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Anti-CD11d Integrin Antibody Treatment Restores Normal
Serotonergic Projections to the Dorsal, Intermediate, and
Ventral Horns of the Injured Spinal Cord
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Spinal serotonergic pathways provide inhibitory and excitatory modulation of sensory, autonomic, and motor processing. After spinal
cord injury (SCI), the acute inflammatory response is one process that damages descending pathways. Increases in serotonergic fiber
density in spinal segments rostral and decreases caudal to the lesion have been observed previously and may contribute to neuropathic
pain and motor dysfunction associated with SCI. We investigated the effect of an acute anti-inflammatory treatment on the density of
serotonergic fibers rostral and caudal to a thoracic SCI lesion. This treatment, a monoclonal antibody to the CD11d subunit of the
leukocyte CD11d/CD18 integrin, limits the trafficking of neutrophils and macrophages into the SCI site. In the dorsal horn, after treat-
ment, the typically increased serotonin immunoreactivity rostral to injury was reduced, whereas that caudal to the lesion increased
toward normal. Coincidently, mechanical allodynia in the dorsal trunk and hindpaws was significantly reduced. Increased serotonergic
fiber density below the lesion also occurred in the intermediolateral cell column and ventral horn of treated rats, relative to controls.
Improved locomotor recovery paralleled this increased serotonin. The treatment increased compact myelin in and near the lesion
epicenter and increased serotonergic fiber bundles coursing around part of the lesion but had no consistent effect on the number of
raphe–spinal neurons retrogradely labeled by tracer injection below the injury. In conclusion, this anti-CD11d integrin antibody treat-
ment is neuroprotective after SCI, corresponding with improved patterns of intraspinal serotonergic innervation. The improvement in
serotonergic fiber projections paralleled reduced mechanical allodynia and enhanced locomotor recovery.
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Introduction
Spinal cord injury (SCI) leads to loss of descending serotonergic
[5-hydroxytryptamine (5-HT)] control of several populations of
spinal neurons. Spinal serotonergic projections from the nucleus
raphe magnus (NRM) synapse in the dorsal horn, causing inhi-
bition or facilitation of pain signaling that depends on the recep-
tor that is stimulated (Calejesan et al., 1998; Bardin et al., 2000).
Serotonergic neurons within the nuclei raphe obscurus and pal-
lidus target sympathetic preganglionic neurons in the interme-
diolateral cell column (IML), contributing to autonomic regula-
tion (Allen and Cechetto, 1994; Jacobs et al., 2002). Descending
serotonergic axons also provide excitatory input to ventral horn
�-motoneurons (Saruhashi et al., 1996). Thus, loss of descending
serotonergic inputs caudal to the lesion site contributes to neu-

ropathic pain and motor dysfunction after SCI (Saruhashi et al.,
1996; Hains et al., 2002) and, potentially, to autonomic
dysfunction.

In addition to loss of serotonergic axons below the lesion level,
a marked increase in the area of serotonergic immunoreactivity
(5-HT-IR) occurs in the dorsal horn of spinal segments immedi-
ately rostral to the injury (Bruce et al., 2002; Inman and Steward,
2003). These segments correspond with dermatomes in which a
band of mechanical allodynia often develops (Tasker, 1990; Vi-
erck et al., 2000). This at-level pain can be attributed to the in-
creased serotonin because it is blocked by the 5-HT3 receptor
antagonist ondansetron (Oatway et al., 2004). In contrast, neu-
ropathic pain caudal to an SCI can be caused by loss of seroto-
nergic actions on 5-HT1 and 5-HT2 receptors (Hamon and Bour-
goin, 1999; Hains et al., 2002). Therefore, both plasticity of
descending serotonergic fibers above an injury and their loss be-
low the injury contribute to neuropathic pain after SCI.

