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Abstract

Approximately 70% of male rats receiving severe T8 spinal contusions develop allodynia in T5-7
dermatomes (at-level) beginning two weeks post-injury. In contrast, rats having either complete
transections or dorsal hemisections do not develop allodynia at-level following chronic spinal cord
injury (SCI). In the present study, incomplete laceration and contusion injuries were made to test for
neuroanatomical correlates between areas of white matter damage/sparing at the lesion epicenter and
the presence/absence of allodynia. Following incomplete laceration lesions and six weeks of
behavioral testing, histological reconstruction and analysis of the lesion epicenters revealed a
significant difference (p<.001) in the amount of ventrolateral funiculus (VLF) asymmetry between
rats showing pain-like responses evoked by touch (74.5% + 8.4% side-to-side difference in VLF
damage) versus those not responding to touch (11.3% * 4.4% side-to-side difference in VLF damage).
A five week mean allodynia score for each rat that incorporates a full range of forces that are all
innocuous in intact controls revealed that the degree of hypersensitivity at level is related to the extent
of VLF asymmetry post-SCI. No other damaged spinal white matter or gray matter area was
correlated with sensitivity to touch. Similar findings were obtained for rats receiving T8 contusions,
amore clinically relevant injury. These data suggest that different extents of damage/sparing between
the two sides of VLF are likely a requisite for the development of allodynia after SCI.

Introduction

Neuropathic pain is associated with diseases such as multiple sclerosis, diabetic neuropathy,
shingles, post herpetic neuralgia, and stroke as well as mechanical injuries such as amputation,
spinal cord injury (SCI) and brain trauma % 41. Confounding variables include gender, age, the
subjective nature of pain, and differences depending on the neural structure(s) affected 31 32,
37,38 Neuropathic pain can spontaneously occur or can be evoked by normally non-noxious
(allodynia) or noxious (hyperalgesia) stimuli 19 39, While some of the causes and symptoms
of neuropathic pain are understood, more investigation is required to understand the neural
mechanisms underlying neuropathic pain so that more effective treatment strategies can be
developed 12. For example, SCI patients often experience pain despite being treated with
various therapeutic strategies such as surgery to stabilize the spine and decompress impinged
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nerve roots 23, antidepressant therapy 11 or other types of pharmacological treatment, or
electrical stimulation of the spinal cord 46 or brain 1°.

Many types of SCI pain occur above, at, and below the level of injury. These types include
muscle spasm pain, visceral pain, central dysesthesia syndrome, and transitional zone or
segmental pain °C. Central sensitization caused by damage to nervous tissue post-SCI leads to
allodynia and hyperalgesia 4 due in part to pre and postsynaptic cellular changes 34.

We have shown previously that many (70%) but not all rats with severe contusions at the T8
spinal level develop “at level’ allodynia in the T5-7 dermatomes beginning around two weeks
post injury 21 24, In contrast, rats with complete transections and dorsal hemisections do not
develop allodynia “at level’ following chronic SCI 21: 25, There are, however, conflicting
reports about the type of injury necessary to evoke pain after spinal cord damage. Some studies
have reported allodynia after lateral hemisection lesions ” and complete spinal transections
62, Although we previously found a positive correlation between behavioral and
electrophysiological (thalamic recordings 30 days post-injury) evidence of allodynia and the
sparing of some myelinated axons within the core of the contused lesion epicenter 24, the source
of these axons is not known.

The purpose of the present study was to determine in laceration at T8 of a specific amount or
region of white matter results in the development and maintenance of ‘at level” allodynia. Since
these lesions are accompanied by some degree of gray matter damage, the degree of both white
and gray matter damage was examined. The lesion epicenters were then analyzed for T8
contused rats tested for allodynia to see if the laceration injury findings are consistent with this
more clinically-relevant SCI model. Evidence for a strong association between the degree of
allodynia and extent of asymmetrical ventrolateral funiculus (VLF) tissue damage/sparing is
presented for both injury models.

Materials and Methods

Male Wistar rats (Harlan Sprague Dawley, Inc.) approximately 60—70 days old weighing 220-
250 grams were individually housed in an animal room with a 12 hour light and dark cycle.
Before undergoing SCI surgery at the T8 spinal level, each rat was handled a few times daily
and baseline behavioral measurements were obtained for comparison with measurements
obtained during the six week post-SCI recovery period. All animal procedures were reviewed
and approved by the Institutional Animal Use and Care Committee at the University of
Louisville, School of Medicine.

Spinal Cord Injury Protocol

Two groups of rats were used in the present study. The first group (n=18) received select lesions
at the T8 spinal level to determine if there was a correlation between specific regions of white
matter damage/sparing and the presence/absence of at level allodynia. The second group (n=18)
received a contusion lesion at T8 to confirm the select lesion data in a more clinically relevant
animal model.

Select Laceration Lesions—Lesions within the dorsal three-fifths of the spinal cord were
performed under aseptic conditions. Eighteen animals were anesthetized with a mixture of
ketamine (80mg/kg of body weight) and xylazine (10 mg/kg of body weight) injected
intraperitoneally 26. Additional 0.2cc doses of the mixture were given as needed. After
induction of anesthesia, animals were given 0.5cc subcutaneous injection of Ambi-Pen
(Penicillin G and Penicillin G Procrain, Butler). The spinal cord was exposed by laminectomy
of the T7 vertebra, which overlies the T8 portion of the spinal cord 2. In order to make a select
lesion, a custom-made 0.12 mm thick and 1.6 mm wide blade attached to the Vibraknife™ of
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amodified VIBRATOME® Series 1000 2 was used, a device which was made at the University
of Louisville.

