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Abstract

Various surgical strategies have been developed to alleviate elevated intraspinal pressure (ISP) following acute traumatic
spinal cord injury (tSCI). Surgical decompression of either the dural (durotomy) or the dural and pial (myelotomy) lining
of the spinal cord has been proposed. However, a direct comparison of these two strategies is lacking. Here, we compare
the histological and functional effects of durotomy alone and durotomy plus myelotomy in a rodent model of acute
thoracic tSCI. Our results indicate that tSCI causes local tissue edema and significantly elevates ISP (7.4 0.3 mmHg)
compared with physiological ISP (1.7+£0.4 mmHg; p<0.001). Both durotomy alone and durotomy plus myelotomy
effectively mitigate elevated local ISP (p<0.001). Histological examination at 10 weeks after tSCI revealed that dur-
otomy plus myelotomy promoted spinal tissue sparing by 13.7% compared with durotomy alone, and by 25.9% compared
with tSCl-only (p <0.0001). Both types of decompression surgeries elicited a significant beneficial impact on gray matter
sparing (p <0.01). Impressively, durotomy plus myelotomy surgery increased preservation of motor neurons by 174.3%
compared with tSCI-only (p <0.05). Durotomy plus myelotomy surgery also significantly promoted recovery of hindlimb
locomotor function in an open-field test (p <0.001). Interestingly, only durotomy alone resulted in favorable recovery of
bladder and Ladder Walk performance. Combined, our data suggest that durotomy plus myelotomy following acute tSCI
facilitates tissue sparing and recovery of locomotor function. In the future, biomarkers identifying spinal cord injuries that

can benefit from either durotomy alone or durotomy plus myelotomy need to be developed.
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Introduction

TRAUMATIC SPINAL CORD INJURY (TSCI) is a devastating event
that can leave patients with motor and sensory loss and fre-
quently with lifelong chronic pain. Unfortunately, there is currently
no treatment strategy to restore spinal cord neurons and circuits
after tSCI. With an estimated 18,000 new cases each year and
>300,000 patients living with functional tSCI sequelae in the
United States alone,' there is a tremendous need to develop ther-
apeutic strategies for patients with acute SCI. The cellular and
tissue damage after SCI is thought to occur in two phases: the
primary phase in which cells and tissue are destroyed immediately
as a result of the primary insult, and the secondary phase of the
injury in which multiple cellular and molecular sequelae of the
primary injury result in the expansion of the primary injury site over
a more protracted time frame (hours to days).>* Hemorrhage and
edema lead to swelling of the contused spinal cord within the thecal
sac and may result in subarachnoid occlusion.* The swollen, in-
jured cord is compressed against the stiff dural sleeve,” leading to
elevated intraspinal pressure (ISP). This has been documented in

rats,® pigs,” and humans,® and is referred to as “‘spinal compartment
syndrome.””® Increased ISP contributes to a loss of vascular auto-
regulation and inefficient heterogeneous perfusion of the contused
spinal cord, which exacerbates oxidative stress and secondary in-
jury.” Recently, elevated ISP has been shown to be associated with
negative neurological outcomes in patients with SCL'®'* and
careful management of increased ISP after SCI appears to be as-
sociated with improved functional outcomes in some patients.'*'>
Current surgical practice attempts decompression of the bony canal
with laminectomies, realignment of deformity, and stabilization of
the spinal column within 24 h following injury.'® However, this
type of surgery does not alleviate elevated ISP, which is seen in
approximately half of patients with tSCL® In order to efficiently
lower acutely elevated ISP acutely following tSCI, the dural lining
of the spinal cord needs to be opened (durotomy).® Additional
mitigation of elevated ISP may be obtained by opening the pial
lining of the spinal cord (myelotomy) and gentle debridement of the
necrotic injury core.

The possible effect of these interventions on counteracting
secondary injury and tissue loss remains controversial.!” ! Several
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studies suggest a trend toward positive effects of durotomy on
functional recovery in rodents®>** and human patients.'> Although
clinical studies on the effect of myelotomy are lacking, a recent
meta-analysis of rodent studies suggested a significant improve-
ment of locomotor function in moderate severity injuries following
myelotomy.>* To date, a comparison of the effectiveness of dur-
otomy compared with myelotomy for halting secondary tissue loss
and promoting functional recovery has been lacking.

The current report investigates the impact of durotomy alone
versus durotomy plus myelotomy surgery on secondary tissue loss
and functional recovery in a rodent model of moderate tSCI.

Methods
SCl

All animal work described here was performed in accordance
the guidelines from Office of Animal Welfare from the National
Institutes of Health, and all procedures were approved by the Uni-
versity of Washington Institutional Animal Care and Use Committee.