The severity of an injury depends, in part, on secondary events
that include inflammation and oxidative damage (Bethea and
Dietrich, 2002). During the early inflammation, neutrophils and
monocyte/macrophages infiltrate the lesion, releasing proin-
flammatory cytokines and chemokines and generating free radi-
cals, ultimately resulting in secondary tissue necrosis and scar
formation (Popovich et al., 1999; Plunkett et al., 2001). We have
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shown that an early anti-inflammatory treatment (Mabon et al.,
2000; Saville et al., 2004) enhances motor and autonomic recov-
ery and also decreases mechanical allodynia both at and below the
level of the lesion (Gris et al., 2004). This treatment, a monoclo-
nal antibody (mAb) to the CD11d subunit of the leukocyte
CD11d/CD18 integrin, blocks leukocyte infiltration through the
blood–CNS barrier, reducing neutrophil and macrophage num-
bers at the lesion site (Saville et al., 2004). We speculated that this
treatment decreased chronic pain and improved motor and au-
tonomic function, in part, by preventing the respective increases
and decreases in serotonergic input to neurons rostral and caudal
to a moderate SCI. To test this hypothesis, we assessed the density
and distribution of 5-HT-immunoreactive fibers in the dorsal,
intermediate, and ventral horns in sham-injured, vehicle-treated,
and anti-CD11d mAb-treated rats. Retrograde tracing was used
to determine the raphe–spinal connections caudal to the injury,
and areas of spared compact myelin were determined. Changes in
at-level and below-level mechanical allodynia and in motor per-
formance were also evaluated.

Materials and Methods
Surgical procedures and treatment paradigm
All experimental procedures were approved by the University of Western
Ontario Animal Care Committee in accordance with the Canadian Guide
to Care and Use of Experimental Animals. Forty-seven male Wistar rats
(Charles River, Ontario, Canada) weighing 220 –350 g were housed in-
dividually. Before surgery, animals were medicated with diazepam (3.5
mg/kg, i.p.; Sabex International, Boucherville, Quebec, Canada) and at-
ropine (0.05 mg/kg, s.c.; Sigma, St. Louis, MO) as described previously
(Weaver et al., 2001) and anesthetized with 2.0% halothane.

A dorsal laminectomy was performed, removing the dorsal processes
of the 10th and 11th thoracic vertebrae and exposing the 12th–13th
thoracic spinal cord segments. Using a modified aneurysm clip calibrated
to generate a force of 35 g, the cord was compressed dorsoventrally for
60 s in 41 rats. This calibrated force produces a “moderate” SCI. We have
previously characterized the pathology and functional recovery of a
moderate injury in comparison with severe injury (Bruce et al., 2002; Gris
et al., 2004). Care was taken to place the clip around the cord without
disrupting the dura mater or adjacent dorsal roots. In animals receiving
sham injury (n � 6), the dorsal processes of the 10th and 11th thoracic
vertebrae were removed without exposing the spinal cord. The muscle
and skin were closed in layers, and the animals recovered under a heat
lamp. Postoperative care was provided using antibiotics administered
subcutaneously (Baytril, 50 mg/ml; Bayer, Toronto, Ontario, Canada)
and 5 ml of subcutaneous 0.9% normal saline twice daily for 3 d. The
animals were housed on extra bedding to prevent the development of
pressure and friction sores. Urinary bladders were manually emptied by
abdominal compression twice daily until spontaneous voiding returned
in 7–10 d.

After surgery, the rats were blindly assigned to one of two treatment
groups. The treated group (n � 19) received the anti-CD11d mAb (1.0
mg/kg; gift from the ICOS Corporation, Bothell, WA), whereas a second,
vehicle-treated control group received equivalent volumes of 0.9% nor-
mal saline (n � 22). The treated rats received the antibody or saline at 2,
24, and 48 h after SCI, intravenously via the tail vein.