The target vertebra of the rat was stabilized on a platform and this platform was elevated until
the oscillating blade contacted the dorsal surface of the spinal cord. The spinal cord was cut
by gradually elevating the platform. The spinal cord and the Vibraknife blade were immersed
in Hanks balanced salt solution (Gibco, Grand Island, NY) and a dorsal to ventral transverse
lesion of varying depths and medial-lateral placements were made 3. Some treatment groups
received either partial or complete dorsal hemisection lesions, all of which included the dorsal
columns, while other groups had lesions that included portions of the VLF. The two separated
pieces of spinal cord that had been created by the laceration were apposed against each other
as if no laceration had been made, and the area was covered between the dura/arachnoid mater
and the dorsal surface of the spinal cord 2 mm caudal and 2 mm rostral to the laceration with
athin coat of Fibrin adhesive sealant (Tisseel; Baster Healthcare Corp., Glendale, CA) %3. After
the Tisseel placement, the dura was closed using two No. 10-0 sutures (Ethicon, Somerville,
NJ)83. All musculature and subcutaneous tissue was sutured closed (Ethicon 4-0 nonabsorbable
surgical suture) and Michel clips were used to close the skin 22,

Contusion—Spinal cord contusions were also performed using the same protocols as
described above for laceration surgeries. To make a spinal cord contusion, the Infinite Horizon
impactor device (Precision Systems and Instrumentation, Lexington, KY) was used 8. The
impactor was attached to a computer with a software program that used predetermined forces,
which have been shown to produce consistent injuries 48. The actual force of compression of
the spinal cord was measured by the tip of the impounder which has a force sensor attached to
it. The rostral and caudal sections of vertebrae (T6 and T8) were stabilized during impaction
by stabilizing forceps. For all animals given contusions during this study, the force applied
ranged from 200 to 250 kilodynes. After completion of the injury, the contused area of spinal
cord was covered with Durafilm®. All musculature and subcutaneous tissue was sutured closed
(Ethicon 4-0 nonabsorbable surgical suture) and Michel clips were used to close the skin 22.

Post-op Care—In the days following surgery, all animals were monitored 3 times per day
to express bladders, monitor wounds, to note changes in an animal’s general condition, and to
clean the animals, if necessary. During the two days immediately following surgery, animals
were given subcutaneous injections of an analgesic, Ketoprofen (2.5 mg/kg of body weight),
twice daily. In addition, animals were given Gentamicin (5 mg/kg of body weight) for four
days following surgery for prevention of possible bladder infections. Approximately seven
days after surgery, Michel clips were removed from the skin.

Behavioral Measurements

Behavioral testing of SCI rats for sensitivity to normally innocuous stimuli (touch and gentle
squeeze/pressure) was done in a dedicated facility in close proximity to where the animals are
housed. The facility is a well-lit room where levels of noise and other distractions are kept to
aminimum. All test sessions were started at approximately the same time of day (1 pm). Two
baseline measures at least three days apart were done pre-injury for all rats.

Touch-evoked Agitation—The top of each cage was removed and the animal was allowed
to acclimate to the environment for 2 minutes. Each animal was stroked (while still in its home
cage) with a #5 paint brush (1.5 x 0.5 cm bristles — average pressure of 17 grams), as previously
described 2°. A total of 10 stimuli, with an inter-stimulus interval of at least one minute, were
applied to the dorsolateral trunk just above (T6-7) the T8 spinal injury level alternating between
the right and left sides (5 each) and to test for touch-evoked agitation ° “at level’. After each
stroking stimulus, the presence/absence of any one of three evoked responses that are indicative
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of pain was noted. The three typical evoked pain-like responses, as observed previously with
both noxious stimulation in uninjured rats and touch stimuli in SCI rats (based on previous
studies 21: 24 25, 45) were (1) a freezing response (stopping of normal activity and staying still
in response to the stimulus), (2) escape (any movement of the animal away from the stimulus
probe), and (3) grabbing at or pushing away the stimulus probe with their forepaws. Woolf
57 demonstrated that these evoked responses are lost in decerebrate rats, indicative of higher
order processing and thus perception of pain. As with our previous studies, head orientation,
which is reflexive in nature (present in decerebrate rats °7), was not counted as an evoked pain-
like behavioral response. In order for an animal to be considered responsive to the stimulus,
the animal must show an evoked pain-like behavioral response at least 60% of the time in a
given session 24,

