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Effect of Vascular Endothelial Growth Factor Treatment
in Experimental Traumatic Spinal Cord Injury:
In Vivo Longitudinal Assessment
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Abstract

Vascular endothelial growth factor (VEGF) is thought to provide neuroprotection to the traumatically injured
spinal cord. We examined whether supplementing the injured environment with VEGF45 via direct intraspinal
injection into the lesion epicenter during the acute phase of spinal cord injury (SCI) results in improved outcome.
The effect of treatment was investigated using longitudinal multi-modal magnetic resonance imaging (MRI),
neurobehavioral assays, and end-point immunohistochemistry. We observed on MRI that rats treated with
VEGF;45 after SCI had increased tissue sparing compared to vehicle-treated animals at the earlier time points.
However, these favorable effects were not maintained into the chronic phase. Histology revealed that VEGF¢5
treatment resulted in increased oligodendrogenesis and /or white matter sparing, and therefore may eventually
lead to improved functional outcome. The increase in spared tissue as demonstrated by MRI, coupled with the
possible remyelination and increased neurosensory sensitivity, suggests that VEGF,¢5 treatment may play a role
in promoting plasticity in the sensory pathways following SCI. However, VEGF-treated animals also demon-
strated an increased incidence of persistent allodynia, as indicated on the von Frey filament test.

Key words: behavioral assays; diffusion tensor imaging; magnetic resonance imaging; spinal cord injury; vascular

endothelial growth factor

Introduction

EXOGENOUS ADMINISTRATION of vascular endothelial
growth factor (VEGF) to the traumatically injured spinal
cord has been recently investigated as a potential therapy.
VEGEF is a pro-angiogenic growth factor that also has dem-
onstrated neuroprotective effects (Ferrara et al., 2003; Rosen-
stein and Krum, 2004; Storkebaum et al., 2004). VEGF has
been investigated in models of spinal cord injury (SCI) and
stroke with mixed results. Some studies demonstrated that
VEGEF treatment resulted in improvement after injury (Fac-
chiano et al., 2002; Patel et al., 2009; Widenfalk et al., 2003),
while other studies have found that VEGF treatment exacer-
bated CNS injury (Benton and Whittemore, 2003; Zhang et al.,
2000).

The VEGF family consists of seven members: VEGF-A,
VEGF-B, VEGF-C, VEGF-D, VEGF-E, VEGEF-F, and placental
growth factor (PLGF; Ferrara et al., 2003; Otrock et al., 2007;
Tammela et al., 2005). VEGF-A, the most studied and char-
acterized member of the VEGF family, has additionally been
shown to have neuroprotective effects and encourage neuro-

nal cell growth (Ferrara et al., 2003; Rosenstein and Krum,
2004; Storkebaum et al., 2004). The VEGF-A family can be
further subdivided into at least six isoforms of varying amino
acid numbers: VEGFlzl, VEGF145, VEGF165, VEGF183,
VEGFlgg, and VEGF206. Of these, VEGFlZl, VEGF165, and
VEGF;gy are the major forms secreted by most cells (Tammela
et al., 2005), and VEGF;5 is the most abundant and biologi-
cally active (Zachary, 2005). A previous study demonstrated
that endogenous levels of VEGF¢s are significantly decreased
after SCI (Herrera et al., 2009), and therefore supplementing
the spinal cord with exogenous VEGF may help in the re-
covery process. These characteristics make VEGF;45 an at-
tractive choice for treating injury, yet recent studies
attempting to exploit this specific growth factor have pro-
duced conflicting results. Benton and Whittemore demon-
strated that rats that received an intraspinal injection of
VEGF¢s5 at 72 h post-SCI demonstrated a significant increase
in vascular permeability, extensive infiltration of leukocytes
into the spinal cord, and exacerbation of lesion volume com-
pared to vehicle-treated animals at 6 weeks post-injury
(Benton and Whittemore, 2003). These results prompted the
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authors to conclude that administration of VEGF;45 may ag-
gravate SCI, likely due to its ability to render vasculature
permeable. In contrast, other studies have indicated that
VEGPF45 treatment after injury results in a significant im-
provement in outcome. Widenfalk and colleagues found that
animals treated with a single injection of VEGF¢s5 into the
spinal cord immediately after injury had significantly im-
proved behavior up to 6 weeks after surgery compared to
controls, as well as an increased amount of spared tissue when
compared to both angiostatin-treated and control animals
(Widenfalk et al., 2003). These beneficial effects seen with the
acute delivery of VEGF;¢5 were attributed to the protection
and repair of blood vessels, decreased apoptosis, and poten-
tially protective effects on other cells. Another study by Fac-
chiano and associates also demonstrated that following SCI,
animals receiving VEGF; 5 treatment by direct, acute injection
exhibited a 300% increase in newly formed vessels, and had a
significant reduction in the extent of retrograde corticospinal
tract axonal degeneration with evidence of axonal regenera-
tion (Facchiano et al., 2002). These results collectively provide
evidence that is consistent with the hypothesis that VEGF;¢s5
exerts both vascular and neuroprotective effects after CNS
injury.

The goal of this study was to attempt to resolve some of the
conflicting results from previous studies by determining the
effect of exogenous VEGF4s5 treatment in the acute phase of
SCI. To accomplish this, extensive evaluations of the acute
and long-term effects of treatment were characterized in vivo
using a longitudinal multi-modal approach that includes
magnetic resonance imaging (MRI) and neurobehavioral tests
in the same group of animals. Finally, end-point histological
assessments were performed.

Methods

The protocol used in this study was reviewed and ap-
proved by the Institutional Animal Welfare Committee, and
the guidelines provided in National Institutes of Health (NTH)
Guide for the Care and Use of Laboratory Animals were fol-
lowed.

