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Background: The role of decompressing the intradural space through a durotomy as a treatment option for acute
traumatic cervical spinal cord injury has not been explored in an animal model, to our knowledge. We sought to determine
the role of durotomy and duraplasty in the treatment of acute cervical spinal cord injury and its effects on inflammation,
scar formation, and functional recovery.

Methods: Seventy-two adult female Sprague-Dawley rats were assigned to three groups: contusion injury alone, contu-
sion injury with a decompressive durotomy, and contusion injury with a decompressive durotomy followed by placement of a
dural allograft. A mild (200-kdyn [2-N]) contusive injury was delivered to the exposed spinal cord at C5. The injured segment
was reexposed four hours after injury, and a durotomy with decompression was performed. When a dural allograft was used
it was affixed to the surrounding intact dura with use of a fibrin sealant. The Grip Strength Meter was used to assess forelimb
function. Animals were killed at two and four weeks, and immunohistochemical analysis was performed to assess scar
formation, inflammatory cell infiltration, and lesional volume.

Results: Immunohistochemical analysis revealed increased scar formation, cavitation, and inflammatory response in the
animals treated only with a decompressive durotomy. Relative to the group with a contusion injury alone, the animals
treated with a durotomy followed by a dural allograft had decreased cavitation and scar formation. Lesional volume
measurements showed a significantly increased cavitation size at four weeks in both the contusion-only (mean and
standard deviation, 12.6 ± 0.5 mm3) and durotomy-only (15.1 ± 1 mm3) groups relative to the animals that had received a
dural allograft following durotomy (6.8 ± 1.4 mm3).

Conclusions: Functional recovery after acute cervical spinal cord injury was better in animals treated with decompression
of the intradural space and placement of a dural allograft than it was in animals treated with decompression alone. These
functional data correlated directly with histological evidence of a decrease in spinal cord cavitation, inflammation, and scar
formation.

Clinical Relevance: Surgical decompression of the intradural space followed by dural allografting after an acute trau-
matic cervical spinal cord injury may be an important approach to reducing the deficits resulting from the secondary injury
and warrants further investigation.

A
lthough there have been multiple basic-science and
clinical advances in the management of spinal cord in-
jury, there remains no single efficacious therapeutic

regimen to prevent the devastating paralysis associated with this
injury. Over the past twenty years, the survival rate and
long-term outcomes of patients with spinal cord injury have
improved with advances in both their medical and surgical

management. Decompression of the spinal cord and mainte-
nance of adequate vascular perfusion to ensure physiologic
spinal cord blood flow remain two very important strategies
that are believed to have a substantial benefit in terms of neu-
rological outcome1,2.

While decompression of the extradural elements is the
primary focus in the management of patients with a clinical
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spinal cord injury, little attention has been given to the po-
tential deleterious secondary events that occur in the spinal
cord as a result of an intact dura in the face of primary con-
tusive trauma3-6. Following contusive spinal cord injury initi-
ated by displaced osseous and soft-tissue elements, the ensuing
edema and hemorrhage within the spinal cord and nerve roots
may result in an expanding volume and increased intradural
pressures against a relatively noncompliant dura7. It has been
proposed that increased swelling alters normal cerebrospinal
fluid pressure gradients and thereby promotes extravasation
of fluid into the extracellular parenchyma of the spinal cord.
The end result is a decreased spinal cord perfusion pressure
and ischemia. This ischemia may cause further secondary
injury.

Surgical decompression of the dura in patients with
acute spinal cord injury has been explored clinically in the past
with impressive but guarded results8. To our knowledge, no
animal studies have been performed to examine the histolog-
ical and functional response to decompression of the intra-
dural elements following contusion injury. We are aware of no
standard treatment algorithm for decompression of the sub-
arachnoid space following spinal cord injury. We sought to
determine the role of surgical decompression with either
durotomy alone or durotomy and duraplasty in the treatment
of acute cervical spinal cord injury and to evaluate its effects on
inflammation, scar formation, and functional recovery.