Animals were randomly assigned to different treatment groups,
and researchers were blinded to their status during the behavioral
studies and analyses. Female Long Evans rats (n=41, 8-12 weeks
old; Envigo Labs; also see Table 1) were anesthetized using iso-
flurane (5% to induce and 2.5% to maintain) and shaved, and the
area overlying the T6-T11 vertebrae was cleaned and sterilized. A
~2.5cm longitudinal incision centered over T7-T10 was made
before subperiostal dissection of paraspinal muscles. A lami-
nectomy was performed to expose the spinal cord at T8. To produce
a contusion type lesion at T8, a third generation Ohio State Uni-
versity spinal cord contusion device with a 2 mm diameter probe tip
was used. During the contusion, the probe induced a 0.9 mm dis-
placement of the spinal cord resulting in a moderate injury.>>~®
Tissue displacement and peak force data were collected and were
used as indicators of injury consistency and severity between ani-
mals (see Table 1). Variations of spinal cord displacement were
<20% in our animal cohort.

ISP measurements and decompression

Before and after tSCI, ISP measurements were obtained using
previously described methods.® Briefly, ISP was measured using a
1F Millar Mikro-Tip pressure probe (tip diameter =330 um). For
implantation, a small opening was made in the dural membrane
using the tip of a 21-gauge needle, and ISP was recorded pre-injury
and immediately after injury (~ 15 min after impact). The probe
was inserted into the spinal cord ~4 mm caudal to the injury center.
Surgical decompression was performed along the length of the
exposed spinal cord, with the ISP probe positioned at the injury
center. Durotomy was produced by incising the thecal sack with a
#11 blade, and then gently expanding the dural opening using two

TABLE 1. IN Vivo STUDY GROUPS AND DATA
FOR CONTUSION SCI IN RATS

Mean Mean
displacement peak force
Animal group n (mm)xSD (N)x£SD
Laminectomy 7 - -
SCI 12 0.79£0.02 40.60+4.28
SCI + durotomy alone 7 0.75£0.01 41.24+3.69
SCI + durotomy 15 0.79£0.03 40.43+3.18

+ myelotomy

SCI, spinal cord injury; SD, standard deviation.
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Dumond #5 forceps. For myelotomy surgeries, a longitudinal pial
incision was made along the posterior median sulcus with a #15
blade after the durotomy. The injury core was then gently irrigated
with a physiological saline solution. ISP recordings were also made
after durotomy alone and after durotomy plus myelotomy surgeries.
All pressure measurements were collected using a digitizer and
iox2 software from Emka Technologies (Falls Church, VA). The
data collected were then transferred to Microsoft Excel to obtain
ISP over time. A total of 11 animals were included in the ISP
recordings.

After injury and decompression, animals intended for survival
studies were returned to the surgical area for closure, with some
receiving durotomy or durotomy plus myelotomy prior to closure.
To reduce excessive adhesion, a small piece of adipose tissue was
positioned on top of the spinal cord. Muscle and skin were sutured
in layers to close the wound. In our animal cohort, there were no
peri- or post-operative complications related to either durotomy
alone or durotomy combined with myelotomy procedures. Animals
were treated with lactated Ringer’s solution (subcutaneous; 5-
10 mL), and analgesics (buprenorphine; 0.03 mg/kg) every 12 h for
48h after surgery. Subcutaneous injections of gentamicin
(5 mg/kg) were given once daily for 5 days post- injury. Animals
were allowed to recover in warmed cages and manual bladder ex-
pression was performed twice daily until normal void response
recovered (up to 7-10 days post-injury).

Water content analysis

A total of seven animals were subjected to surgical spinal cord
injuries and then randomly assigned to either a 4-h (n=4) or 72-h
(n=3) survival group. The animals were treated post-operatively,
as described, including post-operative analgesia and bladder ex-
pression. At the time of euthanasia, rats were given an intraperi-
toneal injection of 0.8mL Beuthanasia-D (390 mg/mL
pentobarbital sodium, 50 mg/mL phenytoin sodium). Spinal cords
were extracted and cut into ~5mm segments centered over the
injury center. Cord segments were placed into pre-weighed Ep-
pendorf tubes and weighed on an analytical scale. The cord seg-
ments were placed in a 75°C oven for 72 h and then weighed again
to determine water loss. The percent water content was calculated
using the following formula:

wet weight — dry weight + 100

Percent water content = -
wet weight

Urine volume data collection and analysis

After thoracic SCI, all animals required manual bladder ex-
pression. As part of record keeping, every bladder expression was
characterized by size; observations ranged from empty to very
large. Animals typically regained independent bladder control
within 7-14 days. Urine from the first bladder expression of the day
was collected in a weight boat and measured (grams, n=45 mea-
surements) on days 3, 7, and 14 post-injury. Using the quantitative
values measured during this test, an observed-value number scale
was designed. The bladder volume was given a score between 0 and
4; corresponding to empty, very small, small, medium, and large,
respectively (calculated, empty <0.04 mL, very small <0.33 mL,
small <1.7 mL, medium <3.25 mL, large <4.45 mL). The observed
scores from every bladder expression were then averaged over time
in order to determine the relative bladder function recovery time for
each experimental group.