Animals and spinal cord injury procedure

A total of 30 adult male Sprague-Dawley rats (300-320 g)
were used in these studies. The animals were divided into two
groups (n=15/group): group 1 animals were treated with
VEGF;45 that was injected directly into the spinal cord, and
group 2 animals received an injection of sterile saline (vehicle).
The surgical procedures were performed as previously de-
scribed (Sundberg et al., 2010). Briefly, the animals were an-
esthetized with isoflurane, intubated, and maintained under
anesthesia with a mixture of isoflurane, oxygen, and air that
was administered through a rodent ventilator (model 683;
Harvard Apparatus, Holliston, MA). A laminectomy was
performed at thoracic level 7 (T7), and a 150-kdyn force was
delivered to the exposed spinal cord using an Infinite Horizon
Impactor (Precision Systems and Instrumentation, LLC, Lex-
ington, KY). Immediately following SCI, a single 1.5-uL dose
of either human recombinant VEGF¢5 (4 ug/mL, cat. no. 293-
VE; R&D Systems, Minneapolis, MN) or sterile saline was
injected into the lesion epicenter via a glass pulled-tip pipette
driven by a picospritzer (Parker Hannifin Corporation, Fair-
field, NJ). The needle tip was inserted 1 mm from the surface
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of the spinal cord. We used the same concentration of VEGF45
that was employed in a previous study (Widenfalk et al.,
2003). Further reference to VEGF in this article refers solely to
the VEGF45 isoform.

A 11x35-mm rectangular radio frequency (RF) coil was
implanted over the spinal column, centered on the site of in-
jury (Deo et al., 2006; Fenyes and Narayana, 1998; Sundberg
et al., 2010), held in place with two sutures, and tuned to the
operating frequency of the MRI scanner. The overlying mus-
cles were sutured and the skin was closed. During the MRI
scans the RF coil was inductively coupled to a 35x40-mm
external surface coil that was placed under the animal’s back.

The animals received subcutaneous injections of enro-
floxacin (Baytril-100; 100 mg/mL, 2.5 mg/kg; Bayer Health-
care LLC Animal Division, Shawnee Mission, KS) twice a day
for 3-5 days, and buprenorphine (0.01 mg/kg; Hospira, Inc.,
Lake Forest, IL) and saline twice daily for 5 days. Their
bladders were manually voided twice daily until the return of
spontaneous urination. The animals were housed in pairs in
plastic cages, had free access to food and water, and were
maintained on a 12-h light/dark cycle.

Animal MRI preparation

The animals underwent spinal cord MRI on post-surgery
days 7, 14, 28, 42, and 56. They were intubated and anesthesia
was maintained with the Harvard Apparatus rodent venti-
lator. The respiration and rectal temperature were continu-
ously monitored throughout the experiments using a
physiologic monitoring unit (model 1025; SA Instruments,
Inc., Stonybrook, NY), and the oxygen levels and heart rate
were tracked with a pulse oximeter (model 8600V; Nonin
Medical Inc., Plymouth, MN). Throughout the scan, the ani-
mal’s body temperature was maintained at 37°C with a
feedback controlled heating system (model 11007B, SA
Instruments).

MRI protocol

All MR studies were carried out with a URS 70/30
horizontal bore 7T MRI scanner (Bruker Biospec, Karlsruhe,
Germany) as previously described (Sundberg et al., 2010).
High-resolution images were acquired using the rapid acqui-
sition by relaxation enhancement (RARE) sequence. Thirty-
five 1-mm-thick contiguous and interleaved axial slices were
acquired using the following parameters: RARE factor=4,
TE,/TE,/TR=21.2/63.6/3150msec, image matrix=256x256,
square FOV =2.62 cm.

Diffusion tensor imaging (DTI) was used in these studies to
evaluate the white matter fiber tracts. The geometry that was
utilized was identical to that used in the RARE sequence.
DTI was performed using a spin echo echo planar imaging
(EPI) readout sequence with 4 shots, TR/TE=3000 msec/
39.73msec, receiver bandwidth of 200kHz, a gradient en-
coding scheme with 21 positive and negative encoding di-
rections that was balanced and unbiased (42 gradient
encoding directions total; Madi et al., 2005), acquisition matrix
of 128 x128, and images were reconstructed to 256 x 256.

Evaluation of MRI lesion volume

The RARE images were used to identify and quantify lesion
volumes. In the acute phase of SCI, edema appears bright
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(hyperintense) and hemorrhage appears dark (hypointense)
on T2-weighted MRIL. However, in the chronic stages of injury,
hyperintense lesions are associated with demyelination and
hypointense lesions are associated with necrosis (Weirich
et al., 1990). Image-Pro Plus 5.1 software (Media Cybernetics,
Inc., Silver Spring, MD) was used for the lesion volume
analysis. Individual intensity thresholds for hypointense and
hyperintense lesions were previously established by analyz-
ing data from uninjured animals (Sundberg et al., 2010). The
thresholds were applied to the spinal cord and the total area of
hyper- and/or hypointense lesion was recorded for each of
the image slices. The lesion volume was calculated for each
image slice, and the total lesion volume for the hyper- and
hypointense lesions was determined by summing the vol-
umes for all MRI image slices. Lesion volumes were assessed
at each time point in order to evaluate the temporal evolution
of injury.

DTI data processing

Diffusion-weighted images (DWI) were post-processed
using a processing pipeline that was developed under IDL
(ITT Visual Information Solutions, Boulder, CO) to minimize
ghosting and noise artifacts (Bockhorst et al., 2010a, 2010b,
2008). Briefly, a digital tuning program corrected the ghosts in
the time domain (Ye and Xiang, 2007), then the corrected data
were reconstructed using the FRECO macro in ParaVision on
the Bruker MRI scanner. The ghosted magnitude images were
then replaced by the unghosted images, cropped to a 71x71
matrix to reduce the amount of data processing, and the data
were filtered using a Rician filter (Hahn et al., 2004, 2005). The
extrameningeal tissues were manually cropped using MRIcro
(http://www.cabiatl.com/mricro/mricro/index.html), and
this mask was applied to images acquired with all other en-
coding directions and to the b0 images (images acquired
without the application of diffusion gradients) for spinal cord
extraction. The diffusion-weighted images were warped to
the corresponding b0 images using AIR (align_warp, 3D,
model 2; Woods et al., 1998) to minimize image distortions by
the eddy currents induced by strong diffusion gradients. Fi-
nally, the data were exported to DTI Studio (Jiang et al., 2006;
http://cmrm.med.jhmi.edu/). All the steps, aside from the
application of the mask, were fully automatic and were pro-
cessed as batch jobs.