Materials and Methods
Animals

Adult female Sprague-Dawley rats (Charles River Labora-
tories, Wilmington, Massachusetts), weighing 220 to 240

g, were used for all surgical procedures involving the pro-
duction of a spinal cord injury. The institutional review board
of the University of California, Irvine, approved all surgical
protocols. Seventy-two rats were randomly assigned to three
groups of twenty-four rats each: (1) contusion injury alone, (2)
contusion injury with decompressive durotomy alone, and (3)
contusion injury with decompressive durotomy followed by
placement of a dural allograft. For the surgery, the animals
were anesthetized with an intraperitoneal injection of a mix-
ture of 50 mg/kg of ketamine and 2.6 mg/kg of xylazine.
Testing of the corneal reflex and whether there was withdrawal
from a painful stimulus of the hindlimb was used to ensure
that the anesthesia was adequate.

Creation of Spinal Cord Injury Model
A mild contusive injury was delivered to the cervical spinal
cord of all of the rats. Prior to surgery, the animals were pre-
pared and anesthetized as described above. A dorsal midline
incision was made, and the paravertebral musculature was
separated from the vertebra at the C4-C6 levels. A laminec-
tomy was performed under microscope magnification at C5
with use of fine scissors and a rongeur. Once the spinal cord
was exposed, the spinal column was rigidly immobilized with a
stereotactic frame fixed cranially and caudally to the exposed
segment. A 200-kdyn (2-N) injury was delivered to the center

of the exposed spinal cord with use of a commercially available
force-based impactor (Infinite Horizon Impactor; Precision
Systems and Instrumentation, Lexington, Kentucky)9,10 (see
Appendix). This device is equipped with a 2.5-mm stainless-
steel impactor tip attached to a calibrated load cell and is de-
signed to deliver consistent force11. Following the injury, the
animals were carefully released from the stereotactic frame and
a layered closure was performed with use of absorbable sutures
(4-0 chromic gut).

The forty-eight animals that were to receive a decom-
pressive durotomy were anesthetized again four hours following
the initial injury, and the segment was reexposed. A durotomy
with a diameter of approximately 4 mm was carried out with use
of microsurgical instruments. The exposed intradural spinal
cord was examined, and any residual hemorrhage and hema-
toma were carefully evacuated. The twenty-four animals ran-
domized to receive only a durotomy underwent wound
closure with use of the techniques described above. The an-
imals that were to receive the dural allograft were prepared for
the transplantation.

Dural Allograft Harvest and Transplantation
Adult female Sprague-Dawley rats (Charles River Laborato-
ries), weighing 280 to 300 g, were used for the dural harvest.
After they were killed, large sections of dura mater were dis-
sected from around the spinal cord. The dura was placed in a
Petri dish with careful attention to maintaining proper surface
orientation prior to grafting. The cadaveric dura mater was
stored in Hanks balanced salt solution at 37�C overnight prior
to grafting.

With care taken to maintain the surface orientation of
the cadaveric dura, the allograft was overlaid onto the edges of
the durotomy site, ensuring contact between the graft and host
dura with the use of fibrin sealant (Tisseel; Baxter BioScience,
Beltsville, Maryland) (Fig. 1).

Behavioral Assessment: Grip Strength Meter
The Grip Strength Meter (designed by TSE Systems [Chester-
field, Missouri] and distributed by SciPro [Sanborn, New York])
was used to assess forelimb function according to a previously
described protocol12. The grip strength of each forepaw was
measured with the Grip Strength Meter five times per session for
a total of five sessions prior to the spinal cord injury and then
every other day following the surgery until the animal was killed.
The Grip Strength Meter measured the maximum force (in
grams) before the animal released the bar. In order to enhance
reliability, a single experimenter (J.S.S.) obtained the measure-
ments from all of the animals.