Behavioral analysis

In the weeks prior to surgery, the animals were acclimated to the
various pieces of behavioral equipment that they would be tested on
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after surgery. In the instances of the Basso, Beattie, Bresnahan
(BBB) locomotor test and the Ladder Walk (LW) test, the animals
were administered a pre-injury baseline test.

Open-field locomotor test — BBB

The BBB locomotor rating scale is a sensitive, observer-scored
test of hindlimb locomotor behavior. The test animals were placed
into a ~ 100 cm diameter arena with 19 cm walls (a children’s play
pool) that had a lightly textured, uniform floor. For 4 min, the an-
imal was permitted to explore the arena while two observers re-
corded locomotor actions on a score sheet live, according to the
BBB locomotor rating scale. The test was also video recorded. The
observers compared scoring, which was done live, and, if neces-
sary, came to a consensus on the final left and right hindlimb scores.
The BBB test was repeated every week for 8 weeks.

Ladder Walk test

The LW test requires no pre-training. The apparatus consists of
two clear plexiglass walls ~90cm long and ~ 15 cm tall that are
~10cm wide, creating a corridor. A series of 1 mm diameter
stainless steel rungs were intermittently spaced (gaps range be-
tween 1 and 3 cm) to create a ladder-type floor. The entire apparatus
was elevated slightly to create a space below for the animal’s leg to
fall. The home cage was placed at one end of the apparatus. For
each trial, the animal was placed at the end opposite to the home
cage and allowed to walk the length of the apparatus to return to the
home cage. After each successful run, the placement of the rungs
was changed to prevent the animals from memorizing a specific
rung pattern. The test consisted of 10 trials and was recorded on
video. The videos were later reviewed at half speed; the total
number of attempted steps and the number of slips or misses (un-
successful grasps of the rung) were counted for each hindlimb. The
percentage of errors was recorded. The animals were tested prior to
injury to establish a baseline error percentage, then again at weeks
6, 8, and 10 post-injury.

Von Frey test

Prior to testing, the rats were habituated to the arena: a four-sided
acrylic box with a wire mesh (5.5 5.5 mm squares) floor (40 cm
high walls) on 20cm aluminum legs. Because the rats were re-
quired to remain still during testing, they were provided with cereal
treats to eat while in the arena. After habituation, during the testing,
the sensitivity of the plantar surface of the hind paw was measured
with Von Frey filaments: nylon hairs of varying diameter that were
pressed gently into the plantar paw surface until the point of
buckling. The point of buckling for each filament corresponds to a
known force. The filaments were applied to the paws through the
mesh floor in order of ascending diameter; the mechanical with-
drawal threshold of each rat was defined as the minimum diameter
filament that elicits a paw withdrawal reaction at least three times
out of five trials. The test was performed weekly up to 8 weeks post-
injury. A simplified up-down method was used to score the results
from the Von Frey test as previously described.”’

Histological staining and analysis: Cresyl violet
and myelin stain

Sections were collected and mounted onto slides (250 pm apart).
Slides were then fixed with 4% paraformaldehyde (Macron Che-
micals, Center Valley, PA) to ensure tissue adherence. Sections
then underwent a series of alcohol incubations for dehydration
beginning with 4 min in deionized-water, followed by 5 min peri-
ods in 70%, 95%, and 100% ethanol followed by a xylene incu-
bation for 10 min and then back through the ethanol series. Sections
were then incubated for 10 min in an aqueous myelin dye (Erio-
chrome Cyanine R; Fluka, St. Louis, MO) and differentiated for
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1 min in 1% ammonium hydroxide (Fisher Scientific) after being
washed in water. Sections were then briefly rinsed in water and
incubated in Cresyl violet stain (Sigma-Aldrich, St. Louis, MO) for
3 min. Following this step, sections were rinsed with deionized
water 10 times and then quickly dehydrated in a stepwise manner
for 4 min each in 70% and 95% alcohol. The Cresyl violet was then
briefly differentiated in 250 mL of 95% alcohol containing five
drops of glacial acetic acid (Fisher Scientific). Once differentiation
was sufficient, sections continued through a stepwise dehydration
process consisting of 5min each in 95% and 100% ethanol, fol-
lowed by final 10 min incubation in xylene. Slides were then cover
slipped using Permount.