Evaluation of white matter fiber tracts

Fractional anisotropy (FA), transverse diffusivity (/r), and
longitudinal diffusivity (/1) maps were generated using DTI
Studio, and the “ROI Manager” of Image] software (http://
rsb.info.nih.gov/ij/) was used for region-of-interest (ROI)
analysis for each of the DTI measures. Methods described
previously (Deo et al., 2006; Sundberg et al., 2010) were used
to determine values for each of the DTT measures in specific
regions within the spinal cord white matter. Briefly, elliptical
ROIs were placed in the ventral, dorsal, and right and left
lateral white matter regions, and the DTI measures were re-
corded for each area.

A total of 21 mm of spinal cord tissue was assessed and
divided into regions as previously detailed (Sundberg et al.,
2010). For the DTI analysis only, the epicenter region was not
included because the loss of tissue architecture made it nearly
impossible to distinguish between gray and white matter.
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Neurobehavioral assays

The animals underwent neurobehavioral assays of open-
field locomotion (Basso et al.,, 1995), inclined plane perfor-
mance (Rivlin and Tator, 1977), grid walk (Bresnahan et al.,
1987), von Frey filament test (Peng et al., 2006), and measures of
activity using the Photobeam Activity System (PAS) with
Flexfield (San Diego Instruments, Inc., San Diego, CA) com-
puterized activity boxes (Mills et al., 2001). All behavioral as-
says were performed on the same days as the MRI scans, prior
to the administration of anesthesia. A complete description of
the assays is provided in Sundberg and colleagues (2010).

Tissue processing and immunohistological staining

To correlate with the final DTI measures, tissue was labeled
with antibodies to phosphorylated neurofilament and oligo-
dendrocytes/myelin. After the final MRI scan on day 56, the
animals were transcardially perfused with 0.1 M phosphate-
buffered saline (PBS) followed by 4% paraformaldehyde. The
spinal cords were removed and post-fixed overnight in 4%
paraformaldehyde, then immersed in 30% sucrose in PBS for
2-3 days at 4°C. The spinal cords were coronally sectioned at
35 um using a cryostat (Leica CM1800; Leica, Bannockburn,
IL) and stored at —20°C in tissue-storing media.

We examined sections (n=8/animal) from areas that were
0.5mm rostral and 0.5mm caudal to the injury epicenter.
Tissue sections were processed as free-floating and incubated
in the following primary antibodies: neurofilament 200-kD
protein (SMI-31R, 1:1000; Covance Inc., Princeton, NJ), and
oligodendrocytes/myelin (MAB 328, 1:1200; Millipore, Bill-
erica, MA). Primary antibodies were diluted with blocking
solution (0.1 M PBS containing 5% goat serum and 0.3% Triton
X-100). Appropriate Alexa Fluor dye-conjugated secondary
antibodies (Invitrogen, Carlsbad, CA) were used at a dilution
of 1:600 in 0.1 M PBS. Tissue sections were viewed and cap-
tured using a Spot Flex digital camera (Diagnostic Instru-
ments, Inc. Sterling Heights, MI) attached to a Leica RX1500
upright microscope, and the images were collected using Spot
software (Diagnostic Instruments, Inc.). The operator acquir-
ing the images was blinded to group assignment.

Immunohistological image analysis

Histology sections were analyzed using ImagePro Plus
software (Media Cybernetics, Inc.) using methods previously
described (Sundberg et al., 2010). Briefly, percent areas of the
histological markers were measured in a defined ROI using
intensity thresholding. Randomly selected tissue sections
from uninjured control animals were examined to determine
normal levels of the fluorescent stain (Sundberg et al., 2010).
ROIs were drawn in the ventral, lateral, and dorsal white
matter in a similar manner to the DTI analysis, and the
thresholds were applied.

Statistical analysis

Statistical analyses were performed using STATA (Inter-
cooled Stata 9.2; StataCorp LP, College Station, TX). The
Wilcoxon rank sum test was used for comparisons between
groups at fixed time points as well as time-point comparisons
within one group; Bonferroni correction was used for multi-
ple comparisons where applicable. The Wilcoxon rank sum
test was chosen for its robustness and lack of distribution
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Examples of magnetic resonance imaging (MRI) rapid acquisition by relaxation enhancement (RARE) images

depicting lesion pathology in vehicle-treated spinal cord at each time point. Images at the epicenter and 1 mm rostral and

caudal to the epicenter slice are shown.

restraints. Generalized estimating equation (GEE) analysis
(Twisk and de Vente, 2002) was used to evaluate the temporal
correlations within each group (Cohen et al., 2009), and
Pearson’s correlation analysis was used to evaluate relations
between end-point histology and MRI and behavioral mea-
sures. All values are reported as mean+standard deviation
unless otherwise stated. Statistical significance was set at
p<0.05, with corrections for multiple comparisons (Bonfer-
roni adjustment).

Results
MRI lesion volume

Figures 1 and 2 demonstrate changes in the hypo- and
hyperintense lesion over time as seen in MRI RARE images of
the vehicle-treated and VEGF-treated animals. In both groups
the hyperintense lesion volume was largest at 7 days post-
injury and subsequently decreased with time (Fig. 3A).
However, there were no significant differences in lesion vol-
umes between VEGF-treated and vehicle-treated animals at

Day 7 Day 14

any time point. Inter-time-point comparisons were performed
for each treatment group to evaluate the behavior of the lesion
over time. Within the VEGF treatment group, there were
significant differences between the hyperintense lesion vol-
ume at day 7 and chronic time points (days 28, 42, and 56;
p<0.0018). Vehicle-treated animals showed a similar signifi-
cant decrease in lesion volume for acute time points (7 and 14
days) compared with chronic time points (days 28, 42, and 56;
p<0.0059). From day 28 onward, the hyperintense lesion
volumes for VEGF-treated and vehicle-treated animals ap-
peared to stabilize.