Tissue Preparation
Animals were killed at fourteen and twenty-eight days fol-
lowing the spinal cord injury with pentobarbital (Nembutal;
100 mg/kg) and perfused transcardially with cold saline solu-
tion (0.9%) followed by cold 4% paraformaldehyde. The spinal
cords were carefully dissected and were postfixed in 4% para-
formaldehyde at 4�C overnight. The tissues were cryoprotected
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in sucrose gradient and stored overnight at 4�C. The spinal
cords were then submerged in Tissue-Tek (VWR Interna-
tional, West Chester, Pennsylvania) and frozen over dry ice.
A cryostat was used to cut 20-mm sections spanning beyond
the visibly injured level. The sections were mounted onto
polylysine-treated slides and stored at –80�C until they were
ready for staining.

Immunohistochemical Analysis
Sections were incubated in monoclonal mouse anti-rat ED-
1 antibody (1:300; AbD Serotec, Raleigh, North Carolina),
monoclonal rat anti-mouse OX-42 antibody (1:400; Serotec),
monoclonal mouse anti-glial fibrillary acidic protein (GFAP)
(1:400; Sigma, St. Louis, Missouri), and monoclonal mouse
anti-chondroitin sulfate proteoglycan (CSPG) (1:300; Sigma)
overnight at 4�C. On the following day, the sections were
reacted with fluorescein isothiocyanate (FITC)-conjugated
goat anti-mouse IgG secondary antibodies (1:200; Sigma) for
one hour. Sections were then mounted with medium con-
taining DAPI (4’,6-diamidino-2-phenylindole) (Sigma), visu-
alized under an Olympus DP7x fluorescence microscope
(Center Valley, Pennsylvania), and photographed with a Digital
CAMera Application Programming Interface (DCAM-API;
Hamamatsu Photonics, Hamamatsu City, Japan). The primary
antibodies were used to assess scar formation and inflamma-
tory infiltration, with ED-1 staining for systemic macrophages;
OX-42, for activated macrophages and microglia; GFAP, for
astrocytes; and CSPG, for potent inhibitors of central nervous
system regeneration.

Measurement of Lesional Volume
Tissue samples intended for lesion volume analysis were pre-
pared with use of hematoxylin and eosin stain, and sections
were stained serially. Lesion volumes were then calculated with
use of ImageJ 1.41 (National Institutes of Health, Bethesda,
Maryland), an image processing and analysis program13. The
experimenter (R.A.) was blinded to the treatment group when
analyzing the specimens. The lesion areas were outlined in
three separate trials with use of a freehand technique. The
lesion areas for each section were then averaged over the three
trials and multiplied by the section length to obtain the lesion
volume.

Statistical Analysis
Grip Strength Meter
At each time point, the average force exerted by the left
and right forepaws was determined from the measurements
gathered. A repeated-measures two-way analysis of variance
was conducted to identify differences between groups and
between time points in the postinjury period. The Bonferroni
test was used for post hoc analysis to correct for multiple
comparisons.

Lesional Volume
The significance of the differences in lesional volume between
treatment groups was initially determined with use of one-way
analysis of variance. The unpaired t test was utilized to deter-
mine the significance of differences between treatment groups at
both time points. Differences were considered significant if p

Fig. 1

Schematic representation of the surgical technique. A = spinal cord impaction, B = subdural

edema and hematoma formation, C = durotomy, D = evacuation of hematoma and expansion of

intradural space, E = decompressed subarachnoid space, and F = duraplasty.
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was <0.05. Data were analyzed and histograms were created
with use of GraphPad Prism (version 4.0; GraphPad Software,
La Jolla, California).

Source of Funding
Funding for this study was provided by both the NIH-NINDS
(National Institutes of Health/National Institute of Neu-
rological Disorders and Stroke) and the Roman Reed
Foundation.

Results

Six of the seventy-two animals died within a day after the
injury (overall survival rate, 92%). Five other animals were

removed from the study secondary to forepaw injuries that
they had sustained in the postinjury period (see Appendix).

Gross Examination
Gross examination of the spinal cords at the time of reexposure
(four hours following injury) revealed swelling and the for-

Fig. 2

Immunohistochemical analysis with ED-1 (·4). At four weeks, the animals that had received a dural allograft following decompression (C and F) showed

a decreased inflammatory response relative to that in the durotomy-only group (B and E) and that in the contusion-only group (A and D). The animals that

had received a durotomy alone displayed the greatest inflammatory response. Scale bar = 500 mm.