Immunohistochemistry

Rats were perfused and spinal cords were sectioned as described
previously. Free floating 25 um sections were kept in cryo-
protectant solution (30% sucrose, 30% Ethylene glycol, 0.1M
phosphate buffer, 1% polyvinyl-pyrrolidone [PVP-40]) at 4C. On
the day of the experiment, free-floating sections, 250 um apart,
from each spinal cord were washed with phosphate-buffered saline
(PBS) (pH 7.2). Antigen retrieval was performed by mcubatmg the
slices in sodium citrate buffer, at 95C, pH 6, for 10 min. Slices were
then blocked and permeabilized with 1% goat serum and 0.1%
Triton X-100 in PBS for 1h. Next, slices were incubated with
primary antibody (Neuronal Nuclei, MAB 377, EMD Millipore
Corp, USA, 1/200) at 37C for 1h. Following washes, the slices
were incubated with goat anti-mouse secondary antibody (Alexa
Fluor 488 goat anti-mouse IgG, Life technologies, USA, 1/500) for
1'hat 37C. After washing with 1 XPBS, the slices were incubated
4’ 6-diamidino-2-phenylindole (DAPI; Life Technologies, USA,
1/1000) to label all nuclei. Finally, the slices were mounted onto
microscope slides with mounting medium (glycerol and
p-phenylenediamine in PBS, pH 9.0). The same procedure was
used to label cells Mouse Anti-Glial Fibrillary Acidic Protein
(GFAP; MAB3402, EMD Millipore Corporation, USA, 1:1500) to
detect astrocytes.

Fluorescent images were captured using an Axio Zoom V.16
(Zeiss) fluorescent microscope equipped with an Apotome.2
structured illumination device for optical sectioning. All images
were analyzed using Image] software. All NeuN positive cells in
the ventral horn of the spinal cord were counted using ImagelJ
software. Confocal microscopy was performed using a Leica SP8X
confocal microscope. All confocal images were acquired with a dry
10 x objective.

Statistical analysis

Continuous variables are presented as means * standard error of
the mean (SEM). GraphPad Prism 7 (GraphPad Software, Inc., San
Diego, CA) was used for all statistical analyses. All significant
findings reported were obtained with one- or two-way analysis of
variance (ANOVA) with « set at p <0.05 and Fisher least signifi-
cant difference (LSD) post-hoc test.

Results

SCI causes tissue edema and elevated ISP

Intact rodent thoracic spinal cords had average water content of
66.7+0.01% (See dotted line in Fig. 1A). SCI gave rise to signif-
icant tissue edema most pronounced within a 10 mm segment
centered over the lesion center. Four hours after injury, the water
content of the lesion center had increased by ~ 12% to an average
of 74.6£0.02%. The water content of the lesion center (10 mm
segment) was significantly higher than spinal cord tissue in the
periphery (71.6 £0.7%; p <0.01). Tissue edema at the lesion center
remained elevated up to 3 days after injury (78.21%1.85%;
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FIG. 1.

Contusion spinal cord injury (SCI) results in edema and elevated intraspinal pressure (ISP). (A) Intact rodent thoracic spinal cords

have average water content of 66.7+0.01%. (Red dotted line). At 3 days after SCI, a significant increase in water content (78.21 £ 1.85%;
p<0.05, n=3) was detected. Water content was measured within 40 mm of spinal cord centered over the injury site. Spinal cords segments
(5 mm) were collected and the wet and dry weight of the cord segments were collected to determine water content of the spinal cord.
(B) Three days after injury, the ISP was significantly increased (7.9+0.6 mmHg) compared with control animals (1.84+0.5 mmHg;
p<0.001). Durotomy alone (4.17+0.3 mmHg; p<0.001) and durotomy plus myelotomy (3.14+0.4 mmHg; p<0.001) resulted in signifi-
cantly decreased ISP compared with SCI alone group. R =rostral, C=caudal directions. ***p <0.001. Color image is available online.

p<0.05, Fig. 1A). To determine ISP at the injury center, we im-
planted a micro-sensor into the contused spinal cord. We detected a
significantly increased ISP at 4 h following injury (7.4 £0.3 mmHg)
compared with 1.7 +0.4 mmHg measured in the intact spinal cord
(p<0.001). Intraspinal pressure remained elevated up to 3 days
after injury (7.9+£0.6 mmHg). ISP was effectively attenuated by
both durotomy alone (4.17 +0.3 mmHg; p <0.001) and durotomy +
myelotomy (3.14 £0.4 mmHg; p <0.001; Fig. 1B).

Decompression of the spinal cord promotes
tissue sparing

Analysis of spared spinal cord tissue following a moderate
thoracic SCI was conducted 10 weeks after injury. Spinal cord
cross-sections of 7mm long spinal segments centered over the le-
sion epicenter were examined using Eriochrome Cyanine R and
Cresyl violet staining (Fig. 2A). SCI resulted in significant atrophy
of neural tissue at the injury site compared with intact animals
(1.58 mm? vs. 3.45 mm?). Durotomy alone increased the average
area of sgared spinal cord tissue at the injury center by 10.8%
(1.75 mm~); however, this did not reach statistical significance.
Durotomy plus myelotomy surgery promoted tissue sparing at the
injury center by 25.9% (1.99 mm”) compared with injury-only
animals. Durotomy plus myelotomy resulted in significantly in-
creased spinal tissue sparing compared with either durotomy alone
or tSCl-only treated animals (p <0.0001; Fig. 2B). Tissue sparing
achieved by durotomy plus myelotomy was most pronounced in the
lesion center (spanning 1 mm rostral to 1 mm caudal) compared
with tSCI-only animals ( p <0.05).