The VEGF-treated animals had significantly smaller hy-
pointense lesion volumes compared to vehicle-treated ani-
mals (p=0.0026) at days 14 and 28 post-SCI (p=0.0013; Fig.
3B). The significant difference in hypointense lesion volume
between VEGF-treated and vehicle-treated animals dis-
appeared by 42 days post-SCI. Inter-time-point comparisons
for each group indicated that the lesions remained relatively
stable for the first 6 weeks of the study, with no significant
differences between time points; however, at day 56 post-SCI

Day 28

o

FIG. 2. Examples of magnetic resonance imaging (MRI) rapid acquisition by relaxation enhancement (RARE) images
depicting lesion pathology in vascular endothelial growth factor (VEGF)-treated spinal cord at each time point. Images at the
epicenter and 1 mm rostral and caudal to the epicenter slice are shown.
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FIG. 3. Changes in the hyperintense and hypointense lesion
volumes over the course of the 8-week study. (A) The hy-
perintense lesion is representative of edema and demyelin-
ation and indicated no significant differences between VEGEF-
treated and vehicle-treated animals at any time point. (B) The
hypointense lesion, an indicator of hemorrhage and necrosis,
indicated that the VEGF-treated animals had a significantly
lower lesion volume at days 14 (*p=0.0017) and 28
(*p=0.0001). Error bars represent standard deviation (VEGF,
vascular endothelial growth factor).

the VEGF hypointense lesion volume increased and was sig-
nificantly higher than at day 28 (p=0.0040).

Diffusion tensor imaging after spinal cord injury

The DTI measures were evaluated in the slices that were
rostral and caudal to the epicenter, and in three regions of
white matter: dorsal, ventral, and lateral, as shown in Figure
4A. Similar ROIs were used for histological analyses so that
DTI and histology could be compared. As an example, the FA
map of an uninjured cord is shown in Figure 4B. As can be
seen from this figure, the gray matter appears hypointense
relative to the white matter because of its low diffusion an-
isotropy (Madi et al., 2005). Figures 5 and 6 show examples of
FA maps derived from the DTI data in vehicle-treated and
VEGF-treated animals taken from slices located in T5, T6, T8,
and T9 at different time points. The epicenter region (T7) was
not evaluated because of the complete loss of gray matter—
white matter contrast. The hypointense lesions seen in these
figures reflect lower FA that is typically observed in gray
matter and disorganized tissues. As can be seen from these
figures, the tissue architecture appears to be disrupted com-
pared to the normal animal (Fig. 4B), even in regions that are
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FIG. 4. (A) Locations of white matter regions of interest
(ROIs), shown on an anatomical image of an uninjured spi-
nal cord. For both diffusion tensor imaging (DTI) analysis
and histological studies, similar ROIs were placed in the
dorsal, lateral, and ventral white matter regions for com-
parison and correlation analysis. (B) Example of a fractional
anisotropy (FA) map of an uninjured spinal cord. The hy-
pointense region, indicative of low FA value, represents the
gray matter.

away from the epicenter of injury. The values of the DTI
measures showed similar patterns in all three white matter
regions. The FA and /; values decreased with proximity to the
injury epicenter, indicative of increased tissue disruption.
Values for Ar increased proximal to the epicenter, possibly
indicating myelin disruption. All values of FA, /;, and ir
throughout the spinal cord were significantly altered com-
pared to uninjured values (Sundberg et al., 2010), signifying
widespread damage to the white matter tracts.

Table 1 lists the observed significant differences by group
and region. Significant changes in A; were observed at days 28
and 56. At day 28, /. values were decreased in the ventral
(p<0.00001) and lateral (p <0.00001) white matter of VEGF-
treated animals. At day 56 post-SCI, VEGF-treated animals
had significantly lower 4;, values in the ventral (p=0.0011)
and dorsal (p=0.0027) white matter regions. The VEGEF-
treated group had significantly lower dorsal Ar values
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FIG. 5. Examples of fractional anisotropy (FA) maps derived from the diffusion tensor imaging (DTI) analysis of vehicle-
treated animals at each time point. For DTI analysis all slices except the three epicenter slices, which corresponded to T7, were
analyzed. The epicenter was excluded due to the complete loss of gray matter-white matter contrast. These images show
examples of slices taken from T5, T6, T8, and T9. The hypointense regions indicate lower FA values. Note that gray matter
structures have lower FA values than the white matter regions.

compared with vehicle-treated animals (p=0.0019) at day 14.
The VEGF-treated group also had significantly lower Ay val-
ues in the ventral white matter on day 28 (p <0.00001), and in
the lateral (p <0.00001) and dorsal (p=0.0001) white matter at
day 56. There were no significant differences between FA
values for any region at any of the reported time points.

Neurobehavioral and sensory assays

The Basso, Beattie, and Bresnahan (BBB) open-field loco-
motor test was performed at post-injury days 3, 7, 14, 28, 42,
and 56. The results for the BBB test, inclined plane test, and

Day 7 Day 14

Day 28

grid walk test are listed in Table 2. All animals showed a
severely diminished BBB score immediately after SCI, fol-
lowed by an improvement in performance over time. VEGF-
treated animals had an average BBB score of 1.3+£1.68 on day
3 and vehicle-treated animals had a score of 0.7+0.82, while
maximum scores of 13.9+2.19 and 14.6+2.76 were recorded
on day 56. Both groups performed similarly and there were no
significant differences at any time point.