Fig. 3

Immunohistochemical analysis with anti-glial fibrillary acidic protein (GFAP) (·4). At four weeks, the animals that had received a decompressive

durotomy alone (B and E) displayed the most extensive astrocyte proliferation, indicating greater scarring relative to that in the contusion-only group

(A and D) and that in the dural allograft group (C and F). Scale bar = 500 mm.
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mation of a subdural hematoma. After the durotomy was
performed, the spinal cord appeared to herniate from the
underlying intradural space.

Gross examination of the spinal cord following harvest
showed that the animals that had received the durotomy only
had more notable scarring and cavitation than the animals that
had received a durotomy followed by placement of a dural
allograft (see Appendix).

Histological Analysis
Morphometric analysis revealed consistently increased cellular
infiltration around the lesion site, on both ED-1 and OX-42
stained sections, in the animals that had received the durotomy
without allograft transplantation (Figs. 2, 3, and 4). This
finding was consistent between the specimens analyzed at the
two-week time point and those evaluated at the four-week time
point. The group that had received contusion only and the

Fig. 4

Immunohistochemical analysis with OX-42 (·10). The animals that had received a dural allograft following decompression (C) showed the least amount

of perilesional infiltration of macrophages and activated microglia, as compared with the amount in the contusion-only group (A) and that in the

durotomy-only group (B). Scale bar = 50 mm.

Fig. 5

Lesional volume measurements (shown as the mean and standard deviation) demonstrated significantly increased

(p < 0.05) cavitation size at four weeks in both the contusion-only and the durotomy-only groups relative to the

size in the animals that had received a dural allograft following decompression. At two weeks, the animals that had

received a durotomy alone showed significantly increased (p < 0.05) cavitation size relative to that in the other

treatment groups.
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group that had received a durotomy followed by placement of
a dural allograft also had increased cellular density in the areas
surrounding the lesion, although it was not as marked as that
seen in the animals treated with a durotomy alone. These
differences between the groups were not verified quantitatively.
Antibodies staining for glial scar formation (CSPG and GFAP)
showed similar increases in astrocyte proliferation and fibrosis
surrounding the cavitation and extending more diffusely
throughout the perilesional areas in the animals that had re-
ceived only a durotomy as compared with the other two
groups. This scarring was more pronounced at the four-week
time point than at the two-week time point. Slight differences
in immunoreactivity for glial cell markers were observed be-
tween the contusion-alone and dural allograft groups, with
slightly less scar formation observed in the latter.

Lesional volume measurements showed a significant
decrease in cavitation size at four weeks in the group that had
received decompression followed by placement of a dural al-
lograft (mean and standard deviation, 6.8 ± 1.4 mm3) relative
to the sizes in the contusion-only (12.6 ± 0.5 mm3; p = 0.0272)
and durotomy-only (15.1 ± 1 mm3; p = 0.0063) groups. At two
weeks, there was no significant difference in cavitation size
between the contusion-only (9.9 ± 0.5 mm3) and dural allo-

graft (6.8 ± 1.5 mm3) groups (p = 0.101), but the durotomy-
only group showed a significantly increased cavitation size
(12.39 ± 0.8 mm3) relative to the cavitation sizes in the con-
tusion-only (p = 0.0175) and dural allograft (p = 0.011) groups
at this time point (Fig. 5).

Functional Recovery
The Grip Strength Meter has been shown to provide sensitive,
quantifiable, and reproducible measurements of forepaw strength
following cervical spinal cord injury in the rat12,14,15. Pathways
involved in the grip strength task and their role in recovery are
currently being elucidated14.