We then analyzed the effect of decompression surgery on the
amount of spared white matter tracts. Durotomy alone did not lead
to a significant increase of white matter sparing compared with tSCI
only (1.39 mm? vs. 1.27 mm?, respectively). Durotomy plus mye-
lotomy resulted in an 21.3% increase of spared white matter at the
injury center compared with tSCI-only (1.54mm?® vs. SCI
1.27 mm?). Enhanced tissue sparing was observed throughout the
rostral-caudal extent of the lesion area, with the most pronounced

effects in the periphery of the lesion area ~ 1 mm away from the
injury center. Durotomy plus myelotomy significantly increased
white matter sparing compared with durotomy alone (p <0.01) and
control SCI animals (p <0.0001; Fig. 2B).

Analysis of gray matter sparing revealed that myelotomy in-
creased gray matter sparing by 25.0% compared with durotom
alone and by 32.1% compared with tSCIl-only (0.37 mm~,
0.35 mmz, 0.28 mmz; p<0.01 for both comparisons). Enhanced
sparing of gray matter appeared to be most pronounced in areas
rostral to the injury center (Fig. 2B). Histological analysis of NeuN
immunoreactive motor neurons revealed that thoracic contusion
SCI resulted in a significant loss of ventral horn motor neurons at
the injury center (I mm segment) 12 weeks post-injury (Fig. 3).
Durotomy alone increased the number of spared motor neurons at
the injury center by 100.0%. However, given the high variability,
this difference was not statistically significant. Durotomy plus
myelotomy surgery led to a statistically significant increase in
preservation of motor neurons by 143.4% compared with tSCI-only
(p<0.05).

Decompression results in improved bladder function

Inability of rats to voluntarily void the bladder of urine after
injury is a common feature of thoracic contusion models. With
moderate SCI such as the one examined in this study, rats typically
regain the ability to empty their bladder after 10-14 days post-
injury. We measured residual urine volumes for all animals after
sham, SCI, SCI plus durotomy alone, and SCI plus durotomy plus
myelotomy surgeries over the first 2 weeks (Fig. 4A). Analysis of
our data demonstrated that durotomy alone promoted faster bladder
recovery compared with durotomy plus myelotomy (p <0.05).

Decompression results in improved
locomotor recovery

Thoracic contusion SCIs in rodents led to significant functional
hindlimb deficits, resulting in uncoordinated gait, difficulty in
weight bearing, and, in many cases, complete hindlimb paralysis.
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FIG. 2. Surgical decompression promotes tissue sparing after spinal cord injury (SCI). (A) Axial spinal cord cross sections of the lesion
epicenter stained with eriochrome cyanine R and Cresyl violet were examined at 250-um intervals. (B) Histological analysis of spared tissue
showed that durotomy plus myelotomy resulted in significantly increased neural tissue sparing overall compared with the SCI alone group
(p<0.0001), while the effect of durotomy alone did not reach statistical significance (p >0.05). Analysis of spared gray matter revealed that
both durotomy alone and durotomy plus myelotomy resulted in significantly increased sparing compared with traumatic SCI (tSCI) only
(p<0.01). Analysis of spared white matter tracts showed that durotomy plus myelotomy significantly increased sparing compared with
durotomy alone (p<0.01) and control animals (p<0.0001). **p<0.01, ****p <0.0001. Color image is available online.

Hindlimb locomotor testing using the BBB grading score con-
firmed significant impairment of hindlimb function in animals
following contusion SCI followed by partial recovery over the
ensuing 4-6 weeks (Fig. 4B). Durotomy plus myelotomy resulted
in significantly improved BBB scores compared with tSCI-only
controls (p <0.001) from 5 weeks post-injury. Durotomy alone also
resulted in higher BBB scores than tSCI-only, albeit at later follow-
up (p<0.05).

The LW test provides a quantitative measurement of skilled
aspects of locomotion, with sensory components.”® Because rung
placements are constantly altered, rodents are unable to learn a
specific gait pattern to navigate the apparatus. Therefore, compar-
isons of LW scores reveal differences in sensing the location of the
rung, stepping, and grasping skill, and not simply differences in
learning ability. As expected, SCI rats at 6, 8, and 10 weeks post-
injury had vastly increased error rates compared with sham animals
(Fig. 4C). Surgical decompression by durotomy alone resulted in a
significant overall decrease in LW error rate compared with SCI

alone (p <0.05), but no statistically significant effect was seen for
durotomy plus myelotomy animals.