Each animal was then further assessed for degree of hypersensitivity to normally innocuous
stimulation as the information obtained from the commonly used touch evoked method is
limited to a single application force. Responses to brush, if present, were assessed further for
threshold values using a set of Semmes-Weinstein monofilaments (20 filament set, 15 of which
are in the range of 0.008 g to 15 g; obtained from Stoelting Co., Wood Dale, IL). Depending
on the level of responsiveness a given animal exhibited during the brush test, the experimenter
chose an appropriate Semmes-Weinstein stimulus probe (usually in mid-range). The
monofilaments are placed on different areas of the sensitive parts of the dermatomes and
pressed until it is bent. If the animal responded to the initial Semmes-Weinstein stimulus, a
lower stimulus (in grams) was used to test the animal’s sensitivity. In between probing, the
animal is left alone for the same one minute inter-stimulus interval. This process is repeated
until the animal no longer responds to a specific monofilament force. At that point, the last
stimulus the animal was found responsive to was the pressure recorded for that animal during
that testing session. If the animal was not responsive to the initial Semmes-Weinstein stimulus,
the next greatest stimulus (in grams) was used to assess the sensitivity of the animal. This
process was repeated until the threshold of the animal’s sensitivity was reached and recorded
for that testing session. The Semmes-Weinstein monofilaments were chosen over our
electrovonfrey anesthesiometer (I1'TC Model 2390), which was not very sensitive in the lower
range of forces.

Gentle Mechanical Pressure—For those animals not responsive to brush stroke (i.e.,
evoked pain-like behavioral response to less than 60% of the stimuli), a gentle squeeze/pressure
test was conducted in order to ascertain if the animal had increased sensitivity to a stronger
mechanical stimulus over a wider surface area (which normally does not provoke avoidance
behaviors and is thus considered innocuous). The gentle squeeze test is conducted in much the
same way that the brush stroke test is done. The animal’s skin is gently squeezed with a pair
of modified Adson tissue forceps (2.0 mm wide tips) with a load cell mounted to the end for
force measurements. The mean force used averages 66.2 +4.3 glcm? (recorded for 10 trials in
each of 4 intact control rats), which is equivalent to the 60g Semmes-Weinstein monofilament.
Note that mean avoidance threshold for intact rats, as assessed using a hand-held
ElectroVonfrey anesthesiometer (I1ITC Model 2390; www.iitcinc.com) with the rigid tip
adapter (for deep pressure) is 111.9 + 3.3 g/cm? 45, Gentle pressure/squeeze testing was done
10 times just above the T8 level (5 on the right and 5 on the left). Between squeeze stimuli the
animals were left alone to resume normal behavior for one minute before the next stimulus
was conducted. The animal is observed as with touch-evoked agitation. Any evoked pain-like
behavioral responses are recorded for that testing session.

Scoring Sensitivity of the Behavioral Response—To score the touch evoked and
gentle squeeze/pressure test data, scores were calculated based on degree of sensitivity for each
animal at each testing period. Five scores, obtained from 2 to 6 weeks post injury, were averaged
together in order to get a mean sensitivity score for each rat, reflecting the extent of at level
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allodynia. This period was chosen because our lab and others have shown that allodynia
develops around two weeks following SCI (the sensitivity on the dorsolateral trunk ‘at level’
is unrelated to some initial sensitivity associated with the midline trunk incision during the first
week post injury). Note that in previous studies 24, we report only the presence or absence of
evoked pain-like responses to touch that meet the 60% response criteria. The criterion for a rat
to be considered allodynic is a score greater than 0 on three of five weeks, two of which are
on consecutive weeks. If this criterion is not met, the rat receives a 5 week mean score of 0,
thereby insuring that the response is consistent and not a onetime phenomenon.

The scoring of pain-like behavioral responses to trunk stimulation in the rat, shown in Figure
1, accounts for the type of evoked pain-like response, the response threshold, and the presence
or absence of vocalization. The rats found to be responsive to the 17g brush stroke test versus
those only responsive to the 66g gentle squeeze/pressure test are considered more sensitive
and receive higher scores, depending on their evoked responses to the brush stroke stimulus
(freezing= 4, escaping stimulus= 5, and grab/pushing stimulus= 6). The freeze/escape/grab
differential is based upon observations of the nature of the pain-like response; from being more
passive to more aggressive (the greater action to avoid is taken to mean “it hurts more™).
Animals that responded to the gentle squeeze stimulus were given lower scores (freezing= 1,
escaping stimulus=2, and grab/pushing stimulus= 3). If any of the responses were accompanied
by vocalization (audible range), 2 points were added to the score. While vocalization is not
considered a higher order process (can be evoked, for example, in decerebrate rats — e.g., °/),
it still may be indicative of greater sensitivity. Also, Semmes-Weinstein monofilaments were
used when responses to stroke occurred, so points were added to the score depending upon the
threshold determined. The size ranges were considered based on the color coding of the
monofilaments, which were grouped into ranges based upon light touch sensation (per
manufacturer specifications). Evoked pain-like responses to the group of coded monofilaments
(green) having the smallest diameters was given a score of two. Evoked responses to the next
sized group of monofilaments (blue coded) were given a score of one. Thus, only animals that
were very sensitive to touch (<a force of 2g) received additional points. The maximum score
that an animal can receive is 10 points.

Tissue Processing—After completion of a terminal electrophysiology experiment, which
was part of another study in the laboratory, each animal was euthanized with an anesthetic
overdose of urethane. Perfusions were performed transcardially with 0.9% saline followed by
4% paraformaldehyde 26. The animal’s spinal cord was removed and placed in a 30% sucrose/
phosphate buffer solution with 1% sodium azide for at least 24 hours and until the tissue was
cut on the cryostat (Leica CM1850). A small piece of spinal cord tissue, which contained the
lesion site, was mounted onto a metal chuck and frozen using TBS tissue freezing media
(Triangle biomedical sciences, Raleigh-Durham, NC). The tissue was cut into 18um thick
dorsal to ventral transverse sections and mounted onto charged glass microscope slides (Fisher
Scientific premium frosted microscope slides). Following the cutting and mounting of tissue,
the slides were placed onto a slide warmer to dry.