The preinjury Grip Strength Meter measurements
showed no significant differences among the groups. The Grip
Strength Meter measurements performed ten days following
the spinal cord injury showed that the animals that had re-
ceived a dural allograft had better (but not significantly better)
strength than the animals that had received a contusion injury
alone. The difference between these groups was significant at
fourteen days (mean and standard deviation, 92.4 ± 18.4 g
compared with 63.4 ± 6.9 g, p = 0.006), sixteen days (102.2 ±
19.9 g compared with 75.4 ± 20.2 g, p = 0.042), eighteen days
(115.2 ± 18.8 g compared with 83.2 ± 14.9 g, p = 0.0008), and

Fig. 6

Following the injury, the animals that had received a dural allograft following decompression

demonstrated significantly improved Grip Strength Meter values (shown as the mean and standard

deviation) relative to those in the contusion-only and durotomy-only groups (p < 0.05). The

durotomy-only group displayed a significantly worse functional outcome relative to that in the other

groups (p < 0.05). No significant differences in grip strength were found among the groups in the

preinjury period.
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twenty-two days (129.0 ± 12.8 g compared with 100.6 ± 19.4 g,
p = 0.002). Of note, the grip strength values measured at the
final time point (at twenty-four days) revealed no significant
difference (p = 0.0775), with an apparent downward trend in
functional recovery in the dural allograft group (121.2 ± 8.6 g)
relative to the contusion-only animals (108.9 ± 12 g). Al-
though grip strength measurements were not obtained at later
time points, this may indicate a possible end to a trend in
functional recovery.

Animals treated with a decompressive durotomy alone
(without dural allograft transplantation) consistently had the
worst functional outcome after two weeks postinjury. Relative
to the contusion-only group, this group showed a trend toward
poorer grip strength recovery, and this trend was significant at
twenty days (mean and standard deviation, 99.7 ± 18.1 g
compared with 75.8 ± 16.4 g, p = 0.043), twenty-two days
(100.6 ± 19.4 g compared with 77.2 ± 16.9 g, p = 0.0072), and
twenty-four days (108.9 ± 12 g compared with 80.8 ± 18.4 g,
p = 0.0069). No animals in any group achieved complete re-
covery to baseline levels (Fig. 6).

Interpreting the functional relevance of these discrep-
ancies in forelimb motor recovery is difficult, although some
general observations can be made. The animals that displayed
the worst functional outcome at four weeks (the durotomy-
only group [range, 57 to 83 g]) required more frequent hand
feedings and bladder expressions and never regained the ap-
pearance of normally functioning forelimbs. The animals that
displayed the best forelimb grip-strength recovery (the dural
allograft recipients [range, 124 to 144 g]) displayed nearly
baseline forelimb locomotor activity and feeding habits.

Discussion

Many strategies to reduce secondary injury in the setting of
acute spinal cord injury have been proposed with an at-

tempt to address the many involved pathways. However, there
have been few strategies to surgically address the intradural
pathoanatomical changes that contribute to the secondary in-
jury process, including edema, ischemia, and alterations in the
cerebrospinal fluid flow. Decompression of the osseous and soft-
tissue elements (extradural) in the setting of acute spinal cord
injury has long been the focus of early surgical intervention.
Whether it is preferable to perform acute or delayed surgical
decompression remains a topic of intense controversy, as a result
in part of equivocal outcomes in both treatment groups2,16. It is
possible that ‘‘traditional’’ methods of decompression are not
addressing intradural compressive changes that contribute to
secondary spinal cord injury. Our data suggest that duraplasty
following a mild contusion injury results in improved functional
recovery and limits secondary inflammatory infiltration, glial
scar formation, and cystic cavitation. We are not aware of any
previous animal study of the role of decompression of the spinal
cord by means of a durotomy and duraplasty.

Perkins and Deane performed a durotomy decompres-
sion in six patients with an acute spinal cord injury (Frankel
grades A and B)8. They described a distended and pulseless
thecal sac that, following the durotomy, displayed evidence of

vascular decongestion and reperfusion. All patients showed
neurological improvement, and three had complete recovery.

Edema is a well-recognized cause of secondary spinal cord
injury in animals and humans17-23. It has been suggested that,
following spinal cord injury, the swollen spinal cord compresses
the dural elements, resulting in increased intraparenchymal cord
pressure23. This increase in pressure can have a tamponade effect
on the spinal vasculature, initially limiting venous outflow from
the spinal cord and ultimately exacerbating an already hostile
ischemic environment. It is probable that this environment
existed in our model. In the animals that received a decom-
pressive durotomy, the spinal cord appeared to herniate partially
through the durotomy site following the decompression, indi-
cating substantial parenchymal edema.