Retrograde labeling of neurons in the raphe nuclei
The retrograde tracing method used to label cell bodies within the raphe
nucleus has been described previously (Fehlings and Tator, 1995; Joshi
and Fehlings, 2002). Three weeks after the clip-compression injury, a
laminectomy was performed caudal to the original spinal injury site,
removing the dorsal process of the third lumbar vertebra. Using a #11
scalpel blade, the dura and cord were transected at the fourth lumbar
segment. Microscissors were used to eliminate any residual tissue con-
nection at the transection site. A 3 � 3 mm Gelfoam pledget (Amersham
Biosciences, Mississauga, Ontario, Canada) was used to absorb 7.5 �l of
4% Fluorogold (hydroxystilbamidine; Fluorochrome, Englewood, CO).

Once bleeding was controlled, the Gelfoam pledget was placed at the
transection site against the proximal stump of the cord. Dispersion of the
Fluorogold was minimized by applying petroleum jelly over the transec-
tion site. The rats survived for 7 d after transection to allow the tracer to
be transported to the medulla. To ensure that the Fluorogold traveled
through the lesion site and to the medulla via retrograde axonal transport
and not by passive dispersion through the CSF, a control injury was used
in which the cord was transected at the junction of the 12th and 13th
thoracic segments rather than compressed (n � 3). The tracer was then
applied at the fourth lumbar segment as described previously.

Tissue preparation and processing
Perfusion of rats. One month after surgery, all rats were deeply anesthe-
tized with urethane (2.5 g/kg, i.p; Sigma) and perfused as described pre-
viously (Bruce et al., 2002). Tissue used for 5-HT processing (T9 –11 and
L2– 4 sections) was cut with a cryostat into 30 �m transverse sections.
Longitudinal serial sections of the lesion area for 5-HT processing were
cut at 25 �m and thaw-mounted on gelatin-coated slides. Tissue used for
lesion assessment (T12–L1 scar) was serially sectioned at 20 �m in the
transverse plane and thaw-mounted onto slides. The brainstem was re-
moved using sterotaxic coordinates as described previously (Paxinos and
Watson, 1986). Using a #11 scalpel blade, dorsoventral cuts were made
using the corticocerebellar junction as a rostral reference and the sixth
cerebellar lobule as a caudal axis reference. The brainstem was cut with a
cryostat into 30 �m transverse sections and serially mounted onto slides.

Lesion myelin assessment. Serial sections of tissue encompassing the
lesion epicenter and areas 2.8 mm rostral and caudal were stained with
Luxol fast blue dye (Ainge et al., 1969). This permitted identification of
tightly packed, nondegraded myelin and provided an assessment of the
lesion site integrity and cavitation spread in the rostral and caudal
directions.

Immunohistochemistry. Floating transverse sections of spinal cord
were blocked for 60 min in Tris PBS plus 0.3% Triton X-100 (TPBS-X)
containing 10% normal goat serum (NGS). Sections were then incubated
for 72 h in a 1:20,000 dilution of a rabbit anti-5-HT polyclonal antibody
(Diasorin, Stillwater, MN) in TPBS-X containing 1% NGS. The tissue
was then incubated in a 1:250 dilution of biotin-conjugated goat anti-
rabbit antibody (Jackson ImmunoResearch, West Grove, PA) for 12 h
followed by extravidin–peroxidase for 4 h, and immunoreactivity was
revealed using nickel-enhanced diaminobenzidine. Several sections were
processed without the primary antibody incubation step to verify a lack
of nonspecific staining.

Longitudinal sections of the lesion area and of the brainstem were
processed on slides, and serotonin was detected by immunofluorescence.
After the 72 h incubation with the rabbit anti-5-HT primary antibody,
sections were processed with biotin-conjugated goat anti-rabbit (1:400)
for 12 h and incubated for 4 h in a 1:200 dilution of rhodamine-lissamine
conjugated to streptavidin (Jackson ImmunoResearch). To control for
nonspecific secondary antibody labeling, the 5-HT primary antibody was
preincubated overnight with its corresponding antigen (5-HT, 1.0 mg/
ml; Sigma) at 4°C and then applied to the tissue instead of the primary
antiserum. No signal was detected in the tissue when this preincubated
antibody was used.