The Kliver-Barrera method (as adapted from the protocol presented by the Armed Forces
Institute of Pathology) was used to stain the tissue 36, This protocol combines the luxol fast
blue stain, which is used to indicate the presence of myelin, with the cresyl echt violet stain,
which is used to stain Nissl substance in nervous tissue °.

Slide Staining—The staining technique that was used in this study is as follows. In order to

dissolve freezing media and hydrate the tissue, slides were briefly rinsed with distilled water.
Slides were placed in a coplin jar with luxol fast blue and left in the oven overnight at a
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temperature of 55 degrees Celsius. The following day, luxol fast blue stain was drained and
slides were rinsed briefly with 95% ethanol. Next, slides were rinsed again with distilled water
and placed in a 0.05% lithium carbonate solution for 10 minutes. Then, slides were rinsed with
70% ethanol for two minutes and afterward rinsed briefly with distilled water. Slides were
again immersed in lithium carbonate for 10 minutes followed by a two minute 70% ethanol
rinse. After rinsing with distilled water, slides were placed into a cresyl violet solution for two
minutes and 15 seconds. The cresyl violet stain was drained, and slides were rinsed again with
distilled water before being placed in two rinses of 95% ethanol for two minutes followed by
two rinses of 100% ethanol for one minute. To finalize the procedure, slides were soaked in
xylene and coverslipped with a 50:50 Gurr mounting adhesive: xylene mixture.

After drying, the slides were viewed under a light microscope at 40x magnification to locate
the epicenter of the lesion. Using the Spot Insight color camera, which was mounted on a Nikon
E400 microscope, pictures were taken of a section from a more intact portion of spinal cord
(located 1 mm or more away from the epicenter) and the epicenter at 40x magnification. A
comparison and quantification was then done between the intact spinal cord pictures and their
respective epicenters for each animal.

Quantification of Lesion Size—In order to determine the area of damage to the spinal cord
at the lesion epicenter, measurements were taken using the Spot Advanced software interfaced
with a camera that was connected to the Nikon E400 microscope. The white matter was divided
into four areas. These regions were the dorsal columns, dorsolateral funiculus, ventrolateral
funiculus, and the ventromedial funiculus (each of these regions were subdivided into right
and left sides for analysis since asymmetrical lesions were being made). An example of the
divisions used to separate the spinal cord into different sections can be found in Figure 2. The
landmarks for the divisions are the central canal, the medial edges of the dorsal horn, and the
tips of the ventral horn. The gray matter, however, was divided into two regions (area above
and below the central canal; also separate measurements for left and right sides).

If the central canal was not visible at the lesion epicenter, two lines were digitally imposed on
the section image, one running horizontally through the greatest mediolateral width of the cord
section and the other running vertically down the center 3. The intersection of these two lines
was used to estimate the location of the central canal 3C. If the upper medial edge of the dorsal
horns and/or lower tip of the ventral horns were not visible at the epicenter, surface notches
where the dorsal roots enter and the ventral roots exit the cords were used as landmarks. The
percent of white matter sparing was determined by dividing the white matter remaining at the
epicenter by the average area of white matter present in more intact sections. The intact area
of white matter for a given region (Figure 2) was estimated by averaging together measurements
from two sections within 2 mm rostral and caudal to the epicenter.

Since all lesion epicenters for the contusion injuries made in the current study do not have any
gray matter sparing (i.e., those resulting from forces in the 200 to 250 kilodyne range), analyses
were made for gray matter 1 mm rostral to the lesion epicenter, which is far enough away from
the epicenter that there is partial damage but not too far that all of the gray matter is intact (1.5
to 2.0 mm from the epicenter).

For all tests, ANOVAs were used to determine statistical significance between groups of
animals at each time point. Percent change from pre-injury baseline data was also calculated.
In an effort to determine if a correlation exists between the allodynia scores and damage to the
spinal cord, the final allodynia scores were compared versus the average (left side and right
side of spinal cord) percentage of white matter damage in all four divisions of the spinal cord
with a Spearman Rank Order Correlation. Final allodynia scores were also compared using the
Spearman Rank Order Correlation to the difference in the percentage of white matter damage
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(left versus right side) for each of the four divisions of the spinal cord, calculated by subtracting
the percent damage from the side of the spinal cord having less damage from the side with
more damage. Finally, allodynia scores were compared versus total white matter damage in
each division of the spinal cord and overall white matter damage at the lesion epicenter with
a Spearman Rank Order Correlation.

Part 1: Mechanical Sensitivity At Level Post Incomplete Laceration Injuries

Incomplete laceration injuries in 18 rats involving varying amounts of white and gray matter
damage/sparing were used to test for a correlation between specific areas of damage and the
presence/absence of allodynia. Fifteen of eighteen rats met our minimum sensitivity criteria
(allodynia score greater than 0 on three of five weeks, at least two of which were on consecutive
weeks) for stimuli applied to ’at level’ territories (T6-8). The average allodynia score for these
15 rats was 3.24 + 0.52, with a range of 1.2 to 7.8. Five (33.3%) rats were consistently very
sensitive to touch (< a force of 2g) and received additional points on the 10 point scale. The
range of monofilament sizes inducing avoidance responses for these 5 rats was 0.008 — 0.6 g,
with a median/mode of 0.008g, the smallest monofilament available. None of the rats had any
pain-like behavioral responses to touch during baseline testing pre-injury.