The Von Frey assay is a test of paw sensitivity. Filaments of
increasing stiffness are applied to a rodent’s hind paw until a fila-
ment is found that reliably produces a withdrawal response. In the
present study, neither SCl-only nor SCI with decompression
(durotomy alone or durotomy plus myelotomy) significantly altered
hind paw sensitivity (Fig. 4D).

Discussion

Our current study suggests that durotomy combined with mye-
lotomy more efficiently counteracts secondary tissue loss following
acute tSCI than durotomy alone. Both types of decompression
surgeries enhance recovery of open field locomotion. Recovery of
LW and bladder function were in particular facilitated by durotomy
alone.
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FIG. 3. Effect of surgical decompression on local motor neurons. (A) Representative examples of NeuN stained axial histological
slides. (B) Histological analysis revealed that thoracic contusion spinal cord injury resulted in a significant decrease in ventral horn
motor neuron counts at the injury center 8 weeks after injury (p <0.001). Surgical decompression of the spinal cord, either by durotomy
alone or durotomy plus myelotomy led to a trend toward an increase in the number of spared ventral horn motor neurons, although this
was only significant following durotomy plus myelotomy (p <0.05). ***p<0.001, *p <0.05. Color image is available online.

Demyelination and loss of white matter tissue within the spinal
cord in both pre-clinical models and humans are significant con-
tributors to loss of function after tSCI.?*~** In the current study, we
aimed to determine the distinct effects of durotomy alone versus
durotomy plus myelotomy on neural tissue sparing in the spinal
segment of the injury. We found that durotomy alone had only a
modest effect whereas myelotomy resulted in a significant increase
in white matter sparing. A comparison of these two interventions
has been lacking, because previous studies have mainly focused on
the effect of durotomy plus myelotomy on myelin sparing fol-
lowing SCI. There is a paucity of data regarding the effect of
durotomy alone on tissue sparing following tSCI. Jalan and col-
leagues reported increased white matter sparing in a few animals
that underwent durotomy combined with duraplasty, compared
with control animals.!” However, half of the animal cohort was
excluded from the analysis because they had spinal compression
caused by the dural closure with hydrogel sealant. More data are
available regarding the effect of durotomy plus myelotomy on
counteracting local secondary tissue loss. In one study, durotomy
plus myelotomy within 24 h following a rodent thoracic contusion
SCI resulted in enhanced white matter sparing detected histologi-
cally 42 days post-trauma.'® The beneficial effect of durotomy plus
myelotomy on secondary white matter loss has been further cor-
roborated by several other studies.'®™' Our previous study re-
vealed that durotomy plus myelotomy also reduced the size of the
lesion cavity.>' The effects of meningeal decompression on local

gray matter sparing have not been addressed by previous studies.
Interestingly, in our current study, we report a significant increase
in gray matter sparing following both durotomy alone and dur-
otomy plus myelotomy, compared with our control cohort.

In the current study, we measured increased tissue edema and
intraspinal pressures at the lesion center acutely after a contusion
tSCI. We hypothesize that superior spinal cord tissue sparing seen
following durotomy combined with myelotomy was in part caused
by more effective mitigation of trauma-related increases in ISP. We
have previously shown that durotomy combined with myelotomy
results in superior treatment of elevated ISP compared with dur-
otomy only when performed within the first 24 h after tSCL° Ele-
vated ISP impairs vascular autoregulation and heterogenous
perfusion of the contused spinal cord.** Ensuing tissue ischemia
propagates secondary injury of the tissue that was spared by the
primary tissue insult. Experiments in a porcine SCI model revealed
that sustained spinal cord compression leads to a dramatic increase
of the lactate-pyruvate (L/P) ratio, which is a marker of tissue
hypoxia.*> Accordingly, durotomy and expansile duroplasty in
patients with tSCI improves spinal cord pressure reactivity and
spinal cord perfusion pressure.'> Removal of the hemorrhage at the
injury center might have also contributed to enhanced tissue spar-
ing seen following durotomy combined with myelotomy. The he-
matoma at the injury exerts a mass effect on the adjacent spinal cord
tissue, as evidenced by the displacement of the intrinsic spinal cord
vasculature.*® Hemorrhage causes direct neural tissue damage by
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FIG. 4. Surgical decompression promotes functional outcome after spinal cord injury (SCI). (A) Durotomy alone resulted in earlier
bladder reflex recovery than durotomy plus myelotomy (p<0.05). (B) As expected, all injured animals showed some degree of
spontaneous recovery of their hindlimb open-field locomotion. Durotomy plus myelotomy led to significantly better Basso, Beattie,
Bresnahan (BBB) scores overall compared with SCI control treatment (p<0.001). Durotomy plus myelotomy animals showed ac-
celerated locomotor recovery compared with durotomy alone animals. From 5 weeks onwards, durotomy plus myelotomy treated
animals performed better than SCI control treated animals (p<0.05). At 8-week follow-up, durotomy animals performed better than
SCI control treated animals (p <0.05). (C) The Ladder Walk test was administered to examine the sensory-induced hindlimb motor
function. Durotomy alone resulted in a significant overall decrease in Ladder Walk error rate compared with control animals (p <0.05).
(D) Von Frey testing was performed to determine decompression-related changes of nociception in our study animals. No significant
differences were found. *p <0.05, ***p <0.001, ****¥p <(0.0001. Color image is available online.