Additional neurobehavioral assays were incorporated once
the animals demonstrated weight support. On day 14 the
VEGF-treated animals could maintain their balance at an
angle of 44.1+5.45° and vehicle-treated animals at an angle of

Day 42 Day 56

FIG. 6. Examples of diffusion tensor imaging (DTI) images in vascular endothelial growth factor (VEGF)-treated animals at
each time point. For DTT analysis, all slices except for the three epicenter slices, which corresponded to T7, were analyzed. The
epicenter was excluded due to the complete loss of gray matter—white matter contrast. These images show examples of slices

taken from T5, T6, T8, and T9.
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TABLE 1. DTI MEASURES FOR ALL REGIONS AND TIME POINTS FOR WHICH SIGNIFICANT DIFFERENCES WERE OBSERVED

Measure Time point VEGF Vehicle p Value
1 Dorsal Day 14 0.35+0.152 0.52+0.248 0.0019
At Ventral Day 28 0.40£0.111 0.46+0.129 <0.00001
A1, Ventral Day 28 1.16£0.233 1.26 £0.200 <0.00001
/1, Lateral Day 28 1.04£0.180 1.15+0.191 <0.00001
/1 Lateral Day 56 0.44+0.195 0.48+0.199 <0.00001
/1 Dorsal Day 56 0.58+0.438 0.63+0.334 0.0001
/1, Ventral Day 56 1.25+0.254 1.21+0.254 0.0011
71, Dorsal Day 56 1.23+0.428 1.32+0.343 0.0027

Values are expressed as the group mean+standard deviation.

/1, longitudinal diffusivity; i, transverse diffusivity; DTI, diffusion tensor imaging; VEGF, vascular endothelial growth factor.

44.7+6.20°. By day 56 the VEGF-treated and vehicle-treated
groups remained on the plane at angles of 49.9+3.23°and
51.6+2.57°, respectively. There were no significant differences
between the two groups throughout the course of the study.

Similarly to the results seen with the BBB and inclined
plane tests, all animals showed some improvement in their
performance on the grid walk over time. At day 14, VEGF-
treated animals had 16.8 +4.07 footfaults, and vehicle-treated
animals had 12.0+£5.45. By day 56 the VEGEF-treated group
improved to 8.2+5.73 footfaults and vehicle-treated animals
to 8.0+£4.69 hindlimb footfaults. There were no significant
differences at any time point.

Animals underwent assessment for allodynia using the von
Frey Filament test. Using the approach previously described
(Nesic-Taylor et al., 2010; Sundberg et al., 2010) for quanti-
fying pain and persistent allodynia, we observed that 33.3% of
VEGF-treated rats expressed persistent allodynia, while sig-
nificantly fewer of the vehicle-treated animals (7.7%; p <0.05)
had chronic allodynia.

The animals were also tested in the computerized activity
box to assess rearing and exploratory behaviors at post-injury
days 14, 28, 42, and 56. The results indicated no significant
differences in rearing or exploratory behavior at any of the
examined time points.

Histological analysis between treatment groups

Immunofluorescence labeling was performed to correlate
with DTI measures. Examples of representative immunoflu-
orescence images of neurofilament and oligodendrocyte/
myelin labels in the dorsal columns are shown in Figures 7

and 8, respectively. Quantitative results for immunolabeling
are also shown in Figures 7 and 8.

The quantitative results for neurofilament indicated that
there were no significant differences between the VEGEF-
treated and vehicle-treated animals at day 56 (Fig. 7).

The antibody labeling for oligodendrocytes/myelin indi-
cated a significant increase in the percentage labeling in the
dorsal (p <0.00001), lateral (p=0.0168), and ventral (p=0.0073)
white matter of VEGF-treated animals compared to vehicle-
treated animals in these white matter columns (Fig. 8).

Correlations with MRI measures

Results of the GEE analysis of DTT data are summarized in
Tables 3 and 4. In the rostral region, VEGF treatment resulted
in significant correlations between the dorsal white matter FA
values and BBB scores ( p=0.010; Table 3). In this same region,
the grid walk performance significantly correlated with A,
(p=0.003) and At (p=0.004) measures. In the ventral ROI
located in the rostral region, performance on the grid walk test
also significantly correlated with Ay (p=0.003).

In the caudal region there were only a few significant cor-
relations between DTI measures and behavioral data (Table
4). In the dorsal white matter of VEGF-treated animals there
were significant correlations between /; and inclined plane
(p=0.010), and At and rearing (p=0.001). In the lateral white
matter there were no correlations between DTI and behavior
for both VEGF-treated and vehicle-treated animals. In the
ventral region there were no significant correlations within
the VEGF group, and grid walk correlated with both FA and
At for the vehicle-treated animals.

TABLE 2. PERFORMANCE OF VEGF-TREATED AND VEHICLE-TREATED ANIMALS ON NEUROBEHAVIORAL TESTING

BBB Inclined plane Grid walk
VEGF Vehicle VEGF Vehicle VEGF Vehicle

Day 3 1.3£1.68 0.7£0.82

Day 7 6.3+2.56 7.1+2.21

Day 14 10.6£2.06 10.8£2.93 44.1+5.45 44.7+6.20° 16.8+£4.07 12.0£5.45
Day 28 13.1+£2.13 13.1£2.70 48.9+4.36° 48.4+4.37° 11.0£3.59 12.4+6.20
Day 42 13.5+£1.95 14.1£2.79 48.1+4.26 49.3+3.02° 9.9+4.68 9.4+4.38
Day 56 13.9+2.19 14.6+2.76 49.9+3.23 51.6+£2.57° 8.2+5.73 8.0+£4.69

BBB performance was assessed at all time points following surgery; inclined plane was incorporated once animals could maintain a weight-
supported stance; grid walk was added once animals could take weight-supported steps. There were no significant differences for all
behavioral assays. All values are expressed as group mean *standard deviation.