A comparison was first done for the allodynia scores versus the percentage of epicenter white
matter damage in each of four divisions of the spinal cord (dorsal funiculus, dorsolateral
funiculus, VLF, and the ventromedial funiculus — see Figure 2). A significant correlation was
only found between the allodynia score and the percent white matter damage (average of the
left and right side) for the VLF (rs= .582, p=.011). The positive correlation indicates that the
greater the amount of VLF damage, the higher the allodynia score. A plot showing the data
from each individual rat is provided in Figure 3A. The rg values (none of which are significant)
for the comparison of allodynia scores vs. the percent white matter damage (average of the left
and right side) of the dorsal columns, dorsolateral funiculus, and ventromedial funiculus are .
0642, — .373, and .365 respectively (none are significant, p>.05).

Upon examination of the VLF at the lesion epicenter in the allodynic vs non-allodynic rats, it
was apparent that there were side-to-side differences in damage/sparing in the allodynic rats.
To address the potential significance of having an asymmetrical lesion, the rats were divided
for initial analyses into two groups based on whether they met our response criteria for only
the touch evoked agitation (assessment method taking into account only the responses to the
17g force brush stimulus). Five of 18 rats met the brush criteria (note in Figure 3A the five
data points falling above the mean allodynia score of 4). A highly significant difference in VLF
asymmetry was found between the SCI rats responding to brush (74.5% + 8.4% side-to-side
difference in VLF damage) versus those not responding to brush (11.3% + 4.4% difference in
VLF damage) (t test, p<.001).

In order to see if there was a relationship between extent of asymmetry and the level of
sensitivity to stimulation, allodynia scores that account for the extent of hypersensitivity over
a wide range of forces were compared to the percent difference of white matter damage (side
of greater damage to side of lesser damage) for all four regions (per Figure 2). A graphic
representation of the data for the % difference in VVLF, the only white matter region where a
significant correlation was found (rg = .619, p<.01), is presented in Figure 3B. The positive
correlation indicates that the more asymmetry in the amount of VLF damage, the higher the
allodynia score. Representative examples of the lesion epicenters are provided in Figure 4.

There were no significant correlations found for the allodynia scores vs. the percent difference
of white matter damage from side of greater damage to side of lesser damage in the dorsal
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columns, dorsolateral funiculus, and ventromedial funiculus (.159, —.199, and .246
respectively). Studies of peripheral nerve injury, however, have implicated the dorsal columns
as the projection that conveys afferent signals mediating tactile allodynia 2. Only 4 of the 15
allodynic rats in the present study had sparing (26.2% * 5.8%) within the dorsal funiculus (area
1in Figure 2). The mean allodynia score did not differ significantly (ANOVA, p>.05) between
those rats with some dorsal column sparing and those without (3.2 £ 0.7 vs. 3.3 £ 0.7,
respectively).

There were no significant differences between trunk allodynia scores obtained from the side
of greater VLF damage versus the side having less VLF damage at the lesion epicenter. In fact,
for the rats having the greatest % difference (>50%; n=5), the scores for the two sides of the
trunk at level were identical (average allodynia score was 4.1). The similarities for allodynia
scores for the left and right sides of the trunk despite the anatomical differences in the VLF
implicate the involvement of supraspinal influences. Note that there were no animals with
unilateral at level allodynia over the six week post-injury test period.

With regards to gray matter damage, no significant correlations were found between allodynia
scores and either total gray matter damage/sparing (rs = .171, p>.05), percent difference in
total gray matter damage between the left and right sides (rg = —.092, p> .05), and percent
difference in ventral gray matter damage (looked at separately since tissue is adjacent to VLF)
between the left and right sides (rs =.152, p>.05). The individual data for the total gray matter
damage between the left and right sides is provided in Figure 5A.

Part 2: Mechanical Sensitivity At Level Post Contusion

The relevance of asymmetry in the amount of VLF damage on our behavioral outcome measure
of allodynia at level was further evaluated by assessing tissues obtained from 18 male rats that
had received contusions as part of a different study (using all male rats tested during the same
period of time as those examined in Part 1). Allodynia scores were obtained from experimental
data records of 18 rats. Twelve of the 18 (67%) met the response criteria for avoidance
responses at level. This proportion is consistent with previous results in our lab which show
approximately 69% of contused rats develop allodynia in the weeks following SCI 21+ 24, Of
the 12 animals showing consistent avoidance responses to touch and/or gentle squeeze/
pressure, the range of allodynia scores was 1.6 to 6.6 (out of 10), with a mean score of 4.1 £
0.4. Seven (58.3%) rats were consistently very sensitive to touch (< a force of 2g) and received
additional points on the 10 point allodynia scale. The range of monofilament sizes inducing
avoidance responses for these 7rats was 0.008 — 2.0 g, with a median/mode of 0.04g. None of
the rats had any pain-like behavioral responses to touch during baseline testing pre-injury.

