, we have designed a
unique, clinically relevant model of central neuropathic pain.
As noted, we saw mild paresis in our animals, and impor-
tantly, equally in sham-operated controls, that generally re-
solved within 3 weeks following surgery, and we saw
autotomy in a small number of animals, but neither issue
interfered with hindpaw testing. Our future studies will
thoroughly characterize the changes seen at different levels of
the spinal cord, including neuronal damage and glial activity.

A significant challenge in the SCI field is translating find-
ings from animal models to the clinical population. Much of
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this is attributed to the inherent variability of clinical SCI. One
way to gain more applicable information from animal models
may be to develop models of specific aspects of the clinical
symptomatology. Here the focus is on the exaggerated pain
associated with SCI. Our hope is that this new model, com-
bined with what has been learned using other models, will
lead to a more successful translation from bench to bedside.
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