Density and distribution assessment of spinal
serotonergic immunoreactivity
Randomly selected floating, transverse sections (T9 –11, L2-L4) were
mounted on slides and viewed. Immunoreactivity was viewed by light
and fluorescence microscopy using a Leica microscope (Leica, Richmond
Hill, Ontario, Canada). Digitized images, captured using a DAGE video
camera (MTI, Michigan City, IN) for bright-field images and a Retiga
1300 camera (Q Imaging, Burnaby, British Columbia, Canada) for fluo-
rescent images, were collected and processed using Image Pro Plus soft-
ware (Media Cybernetics, Silver Spring, MD). Image processing software
was used to normalize all images to a common pixel intensity range,
providing an equalized comparison as described previously (Bruce et al.,
2002). The pixel size was 0.8 � 1.0 �m 2, ensuring that areas of immu-
noreactivity would reflect both changes in numbers of fibers containing
reaction product and greater amounts of reaction product in a fiber.
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Quantification of the dorsal horn 5-HT-IR was performed by visually
selecting an area of interest encompassing laminas I–IV for each individ-
ual image. The total area of interest was 136 mm 2 for sections within the
T9 –11 segment and 272 mm 2 for L2– 4 sections. For each segment,
20 –25 sections per animal were quantified by randomly selecting one
section per row of 8 on a slide. A similar selection procedure was used to
quantify the projections to sympathetic preganglionic neurons in the
IML rostral and caudal to the injury, as well as projections to motor
neurons in the ventral horn caudal to the injury. The total area of interest
quantified for the IML in T9 –11 and L2– 4 sections was 208 mm 2. Sim-
ilarly, a total area of 290 mm 2 was quantified to assess the ventral horn
within the L2– 4 segment. The ventral horn area of interest encompassed
laminas VII–IX, and care was taken to exclude any fibers from the IML to
avoid redundant quantification.

Areas of serotonergic fibers were assessed in longitudinal sections of
the lesion contained within one low-power (4�) field. This area was
bordered rostrally by the abrupt border between normal and damaged
tissue characteristic of the compression injury model, often including the
rostral border of a cystic cavity (Weaver et al., 2001). The area of interest
included the full width of the spinal cord and was 5.0 � 0.03 mm 2 per
section in saline-treated rats and 4.5 � 0.8 mm 2 per section in anti-
CD11d mAb-treated rats. These areas of interest were not significantly
different from each other. Approximately 12 sections of the lesion pro-
gressing from dorsal to ventral planes through the cord were analyzed in
each rat.

Assessment of compact myelin sparing
At 4 weeks after SCI, the rats were perfused with 4% formaldehyde, and
the spinal cord was removed, cryostat-sectioned transversely at 20 �m,
and serially thaw-mounted on alternate slides. Sections were processed
using Luxol fast blue staining to identify tightly packed myelin. Digitized
images of every eighth section on a slide were captured in serial order
from 2.8 mm rostral to 2.8 mm caudal to the epicenter of the lesion, and
the stained area was quantified using a calibrated analysis program of
Image Pro Plus software (Media Cybernetics). An area of interest encom-
passing the entire circumference of the transverse section was selected.
The area measurements were normalized for analysis because of the dis-
tortion of the overall cord area by a large cystic cavity at and near the
lesion in some rats. We first established that the cord cross-sectional area
within a length 3 mm rostral and caudal to the T12 dorsal roots is uni-
form in the normal intact spinal cord. Areas of staining were then ex-
pressed in each rat as a percentage of the total cross-sectional area of the
relatively intact thoracic cord sampled 3– 4 mm rostral to the epicenter of
the injury. These standard areas used for normalization were similar in
control (4.0 � 0.3 mm 2) rats and in anti-Cd11d mAb-treated rats (3.6 �
0.2 mm 2). The averaged area of five sections was calculated and plotted as
a sample at 0.4 mm lengths along the cord. The smallest average area was
considered the epicenter of the lesion.