At the lesion epicenters of rats receiving contusion injuries, there was very little, if any, gray
matter sparing. Only three of the 18 rats had any gray matter sparing (some superficial dorsal
horn is spared bilaterally). Analyses of gray matter side to side differences at 1 mm rostral to
the epicenter (where there is partial sparing) revealed no significant correlations with allodynia
scores. The data for percent difference in gray matter damage is provided in Figure 5B (rs =
—0.138, p>.05).

As with the select laceration injuries, a significant positive correlation (rs = 0.660, p<.01) was
found between the histological and behavioral measures (Figure 6), which again indicates that
the more asymmetry in the amount of VLF damage, the higher the allodynia score. Note that
regardless of the allodynia score, there was a significant difference in the percent difference

in VLF damage between those rats that had at level allodynia (27.4 + 5.3%; n=27) and those
rats that didn’t (5.6 £ 2.3%, n=9) (p=.021; values for laceration and contused rats combined).
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For the rats receiving contusion injuries, there was an average impact force of 225 £ 4.7
kilodynes with a mean spinal cord displacement of 1.23 + 0.06 mm for the 12 spinal cord
contusion rats showing behavioral signs of allodynia. The six non-allodynic animals had an
average injury force of 227 + 5.1 kilodynes with a spinal cord displacement of 1.21 = 0.06 mm.
No significant differences were found (t-test; p > .05) between the allodynic and non-allodynic
animals’ values for either the impactor force or displacement measurements. Likewise, no
significant differences were found for overall percent white matter sparing (14.2% = 3.6%;
n=18) at the injury epicenter. Representative photomicrographs of contused spinal cords taken
at the lesion epicenter from animals with and without allodynia are presented in Figure 7.

Discussion

The results of the present study suggest that different extents of damage/sparing between the
two sides of the VLF may be a requisite for the development of allodynia after SCI. Knowledge
of the location and extent of tissue damage that underlies the development and perpetuation of
at level allodynia will lead to a more consistent and reliable model for assessing both the
mechanisms underlying central neuropathic pain as well as the effectiveness of therapeutic
interventions.

VLF Damage

Histological analyses of the lesions in combination with the behavioral outcome measures
indicate that asymmetrical damage to the VLF white matter but not the gray matter is likely
an important determinant for the development of at level allodynia; i.e., some degree of sparing
on one side of the VLF is necessary. Support comes from (1) the absence of allodynia following
very severe (but anatomically discomplete) injury bilaterally post contusion (as shown in
Figure 7C), (2) the absence of allodynia following anatomically complete spinal transection
(see 25), (3) the absence of allodynia in rats with partial but symmetrical VLF sparing (as shown
in Figure 7B), (4) a lack of a correlation between the presence of allodynia and the degree of
gray matter sparing, and (5) the rat with the greatest extent of asymmetry had the highest
allodynia score, a finding consistent with studies that use unilateral lesions to model central
pain syndrome®>.

In SCI patients, the presence of residual spinothalamic pathways in the VLF, assessed by
topical application to distal skin areas below level of chemicals known to activate small
diameter afferents, distinguished individuals with versus without pain . In addition, in a
diffusion tensor imaging and tractography study of patients with syringomyelia (a SCI in which
allodynia is one of the defining symptoms), individuals with very severe spinothalamic tract
lesions (bilateral) did not develop central neuropathic pain 18. Furthermore, quantitative
sensory testing of SCI patients indicate that individuals with below level pain have at level
pain more frequently 14, suggesting that complete damage of the spinothalamic pathway is not
a requisite for segmental pain.

Spinothalamic but not medial lemniscal pathways have been associated with the development
of central pain, based on studies of patients with central post-stroke pain and syringomyelia
3,18 spinothalamic tract axons terminate in one of three thalamic nuclei: the ventral
posterolateral thalamic nucleus, the centrolateral thalamic nucleus 8, or the posterior thalamic
nuclear group 8 44. The thalamus of SCI patients experiencing segmental pain has been
explored during stereotaxic procedures for treatment of pain. All patients exhibit abnormal
bursting activity in thalamic regions where stimulation evokes pain 3°. These findings in
addition to alterations in the somatotopic organization 3° indicate that major reorganization of
inputs has occurred supraspinally, making the thalamus an important target for studies on SCI
pain. More recently, MR spectroscopy has been used in SCI individuals to demonstrate
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alterations of metabolites in thalamic nuclei in male SCI patients with versus without chronic
in 43
pain “°.

In previous electrophysiological recordings, the occurrence of hypersensitivity of at level
inputs to somatovisceral convergent neurons with large (often whole body) receptive fields in
the ventroposterolateral and posterior nuclei was demonstrated in allodynic but not non-
allodynic SCI rats 24. Specifically, these convergent neurons that normally responded to only
noxious levels of stimulation?3, including the trunk, respond to touch in at level dermatomes
in only the allodynic rats. This shift in the responses of a specific sub-group of thalamic neurons
(those likely contributing to affective/motivational aspects of pain perception) is different from
the classical contralateral small receptive field type of ventroposterolateral nucleus type neuron
(sensory-discriminitive type of input via the dorsal column-medial lemniscal pathway). An
electrophysiological study using brush as the search stimulus 16 reported that although the
evoked firing of ventroposterolateral neurons differed between allodynic rats (defined by
vocalization only) and uninjured controls, the firing rate did not differ from SCI non-allodynic
rats. However, their recordings were done at seven days post-SCI, and it is well established by
several groups, including our own, that at level neuropathic pain is not evident for several
weeks post-SCI 28,