thrombin and hemoglobin. Thrombin in high doses leads to motor
neuron cell death, neurite retraction, and astrogliosis via activation
of the protease activated receptor (PAR)-1 in vitro.”” In vivo ap-
plication of thrombin exacerbates brain edema>® and contributes to
neurological deficits.*® Hemoglobin is the other component of the
blood clot that contributes to secondary injury. Infusion of lysed
erythrocytes into the brain results in edema, disruption of the
blood-brain barrier, and damage of the neural tissue by oxidative
stress.> In summary, we hypothesize that myelotomy can limit
local hemorrhage, resulting in additional tissue sparing by miti-
gating elevated ISP and reduction of blood clot mediated toxicity.
This treatment effect would be important in cervical SCI, because
even a small number of spared motor neurons may allow for re-
cruitment of additional muscle groups and thereby increase upper
extremity function. Importantly, tetraplegic patients regard upper
extremity function as a major determinant for quality of life.*> Our
recent research suggests that spared tissue may play a critical role in
novel therapeutic approaches such as transcutaneous stimulation,
which may activate dormant circuitry within the cervical spine.*!
To date, the specific effects of durotomy alone compared with
durotomy and myelotomy on functional recovery have not been
investigated in experimental studies. Mixed results have been
reported regarding the impact of durotomy on functional outcome.
Several studies have reported positive effects on functional out-
come,***? while other studies found no significant benefits.*> A
rodent study by Smith and colleagues investigated the role of
durotomy and duraplasty in cervical contusion injury.** Follow-
ing injury, the animals underwent a durotomy and in some ani-

mals, the dural opening was repaired with a dural allograft and
fibrin sealant. These animals displayed significantly improved
forelimb grip strength compared with animals that underwent
contusion only or durotomy only. They also displayed a smaller
lesion volume than the durotomy-only group. Similar results were
reported by Zhang and colleagues, who performed epidural de-
compression (laminectomy) or durotomy following acute weight
drop injury in the thoracic spine.?* They found that durotomy
alone significantly promoted behavioral recovery and an earlier
downregulation of ED-1, indicating that durotomy may reduce the
post-traumatic inflammatory response. Somewhat inconclusive
results were presented in a study by Jalan and colleagues utilizing
a T10 contusion injury.'” After injury, the animals underwent
either a 3 or a 5 level durotomy with or without duraplasty. Cat-
walk analysis revealed a significant decrease of the regularity
index after a 3 or a 5 level durotomy without dural closure, but
none of the interventions had a significant impact on general lo-
comotor performance of the hind paws. However, in these ex-
periments, dural closure was performed with the use of a hydrogel
sealant, which caused severe spinal cord compression in ap-
proximately half of the animals. Omitting these animals for
analysis revealed significantly improved behavioral outcomes in
rodents that underwent durotomy in combination with dural clo-
sure. Camlar and colleagues investigated the role of acute (6-8 h
after injury) and delayed (24 h) durotomy following a thoracic
weight drop injury.*? In this study, no significant functional
benefit of durotomy was noted. However, the authors used the
Tarlov classification of motor function,*> which allows for
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assessment of only four levels of function, and may not have been
sensitive enough to detect small differences in recovery between
groups. In conclusion, the available literature supports the find-
ings of our current report; that dural decompression enhances
functional recovery following traumatic SCI.

Few studies have investigated the role of durotomy in human SCIL.
An initial case series of six patients by Perkins and Dean suggested
that durotomy in addition to bony decompression and stabilization
might promote functional recovery.** A recent open label prospec-
tive clinical trial further investigated the role of dural decompres-
sion.'® A total of 21 patients ranging between 19 and 68 years in
age with traumatic cervical or thoracic SCI underwent either bony
decompression (laminectomy) or durotomy and duraplasty. Im-
portantly, the ISP at the injury site was measured during the acute
phase after surgery. The study showed that durotomy with duraplasty
allowed for a superior decompression of the contused spinal cord,
resulting in improved spinal cord perfusion pressure and vascular
reactivity. Follow-up data suggested a tendency toward better im-
provement of American Spinal Injury Association (ASIA) scores,
walking, and bladder function in patients who underwent durotomy
and duraplasty compared with patients with laminectomy only.