Counts of retrogradely labeled neurons in the raphe nuclei
Fluorogold-positive neurons within the nucleus raphe magnus and the
nucleus raphe pallidus were visualized using an Olympus BX50 micro-
scope with a UV filter (330 –380 nm). Every section was photographed
ensuring the same area of interest by using the basilar artery and the
pyramidal tracts as a ventral landmark. After all Fluorogold-labeled im-
ages were captured, random sections were selected and stained using Gill
#3 hematoxylin solution (Sigma) to verify medullary nuclear morphol-
ogy. Immunocytochemical detection of 5-HT in the Fluorogold-labeled
cells also confirmed that many of the raphe–spinal neurons were
serotonergic.

Counting of labeled cells was performed using an unbiased stereologi-
cal procedure (Gundersen et al., 1988). A variation of the physical disec-
tor (Sterio, 1984) was used to count labeled cell bodies using three refer-
ence slides. Profiles to be counted were identified in a middle section,
termed the reference section, and were compared with the preceding
adjacent section, the look-up section. Profiles that were present in the
reference section but not present in the look-up section were counted. A
200 � 200 �m square grid was applied over each section allowing a direct
quadrant-to-quadrant comparison between images. Only profiles that

appeared as clear cell bodies were counted; profiles appearing to be soma
fragments or dendrites were excluded from the counts. To facilitate the
identification of intact cellular morphology, the contrast of each image
was inverted within the analysis program, allowing visualization of black
cell bodies on a white background. To quantify a similar medullary area
in each, a rostrocaudal border was established and defined as being the
initial 1260 �m from the caudal axis of the raphe nucleus (Reid et al.,
1975). With this measurement, 42 sections were quantified for each an-
imal (n � 5 anti-CD11d treated; n � 6 saline treated). The investigator
performing the cell quantification was blinded to the treatment groups.

Behavioral procedures
At-level mechanical allodynia. The development of mechanical allodynia
immediately rostral to and at the level of SCI lesion was tested on the
dorsal surface of the trunk as described previously (Bruce et al., 2002;
Oatway et al., 2004). At-level segmental pain is defined as occurring at the
transitional zone between normal sensation and sensory loss, generally
within a band of two to four spinal segments rostral to the lesion site
(Siddall and Loeser, 2001). Briefly, a modified Semmes-Weinstein fila-
ment calibrated to generate an innocuous force of 15 mN was used to
stimulate the dermatome areas corresponding to the 9th–11th thoracic
spinal segments. The skin area corresponding to dermatomes of the 12th
and 13th segments (the field of surgery) was avoided. Rats were accli-
mated to a Plexiglas box for 20 min and then stimulated 10 times at
random points within the dorsal trunk area. Each stimulus lasted 3 s and
was separated by a 5 s interim period. The number of avoidance re-
sponses elicited from 10 stimulations was then tabulated. Testing re-
sumed 7 d after injury, with two testing sessions per week for the subse-
quent 4 weeks after injury. As described previously (Bruce et al., 2002;
Oatway et al., 2004), pain testing was done only in animals with sufficient
motor recovery to execute a voluntary avoidance response. This corre-
sponds to an approximate Basso, Beattie, and Bresnahan (BBB) score of
six points. Avoidance responses were defined as flinching, escape, paw
withdrawal and/or licking, vocalization, or abnormal aggressive
behavior.

Below-level mechanical allodynia. The development of mechanical al-
lodynia below the level of SCI was tested on the plantar surface of the
hindpaw. Before SCI, rats were acclimated to a Plexiglas chamber (8 �
3.5 � 3.5 inches) consisting of plastic, mesh walls and an elevated, mesh
floor. Similar to dorsal trunk testing, a testing session consisted of 10
stimulations to the plantar surface of the hindpaw. Avoidance responses
were defined as described above. After the testing of one hindpaw, a 2
min interim period lapsed before the second hindpaw was tested. The
number of withdrawal responses for each hindpaw was tabulated, and
the mean number of withdrawals within both hindpaws was calcu-
lated. Testing resumed 7 d after injury with two paw-testing sessions
per week for the subsequent 4 weeks after injury. These testing ses-
sions occurred on alternate days, ensuring that no animal was tested
twice on the same day.