Note that although the spinothalamic tract is a major pathway within the VLF for this at level
input to reach the brain for higher order processing, it is not the only pathway. Other neurons
located in lamina | of the spinal gray matter send signals from mechanical and thermal inputs
to spinal, bulbar, and telencephalic regions associated with autonomic, emotional, and
somatosensory processing 4. Also, deep dorsal horn neurons from laminae V-V1I send signals
from the dorsal horn to the cervical spinal cord, medullary reticular formation, and to parts of
the parabrachial area in the mesencephalon. Neurons running from the dorsal horn to these
areas of the spinal cord and brain comprise part of the spinocervicothalamic, spinoreticular,
and spinomesencephalic tracts respectively >, With a myriad of possibilities leading from
stimulus to perception, it is understandable that the nervous system is dynamic and ever-
changing rather than static and inflexible 2.

Potential Central Effects of Asymmetrical VLF Damage—The results of the present
study indicate that the asymmetry of the lesion is a likely requisite for the cellular changes in
the thalamus in response to SCI and the increased neuronal excitability and behavioral signs
of allodynia that ensue 16: 24: 64 put the mechanisms through which this occurs are not known.
The injury-induced changes involving a variety of thalamic subnuclei is consistent with models
for mononeuropathy in which neuropathic-like syndromes persist with very select thalamic
lesions in the lateral thalamus 47.

One possible mechanism for the manifestation of nociceptive behaviors in rats having
asymmetrical VLF lesions is a disruption in the balance of the bilateral inputs to somatovisceral
convergent thalamic neurons that normally receive widespread (often whole body) inputs
involved in nociceptive processing. Disrupting the laterality and not just a partial loss of inputs
may be an important trigger necessary to precipitate a local cascade of cellular events leading
to bursting and ultimately to altered responsiveness of the spared inputs (i.e. dorsal trunk) and
subsequent to that the eventual behavioral output (pain-like behaviors to touch). For example,
in a study using a unilateral lesion centered on the spinothalamic tract at the T8/9 vertebral
level®®, a selective T-type calcium channel blocker ethosuximide abolished bursting in
thalamic brain slices (VPL) obtained from the lesion rats (no effect on lamina I11-V spinal cord
slices), and when given to lesion rats i.p., alleviated hyperexcitability of the hind and forepaw
(withdrawal reflex).
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An alternate explanation regarding the relationship between asymmetrical damage, neuronal
hyper-excitability and allodynia is a disruption in the balance of primary afferent inputs to
spinothalamic dorsal horn neurons in the segments immediately rostral to the lesion epicenter.
Primary axons conveying nociceptive inputs will ascend and descend up to several segments
upon entry to the CNS. Thus, an asymmetrical central lesion may also produce an imbalance
of inputs to the dorsal horn (as with the direct projections to the thalamus), which likewise
would precipitate a cascade of cellular events (changes in sodium channel expression - 17;
persistent activation of intracellular signaling kinases - 28 ) leading to altered responsiveness
to spared inputs. This explanation is less likely given that damage to the dorsal cord for the
contused group (1.2 mm impactor displacement) is similar in allodynic and non-allodynic rats.

In terms of damage to the gray matter, there were no correlations found between the presence/
absence of allodynia at level and overall extent of gray matter damage/sparing. Alternatively,
it is possible that there is an association between the presence/absence of at level allodynia and
damage to specific laminae, as shown for excessive grooming behavior (self-directed biting
and scratching) following select chemical lesions with quisqualic acid, an AMPA-metabotropic
recptor agonist which produces an excitotoxic SCI (damage restricted to only the spinal gray
matter) 1 60: 61 However, unlike the select intraspinal injection technique, specific laminar
damage/sparing assessments is not possible given the contusion and laceration types of lesions.
Note, however, that no association was found between specific regions of the dorsal horn and
mechanical or thermal hypersensitivity of the hind paw 0. It is possible though that nervous
tissue damage can, for example, induce apoptosis of a select group of inhibitory GABAergic
interneurons 9. Without these inhibitory interneurons, weak nociceptive signals that would
normally be blocked in the spinal cord can be transmitted to higher centers in the brain. Note
that the finding of no side-to-side differences in extent of gray matter damage does not preclude
an alternate possibility that a combination of asymmetrical VLF and gray matter damage may
be necessary. The results of an MRI study of SCI patients by Finnerup and colleagues suggest
that some gray matter damage in addition to spinothalamic tract damage may be necessary for
the development of central painl3.

Likewise, sensitization of dorsal horn neurons due to a loss of descending modulatory pathways
from the rostral medulla #4 could not be accounted for by the histological findings as there
were no side-to-side differences in white matter sparing within the dorsolateral funiculus
(allodynic versus non-allodynic rats). It is important to note that damage to the VLF requires
a contusion in the “severe” range, but this type of lesion also affects the dorsal and dorsolateral
funiculus. Thus, whether damage to VLF alone would lead to at level allodynia is not known.
Current studies are underway using well controlled chemical lesions to establish the location
and extent of white matter asymmetrical damage that is necessary for allodynia to develop.
These studies will also help distinguish the contribution of asymmetrical VLF versus primary
axonal injury resulting from damage to the incoming dorsal roots.