BBB, Basso, Beattie, and Bresnahan rating scale; VEGF, vascular endothelial growth factor.
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FIG.7. Representative images of the spinal cord dorsal columns in fluorescently-stained vascular endothelial growth factor
(VEGF)-treated (A) and vehicle-treated (B) tissues at 20x magnification. The tissues were stained with the neurofilament
protein SMI-31R. At post-injury day 56, quantitative analysis of the percentage expression of neurofilament showed no
significant difference in labeling in the dorsal (C), lateral (D), or ventral (E) columns of VEGF-treated animals compared to

vehicle-treated animals.

The results of the GEE analysis of lesion volume are sum-
marized in Table 5. In the VEGF-treated animals there were
significant correlations between the hyperintense lesion vol-
ume and performance on the BBB assay (p <0.0001), grid walk
(p<0.0001), and rearing (p<0.0001). In the vehicle-treated
animals there was only a single correlation, between hyper-
intense lesion volume and the grid walk test. The hypointense
lesion correlated only with performance on the grid walk
assay in VEGF-treated animals (p<0.0001). There were no
correlations between hypointense lesion volume in the vehi-
cle-treated animals and behavioral measures.

Since histological data were collected only at day 56, the GEE
analysis could not performed to examine possible correlations
between histology and DTI and neurobehavioral measures. In-
stead, we used Pearson’s correlation to compare the end-point
histology to neurobehavioral and DTI data for day 56 only. There
were no significant correlations found for any regional histology
measures and behavioral assays in the VEGF-treated animals.

Discussion
Acute treatment with VEGF results in tissue sparing

The results from our study indicate that at days 14 and 28
VEGF-treated animals had significantly less tissue necrosis
than vehicle-treated animals, as determined by the reduction
in the hypointense lesion volumes seen on MRI. Previous
studies have determined that the initial hemorrhage following
injury begins to resolve within the first week (Beattie et al.,
2002; Noble and Wrathall, 1987; Profyris et al., 2004); there-
fore, the hypointense lesion seen at later time points mainly
reflects tissue necrosis (Weirich et al., 1990). The observed
reduction in hypointense lesion volume may be attributed to
the neuroprotective effect of VEGF, resulting in tissue sparing,
and/or its ability to stimulate proliferation of neurons and
axonal sprouting (Brockington et al., 2004; Sondell et al., 1999,
2000). The hypointense lesion volume seen in the VEGF-
treated animals was not significantly different from vehicle-
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FIG. 8. Representative images of the spinal cord dorsal columns in fluorescently-stained vascular endothelial growth factor
(VEGF)-treated (A) and vehicle-treated (B) tissues at 20 x magnification. The tissues were stained with MAB 328 for oligo-
dendrocytes/myelin. Quantitative analysis of the percentage expression of the labeling of oligodendrocytes/myelin was
significantly increased in the (C) dorsal columns of VEGF-treated animals compared to vehicle-treated animals (*p <0.00001).
The percentage expression was also significantly increased in the (D) lateral region (*p=0.0168) and (E) ventral region
(*»=0.0073) of VEGF-treated animals compared to vehicle-treated animals.

treated animals at post-injury days 42 and 56. This suggests
that the beneficial effects of a single acute injection of VEGF
were not sustained. Furthermore, intra-group comparisons
indicated that the hypointense lesion volume in VEGF-treated
animals significantly increased in volume between days 28
and 56 (p=0.0040). It is well known that the secondary injury
continues to spread well into the chronic phase of injury
(Hagg and Oudega, 2006). It is possible that delivery of VEGF
in the acute phase of SCI delays the spread of injury due to its
neuroprotective effects, but these effects are not maintained
and eventually the secondary injury processes rebound and
exacerbate the injury. It is possible that multiple treatments
with VEGF may help sustain the improvement.

Histological measures were performed only at the conclu-
sion of the MRI experiments on day 56. The MRI data for that
time point indicated that there were no significant differences
in the total hypointense lesion volume between the two

groups of animals. Consistent with these findings, the histo-
logical labeling for neurofilament showed no significant dif-
ferences between the VEGF-treated and vehicle-treated
groups in any region. At earlier time points where MRI
showed significantly smaller hypointense lesions in the
VEGF-treated group, we speculate that we would have ob-
served a significant increase in positive neurofilament stain-
ing to indicate spared tissue or neurogenesis; however, that
has yet to be confirmed.

Acute delivery of VEGF does not significantly
alter the volume of the hyperintense lesion

The MRI hyperintense lesion reflects edema in the early
stages of injury (Weirich et al., 1990). Studies in cats and
monkeys have shown that edema occurs within 30 sec of in-
jury and becomes prominent within 5min (Demediuk et al.,
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TABLE 3. CORRELATIONS BETWEEN DTI MEASURES
FROM THE ROSTRAL REGION OF THE SPINAL CORD
AND NEUROBEHAVIORAL ASSAYS

Rostral region

VEGF Vehicle
Dorsal FA-BBB p=0.010 /; - BBB p=0.004
/-GW  p=0003 Jir-IP p=0.002
/r-GW  p=0.004
Lateral FA - 1P p<0.0001
FA - rearing  p<0.0001
/1, - BBB p=0.008
/1 - GW p=0.001
S - 1P p=0.001
Ventral /ip-GW  p=0.003 FA - BBB p=0.008
FA - IP p=0.010
FA - Rearing  p<0.0001
/1 - BBB p=0.001
J - 1P p=0.009

At - Rearing ~ p=0.001

Generalized estimating equation (GEE) analysis was used to
correlate behavioral assay data with DTI measures in the dorsal,
lateral, and ventral white matter areas.

BBB, Basso, Beattie, and Bresnahan test; IP, inclined plane test,
GW, grid walk test; FA, fractional anisotropy; A, longitudinal
diffusivity; Ar, transverse diffusivity; DTI, diffusion tensor imaging;
VEGEF, vascular endothelial growth factor.