Locomotor function. Hindlimb locomotor recovery was observed and
recorded by two blinded observers using the BBB locomotor rating scale
(Basso et al., 1995). Assessment commenced at 5 d after injury and con-
tinued twice per week for the subsequent 4 weeks after injury.

Statistical analysis
In assessing differences in the area of 5-HT-IR, a completely randomized
ANOVA was performed followed by a Fisher’s protected t test (Sokol and
Rohlf, 1981). This parametric test was used for comparisons among
sham-injured, control-injured, and treated cord-injured groups. Values
are represented as mean area of immunoreactivity (square microme-
ters) � SE. Statistically significant differences were accepted at p � 0.05.
Areas of 5-HT immunoreactivity in longitudinal sections of the spinal
cord lesion were compared using a two-sample Student’s t test. Differ-
ences between the treated and control groups in the raphe nucleus cell
counts also were determined by a two-sample Student’s t test. A variance
stabilizing square root transformation was performed on raw counts of
labeled neurons before statistical analysis because of the large variance
within groups. Treatment effects on variance in these two groups were
analyzed by a Fischer F ratio test (Sokol and Rohlf, 1981). Data are
presented as mean transformed numbers of labeled cells � SE.
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In assessments of mechanical allodynia, all values are represented as
mean number of avoidance/withdrawal responses to 10 stimulations �
SE. Quantitative results regarding the development of mechanical allo-
dynia during the initial 4 weeks after injury were subjected to a repeated
measures ANOVA. A Fisher’s protected t test was used to compare dif-
ferences between the values before and after injury as well as differences
between weeks after injury. Similarly, mechanical allodynia and locomo-
tor differences between anti-inflammatory-treated and control-injured
groups were determined using a repeated measures ANOVA and a Fish-
er’s protected t test. Locomotor data are displayed as mean BBB score �
SE. Differences were considered significant when p � 0.05.

Results
Anti-CD11d mAb treatment modulates dorsal horn
serotonergic fiber density rostral and caudal to lesion
Four weeks after SCI, the distribution and density of 5-HT fibers
within laminas I–IV of the dorsal horn were examined both im-
mediately rostral (T9 –11) and caudal (L2– 4) to the lesion site.
The area of 5-HT-IR was compared within three groups: sham-
injured, injured with vehicle treatment, and injured with anti-
CD11d mAb treatment (Fig. 1). Most of the fibers expressing
5-HT-IR were localized within the superficial laminas (I and II)
of the rostral and caudal segments in all three groups. Immuno-
reactivity was less apparent throughout laminas III–IV, particu-
larly within the sham-injured group.

At 4 weeks after surgery, 5-HT-IR within laminas I–IV of
sham-injured animals consisted of punctate fibers, primarily
within the superficial laminas (Fig. 1A). In sham-injured rats, the
area of 5-HT-IR in laminas I–IV of segments T9 –11 was 4984 �
841 �m 2 (n � 6). The area of 5-HT-IR was significantly increased
in the rostral segments (T9 –11) to 17,761 � 1014 �m 2 in the
vehicle-treated SCI group (n � 5; p � 0.05). This approximately
fourfold increase was most apparent within the superficial lami-
nas and was accompanied by an increased number of fibers
spread throughout laminas III and IV (Fig. 1B). After anti-
CD11d mAb treatment, 5-HT fiber distribution in T9 –11 ap-

peared normalized within the superficial laminas (Fig. 1C). The
area of 5-HT-IR after mAb treatment, 7884 � 516 �m 2 (n � 6),
was significantly less than that in the vehicle-treated group (Fig.
1D) ( p � 0.05).