Scoring of Pain-Like Behavioral Responses

In the current study, graded responses were used to evaluate the degree of at level mechanical
allodynia. Some studies use Semmes-Weinstein monofilaments to measure at level allodynia,
but only a single monofilament is used. In one study, a filament calibrated to generate a force
of 2 g/cm? was used to stimulate dermatomes corresponding to the at level segments 42, while
in another, a 5g filament size was used ’. In the present study, brush (equivalent to 17g stimulus)
is first used to determine the presence or absence of allodynia. If an avoidance response is
present, then the series of Semmes-Weinstein monofilaments is used to determine the
threshold. Our allodynia scoring also reflects only higher order processing. Although many
studies include responses indicating higher order processing to test for allodynia &: 7+ 49, 57,
the response criteria in the present study was restricted to only evoked pain-like behaviors.
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Woolf %8 demonstrated that these evoked responses were lost in decerebrate rats, whereas
responses that were reflexive in nature (involving regions below the level of the tectum) were
still present. A previous animal study 33 that used von Frey hair testing on the hind paw after
spinal cord contusion injury, for example, concluded that the chances of developing below
level mechanical allodynia was significantly increased if less than 10% of spinal cord white
matter remained at the lesion epicenter after spinal cord contusion injury. As the outcome
measure was a reflex withdrawal, their results may reflect below level plasticity of the local
circuitries that is induced following only a very severe level of injury.

The present study is also the first to demonstrate freezing in response to trunk stimulation
following SCI. This observation is likely related to how we test the rat in the open cage. In
other studies % 29, a girdle is used to hold the animals in place while testing. Under those
experimental circumstances, the freezing response would not be noticed. During the freezing
response, our animals displayed tightening of the skeletal musculature and stopping of all
movement including movement of the whiskers and facial structures. One study examining the
freezing or arresting response °7 found that decerebrate rats did not show a freezing response
(characterized as a state of immobility for a short period in the midst of normal activities) where
intact normal animals did show this response. Freezing is a behavior that has been implicated
in studies centering on fear and stress 20: 51, Several studies 1°: 20: 27, 51 have shown that various
higher order structures related to the limbic system, such as the hippocampus, lateral septum,
nucleus accumbens, and amygdala, are CNS regions involved in the processing of fear and
stress. Thus, higher order processing is necessary to evoke the feelings of fear and stress which
is considered part of the freezing response.

Perspective: A side-to-side lesion asymmetry following chronic spinal cord injury in a
rodent model was found to be highly correlated with the presence and degree of allodynia.
Greater insight of key factors contributing to the development and maintenance of chronic
neuropathic pain is important for improving quality of life.
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Scoring of Pain-Like Behavioral Responses
to Trunk Stimulation in the Rat
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+2 if any above responses accompanied by vocalization
+1 if touch response in 0.16g - 2.0g monofilament range
+2 if touch response in 0.008g - 0.07g monofilament range

TOTAL (max.=10) =

(O if response > 60g)

Figure 1.

Grading scale to calculate allodynia scores for each animal at each testing session. Two
different types of normally innocuous stimuli were used. Animals responsive to the brush stroke
test were considered more sensitive and given higher scores than animals responsive to the
gentle squeeze test. Vocalization and responses to the finest monofilaments added points to
the allodynia score, as they reflect greater sensitivity to touch, as does the aggressiveness of
the behavioral response (freezing vs. escape vs. grab/push).
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Figure 2.

The spinal cord was divided into four areas in order to quantify the damage to different regions
of white matter after a select spinal cord injury. These areas were the dorsal columns (1),
dorsolateral funiculus (2), ventrolateral funiculus (3), and the ventromedial funiculus (4).
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Figure 3.

A - Graph showing a positive correlation (rs= .582, p=.011) between the allodynia score of the
incomplete laceration animals and the average (left and right side) damage within the
ventrolateral funiculus. B - Graph showing a positive correlation (rg = .619, p<.01) between
the allodynia score of the incomplete laceration animals and the percent difference of white
matter damage from side of greater damage to side of lesser damage in the ventrolateral
funiculus.
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Figure 4.

Photomicrographs at the epicenter of spinal cord incomplete laceration injuries from non-
allodynic animals and allodynic animals. Note the differences in damage/sparing within the
ventrolateral funiculus in example A versus examples in B and C. The percentage values
indicate the amount of area 3 damage (re Figure 1) on each side of the spinal cord. Magnification
factor of 40X.
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Figure 5.

Graph showing no correlation between the allodynia score and the percent difference of gray
matter damage from side of greater damage to side of lesser damage for the (A) laceration
(rs =—.092, p>.05) and (B) contused (rg = —0.138, p>.05) groups of animals.
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Figure 6.

Graph showing a positive correlation (rs = 0.660, p<.01) between the allodynia score of the
contused animals and the percent difference of white matter damage from side of greater
damage to side of lesser damage in the ventrolateral funiculus.
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Figure 7.

Photomicrographs taken at the epicenter of spinal cord contusion injuries from allodynic and
non-allodynic animals. The percentage values indicate the amount of area 3 damage (re Figure
1) on each side of the spinal cord. Magnification factor of 40X.
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