1987; Nolan, 1969; Sharma, 2005; Yashon et al., 1973). Edema
has been shown to start to regress by 9 days post-SCI in cats
(Reulen, 1976, 1977, Sharma, 2005). However, in humans
significant edema has been observed to persist for weeks
following injury (Goldsmith, 1999).

In our study, the hyperintense lesion was largest on day 7
and decreased with time. There were no significant differ-
ences in the hyperintense lesion volume between the VEGF-
treated and vehicle-treated animals at any time point. Because
contusive SCI elicits an overwhelming response within the
tissue and causes massive disruption of the vasculature and
production of edema, it is possible that the treatments had
little measurable impact on the overall volume of edema at the
early time points. Alternatively, VEGF may actually increase
edema due to its permeabilizing effect on the vasculature, but

TaBLE 4. CORRELATIONS BETWEEN DTI MEASURES
FROM THE CAUDAL REGION OF THE SPINAL CORD
AND NEUROBEHAVIORAL ASSAYS

Caudal region

VEGF Vehicle
Dorsal A -1IP p=0.010
At - rearing  p=0.001
Ventral FA-GW  p=0.007
/7 - GW p=0.005

Generalized estimating equation (GEE) analysis was used to
correlate behavioral assay data with DTI measures in the dorsal,
lateral, and ventral white matter areas.

IP, inclined plane test, GW, grid walk test; FA, fractional
anisotropy; /A, longitudinal diffusivity; Ay, transverse diffusivity;
DTI, diffusion tensor imaging; VEGF, vascular endothelial growth
factor.
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TABLE 5. CORRELATIONS BETWEEN LESION VOLUME
AND NEUROBEHAVIORAL ASSAYS

VEGF

BBB GW  IP VF Rearing

Hypointense volume p<0.0001

Hyperintense volume p <0.0001 p<0.0001 p<0.0001
Vehicle
BBB GW  IP VF Rearing
Hypointense volume
Hyperintense volume p=0.006

Generalized estimating equation (GEE) analysis was used to
correlate the longitudinal hypointense and hyperintense lesion
volume values from each treatment group with behavioral assay
data.

BBB, Basso, Beattie, and Bresnahan test; IP, inclined plane test,
GW, grid walk test; VEGF, vascular endothelial growth factor; VF,
von Frey filament test.

may spare the myelin. Edema and myelin have opposing ef-
fects on hyperintense lesions (Weirich et al., 1990), therefore
there may not be any detectable change in the hyperintense
lesion volume. While no histology was performed at time
points before 56 days post-SCI to confirm this possibility, the
histological stains indicated that VEGF-treated animals had
significantly increased markers for myelin and oligodendro-
cytes at day 56.

Though there were no differences between the groups at
individual time points, comparisons of lesion volume within
each group indicated that the hyperintense lesion in both the
VEGF-treated and vehicle-treated animals significantly de-
creased between early and chronic time points, and that a
plateau was reached by day 28. This suggests that at post-
injury day 28 the edema had resolved, and any remaining
hyperintense lesion could be attributed to demyelination.

VEGF treatment may result in oligodendrogenesis

Immunohistochemical analyses using a marker that binds to
both myelin and oligodendrocytes showed a significant in-
crease in labeling in the VEGF-treated animals compared to the
vehicle-treated animals. It is possible that acute treatment with
VEGF may actually result in an increased number of oligo-
dendrocyte progenitors. A recent study by Kim and associates
(2009), found that transplantation of F3.VEGF cells, which are
immortalized human NSC cells that are retrovirally transduced
to overexpress VEGF, following SCI significantly increased the
number of NG2* glial progenitor cells 2 weeks after injury, and
that these proliferating progenitor cells differentiated into oli-
godendrocytes by 6 weeks post-injury (Kim et al., 2009). The
authors concluded that the increased number of glial progenitor
cells and oligodendrocytes could stimulate remyelination and
lead to improved functional recovery. Alternatively, the in-
creased fluorescent staining of the myelin and oligodendrocyte
marker in the VEGF-treated animals compared to vehicle con-
trols may indicate enhanced sparing of white matter, as ob-
served in a previous VEGF study (Widenfalk et al., 2003).

In the current studies we did not observe significant dif-
ferences in the performance of VEGF-treated versus vehicle-
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treated animals for any of the behavioral tests. However,
improvements in neurobehavioral outcome may potentially
occur at a time point later than 56 days post-SCI.

Effects of acute VEGF treatment on white
matter fiber tract integrity

The DTI data provided information on the state of axonal
and myelin integrity. No significant differences between
measures of FA for the VEGF-treated and vehicle control
groups were found. FA is a measure of the overall anisotropy
of water molecules within the tissue, and provides a general
indicator of the state of the white matter; however, FA does
not provide specific information about underlying tissue pa-
thology. The measures of 1, and Ay provide more specific
information about axonal loss and myelin integrity (Budde
et al., 2009; Deo et al., 2006; Herrera et al., 2009; Song et al.,
2002, 2005).

In these studies, significant differences in /;, and At values
were found for the VEGF and vehicle animals at several time
points. It was observed that at days 28 and 56 post-injury, the
/1, values in VEGF-treated animals were decreased compared
to those in vehicle-treated animals. Previous studies have
found correlations between A, and axonal integrity (Budde
et al., 2007, 2009; DeBoy et al., 2007; Kozlowski et al., 2008;
Song et al., 2002, 2005), therefore these results suggest that
treatment of SCI with VEGF leads to further disruption of the
white matter tracts. However, end-point histology showed no
significant differences between the two groups in the per-
centage expression of phosphorylated neurofilament present
within the tissue. We previously reported that it is possible
that SCI affects the DTI measures in a complex manner, so that
the Ay values are not solely attributable to neuronal integrity
(Sundberg et al., 2010). For example, the 41, values may also be
affected by the caliber of the axons (Harsan et al., 2006). It is
therefore possible that VEGF treatment resulted in a reduction
in axonal caliber, rather than axonal loss, which resulted in
lower /;, values. Alternatively, VEGF is known to promote
axonal outgrowth and thus may induce random axonal
sprouting, which reduces axonal coherence.