Myelotomy as a treatment of acute SCI has been the topic of
several animal studies. Most studies have shown that myelotomy
results in favorable functional outcomes,lg_zo‘45 while some do not
support this hypothesis.*® Yang and colleagues investigated the
optimal time window for myelotomy in a thoracic weight drop in-
jury model.'® This study concluded that durotomy plus myelotomy
performed within 24h following injury results in significantly
increased white matter sparing at the injury center and better func-
tional recovery compared with control animals. Guizar-Sahagun
explored the impact of the extent of the bony decompression
(number of laminectomies), durotomy plus myelotomy, and in-
traspinal debridement on functional outcomes following a thoracic
weight drop injury.'® The authors report that more extensive lon-
gitudinal opening of the spinal cord and debridement exacerbated
intraspinal hemorrhage. In contrast, a more minimal debridement
resulted in increased myelin sparing, in particular in the lesion
penumbra. There was also a tendency toward improved recovery of
hindlimb motor function. A meta-analysis of several studies'*2%*
revealed that durotomy plus myelotomy results in improved out-
comes, in particular following moderate severity contusion in-
juries.?* A study by Qin and coworkers®* concluded that at 6 weeks
post-injury, animals that underwent durotomy plus myelotomy
displayed a BBB hindlimb locomotor score 3.27 points higher than
control animals. A similar beneficial effect of myelotomy was found
in the current study, in which animals with durotomy plus mye-
lotomy surgeries had a BBB score of 16.5 compared with 14.3 in
control SCI-only animals. To date, only a few case reports describe
myelotomy performed in human patients.*’~*°

In the current study, durotomy combined with myelotomy re-
sulted in an accelerated improvement of open field locomotion
compared with durotomy alone. This difference may be explained by
the immediate and more efficient relief of elevated ISP achieved by
myelotomy compared with durotomy when performed within 24 h
following injury.® Myelotomy decompresses the pial lining, which
contributes ~50% of the increased ISP acutely following injury.®
Later, during the subacute post-traumatic phase, release of inflam-
matory cytokines including metalloproteinases weakens and dam-
ages the extracellular matrix®® and leads to a slow expansion of the
pial linings following traumatic injury.* A more protracted rate of
locomotor recovery seen following durotomy alone appears to be in
line with this gradual decompression of the spinal cord.
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An interesting finding from this study was that durotomy alone led
to increased recovery of bladder function compared with durotomy
plus myelotomy, which runs contrary to the otherwise superior his-
tological and behavioral outcomes seen following durotomy plus
myelotomy. One possible explanation for this result is that surgical
opening of the pia with an additional disruption of the injury core
resulted in irritation of the spinal cord, leading to transient urinary
retention in animals that received durotomy plus myelotomy.
Transient urinary retention is commonly seen in patients who un-
dergo myelotomy for treatment of intractable pain or resection of
intraspinal tumors.’' These patients typically require an indwelling
urinary catheter for the first days after surgery before bladder func-
tion returns. This, however, highlights the importance of carefully
weighing the potential benefits of surgical decompression against the
potential complications. Typically, the rate of surgical complications
increases with the degree of invasiveness of the procedure.’>>
Accordingly, the complication rate of durotomy following acute
tSCI was acceptable, with only 1 out of 10 patients developing a
cerebrospinal fluid (CSF) leak.'> Moreover, disruption of the dural
integrity may promote an inflammatory reaction and increase scar
formation after SCL.**** Although expansile duraplasty is a standard
clinical procedure with a sewed-in alloderm graft, this procedure is
not standardized in the experimental SCI literature. Expansile dur-
aplasty with primary dural closure in rats, although technically fea-
sible, is typically not performed. The current report placed a fat pad
as an epidural graft, similar to the dural closure procedure used in
pituitary surgery.>> Other rodent experiments have used fibrin seal-
ant, allograft,>>>* or collagen matrix.>® Some of these dural closures
have been associated with complications in rodent experiments; for
example, Jalan and colleagues report that utilization of commercially
available dural sealant can lead to compression of the spinal cord in
almost half of their animals.'” It is important to emphasize that most
patients with SCI have polytrauma and are frequently hemody-
namically unstable at presentation to the hospital. Additional surgi-
cal decompression of the spinal cord adds complexity and time to the
surgical procedures. Although clinical data are lacking, mortality
appears to be increased in animals that undergo myelotomy (13.9%)
compared with control animals (6.3%).22 In another rodent study,
extensive myelotomy was associated with a 12.5% rate of hemor-
rhage.'® The authors did not report on the outcomes of these animals
but suggested a trend toward improved functional outcome in ani-
mals undergoing a less extensive spinal decompression. It is im-
portant to note that in our study, we did not encounter additional
complications after either durotomy alone or durotomy plus mye-
lotomy surgeries.

Conclusion

In summary, emerging evidence suggests that decompression
surgery of the contused spinal cord may promote functional re-
covery. However, injuries that may benefit from this intervention
are not yet defined, and possible procedure-related complications
need to be carefully studied. Eventually, biomarkers identifying
injuries that may benefit from the surgical decompression proce-
dures need to be developed.
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