Alterations in cerebrospinal fluid flow and pressure hy-
drodynamics and their contribution to ischemia and paren-
chymal edema in the face of acute spinal cord injury are of
great interest. Following spinal cord injury, the resulting spinal
cord swelling and any sustained external pressure may block
normal cerebrospinal fluid flow24. The resulting rise in intra-
dural pressure may further perpetuate spinal cord edema be-
cause of altered pressure gradients and limitations in regulating
fluid balance secondary to altered vascular flow. Decreasing
intrathecal pressures by cerebrospinal fluid drainage in the
setting of acute spinal cord injury has been explored. Animal
studies have shown potential tissue protective qualities fol-
lowing acute spinal cord injury although the effects on spinal
cord perfusion and functional recovery are yet to be clearly
defined25. Recently, a prospective randomized clinical trial was
conducted to evaluate the role of cerebrospinal fluid drainage
during the acute phase of spinal cord injury26. Our model of
decompression encompasses these principles of reducing in-
trathecal pressures and restoring normal gradients across the
spinal cord in order to improve spinal cord perfusion and limit
secondary ischemia.

The role of maintaining the integrity of the dura in pa-
tients with spinal cord injury has been explored previously.
Iannotti et al. studied the histological response to a laceration-
type spinal cord injury in a rodent model27. They reported that,
relative to animals left with a large dural defect, animals that had
received a dural allograft had decreased lesional macrophage
accumulation, cystic cavitation, and scarring as well as improved
cerebrospinal fluid flow. They hypothesized that maintaining
the continuity of the dura following a laceration injury main-
tained a more physiologic pattern of cerebrospinal fluid flow
and prevented extradural factors from inhibiting neuro-
regeneration and promoting inflammation. In a rodent clip-
compression spinal cord injury model, Fernandez and Pallini
also reported the importance of maintaining dural continuity
to prevent epidural and spinal cord fibroblast proliferation and
scar formation28.

There are limitations to our study design. The spinal
cord injury protocol required a decompressive laminectomy
prior to the production of the contusive spinal cord injury.
This does not mimic a true clinical spinal cord injury scenario,
in which a displaced spinal column may cause the primary
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injury and result in residual cord compression. In our model,
fixation of the transplanted dural allograft was provided by
a fibrin sealant. Its effects on the spinal cord and potential
neuroprotective and anti-inflammatory properties need to be
investigated further. The functional benefits observed in the
animals that had received a duraplasty began at fourteen days
and continued through the twenty-second day postinjury. This
functional recovery appeared to trend downward as the study
period ended. Further investigation is required to determine if
these effects are sustained beyond the four-week time point.
Although we believed that twenty-four animals allocated to each
study group would be adequate to achieve meaningful data, this
assumption was based on previous small-animal spinal cord
injury models; no formal power analysis was performed.

Our data demonstrate that acute decompression of the
spinal cord combined with a duraplasty may limit the degree of
secondary injury in a small-animal model. Both functional and
histological evidence of neuroprotection were evident in the
animals in which dural decompression had been performed
and yet the integrity of the overlying dura had been main-
tained. Although these results are compelling, they are only a
starting point and do not elucidate the mechanism of neuro-
protection. Further definition of the role of durotomy and
duraplasty in patients with spinal cord injury will require a
more comprehensive investigation of the secondary injury events
involved with these treatment strategies.

Cervical spinal cord injury continues to result in dev-
astating long-term disability. Regaining even modest control
of upper-extremity function can have a profound effect on

quality of life. Surgical decompression combined with dura-
plasty after an acute traumatic cervical spinal cord injury may
be an important new way to attenuate secondary injury and
thus warrants further investigation.

Appendix
Figures showing the surgical setup and spinal cord im-
pactor, a flowchart of the study, and gross spinal cord

specimens are available with the electronic version of this ar-
ticle on our web site at jbjs.org (go to the article citation and
click on ‘‘Supporting Data’’). n
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