It was also observed that At was significantly decreased in
VEGF-treated animals compared to vehicle-treated animals as
early as 14 days post-SCL This suggests that the VEGF-treated
animals have improved myelin integrity compared to the ve-
hicle-treated animals. Histological analysis showed that VEGF-
treated animals had significantly increased levels of myelin and
oligodendrocytes at day 56. It is possible that VEGF treatment
resulted in better preservation of myelin following SCI, as intact
myelin sheaths help to constrain the diffusion of water within
the fiber tracts, and result in decreased /Ay values. Alternatively,
as mentioned in reference to the hyperintense lesion, it is pos-
sible that the VEGF-treated animals had increased numbers of
oligodendrocytes rather than spared myelin. The increased
presence of oligodendrocytes in the VEGF-treated spinal cords,
which occupy the spaces left by the reduced-caliber axons, may
also result in decreased /r values, and suggest the potential for
future remyelination.

Acute VEGF treatment of SCI does not affect
functional outcome and may lead to chronic allodynia

In these studies, no differences were observed for the
neurobehavioral tests of functional recovery within the 56-
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day time period. It is possible that VEGF treatment may
elicit significant changes in outcome at later time points;
however, this has yet to be confirmed. The increased
numbers of oligodendrocytes seen within the VEGF-treated
spinal cords potentially indicate that remyelination may
occur, and lead to an eventual improvement in functional
outcome.

We chose to incorporate the von Frey test for mechanical
allodynia in these studies, as many SCI patients develop
chronic pain (Dijkers et al., 2009). While there were no ob-
servable differences between the two groups in performance
on sensorimotor tasks, significant differences in outcome
emerged in the von Frey filament test for mechanical allody-
nia. It was observed that a small subset of vehicle-treated
animals developed chronic allodynia after SCI; however,
significantly more VEGF-treated animals exhibited allodynia.
Taking into account the increased volume in spared tissue as
determined by MRI, coupled with the potential for re-
myelination, it is possible that VEGF treatment may play a
role in promoting plasticity in sensory pathways that may
lead to chronic pain conditions. The potential mechanisms
underlying this phenomenon were further explored by Nesic
and colleagues (Nesic-Taylor et al., 2010).

After completion of this article, a study examined the
repeated intrathecal administration of VEGF after injury,
beginning 24 h after injury and lasting for 7 days. The re-
sults from that study indicated that using that particular
route of administration resulted in a significant decrease in
mechanical allodynia with hindpaw stimulation (van
Neerven et al., 2010). Our own study indicated that there
was a significant increase in forepaw hypersensitivity of
VEGF-treated animals (Nesic-Taylor et al., 2010). The dif-
ferences in these results may be attributable to the routes of
administration, and should be considered in future SCI
studies using VEGF.

Correlations between MRI measures
and neurobehavioral assays

Correlation analysis between DTI measures, neurobeha-
vioral outcome, and histology provided mixed results. Sev-
eral issues likely affected the ability to determine consistent
correlations between DTI measures, histology, and neurobe-
havioral performance. One issue is that the behavioral assays
involve the coordination of multiple spinal cord tracts that are
not exclusively located in one region of white matter; there-
fore a direct correlation may not exist with DTI or histology
measures from a single white matter region (ventral, lateral,
or dorsal). Additionally, a single ROI may actually encompass
more than one white matter tract, and may result in a loss of
correlation with the behavioral assay.

Comparisons between hyperintense and hypointense le-
sion volumes and performance on neurobehavioral assays
also provided mixed results for the treatment groups. The
VEGF-treated group had longitudinal correlations between
the hyperintense lesion and performance on the BBB and grid
walk assays, as well as with the number of rearing events;
vehicle-treated animals only showed significant correlations
between hyperintense lesion volume and grid walk perfor-
mance. There were no significant differences in performance
between the injured groups on these assays, and all animals
improved over time, while showing a simultaneous reduction
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in hyperintense lesion volume. Studies have shown that
edema can remain in the tissue for over 2 weeks after SCI
(Demediuk et al., 1987; Mihai et al., 2008; Nolan, 1969; Shar-
ma, 2005), and it is known that a relationship between edema
and cord swelling exists (Mihai et al., 2008). The improved
performance on behavioral tasks in our study was likely due
to a reduction in spinal cord swelling and pressure on the fiber
tracts. However, MRI hyperintensity is also known to reflect
demyelination, and therefore remyelination would have the
opposite effect on hyperintense lesions. As remyelination
occurs, the hyperintense lesion volume could decrease and
result in improved performance on behavior tasks. While
there are no histological data providing information about the
degree of myelination within the tissue at early time points,
the data suggest the presence of oligodendrocytes at day 56.

In the vehicle-treated animals the hypointense lesion vol-
ume did not correlate with neurobehavioral outcomes; how-
ever, VEGF-treated animals showed a correlation between the
hypointense lesion and performance on the grid walk test.
VEGF-treated animals had increased tissue sparing at certain
time points compared to the vehicle-treated animals, and
therefore this correlation may relate to better maintenance of
spinal cord tracts involved in the grid walk task.

Conclusions

Previous studies have provided conflicting information
regarding the therapeutic benefits of VEGF;¢s5 treatment fol-
lowing SCI. The discrepancies in the results may be attributed
to a number of factors, that include differences in injury
protocols, the type and/or severity of injury, dosage, method
of delivery, timing of delivery, and duration of treatment.
Based on the results from this study, acute administration of
VEGF;¢5 after SCI appears to attenuate cavity formation, re-
sults in tissue sparing, and may result in oligodendrogenesis.
VEGF;¢5 may increase perfusion and help to promote an en-
vironment that is permissive to axonal regrowth. However,
VEGF45 treatment may also play a role in promoting
plasticity following SCI, which may lead to chronic pain
conditions.
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