The distribution of 5-HT-IR in laminas I–IV of segments cau-
dal to the injury (L2– 4) in the sham-injured group was similar to
that in T9 –11, but expression was more intense (Fig. 2A). The
area of 5-HT-IR in laminas I–IV in this group was 14,000 � 756
�m 2 (n � 5). In a majority of cases, 5-HT-IR was completely lost
caudal to the SCI in vehicle-treated SCI rats, with the occasional
exception of sparsely distributed fibers remaining within the su-
perficial laminas (Fig. 2B). The area of immunoreactivity in L2– 4
was significantly decreased to 589 � 159 �m 2 in vehicle-treated
animals (n � 5; p � 0.05). After treatment with the anti-CD11d
mAb, tortuous, punctate fibers were distributed randomly
throughout the superficial laminas (Fig. 2C). In this group of rats,
the area of 5-HT-IR in L2– 4 (3842 � 1190 �m 2; n � 5) was
significantly increased after anti-CD11d mAb treatment when
compared with that after vehicle treatment (Fig. 2D) ( p � 0.05).

Anti-CD11d mAb treatment increases serotonergic fiber
distribution in the IML caudal to lesion
To investigate whether the modulation of 5-HT fiber density and
distribution observed in the dorsal horn after anti-CD11d mAb
treatment was consistent throughout other laminas within the
same segments, the area of 5-HT-IR was quantified in the IML
(Fig. 3). In the T9 –11 segments of sham-injured animals,
5-HT-IR appeared in long and varicose fibers clustered in the
IML and spread medially toward the central canal as well as lat-
erally within the white matter (Fig. 3A). The area of 5-HT-IR in
the IML of segments T9 –11 in the sham-injured group was
3331 � 495 �m 2 (n � 6). The areas of immunoreactivity in the
segments rostral to the lesion site were not significantly altered
after vehicle treatment (3944 � 797 �m 2; n � 5) or anti-CD11d
mAb treatment (4662 � 324 �m 2; n � 6) (Fig. 4D). In the
vehicle- and mAb-treated groups, the distribution and morphol-

Figure 1. 5-HT-IR in laminas I–IV of the dorsal horn rostral to injury 4 weeks after SCI.
Photomicrographs of transverse sections of the dorsal horn in sham-injured, vehicle-treated,
and anti-CD11d mAb-treated animals. After SCI, the distribution and density of 5-HT-
immunoreactive fibers were increased significantly, primarily in the superficial laminas, with
punctate fibers in laminas III and IV. Anti-CD11d mAb treatment normalized the distribution of
5-HT-immunoreactive fibers toward patterns observed in sham-injured animals. Scale bar, 100
�m. The area of 5-HT-IR in the dorsal horn rostral to the injury at T12–13 represented the mean
area � SE of 5-HT-IR in the sham injured (n � 6), vehicle-treated (n � 5), and anti-CD11d
mAb-treated (n � 6) groups. *p � 0.05 compared with vehicle-treated rats; �p � 0.05
compared with sham-injured rats.

Figure 2. 5-HT-IR in laminas I–IV of the dorsal horn caudal to injury 4 weeks after SCI.
Photomicrographs of transverse sections of the dorsal horn in sham-injured, vehicle-treated,
and anti-CD11d mAb-treated animals. After SCI, 5-HT-immunoreactive fibers were completely
absent in most dorsal horn sections. 5-HT-immunoreactive fibers were present as tortuous fiber
within the superficial laminas after anti-CD11d mAb treatment. Scale bar, 100 �m. The area of
5-HT-IR (mean � SE) in the dorsal horn caudal to the injury at T12–13 is plotted for the
sham-injured (n � 5), vehicle-treated (n � 5), and anti-CD11d mAb-treated (n � 5) groups.
*p � 0.05 compared with vehicle-treated rats; �p � 0.05 compared with sham-injured rats.

640 • J. Neurosci., January 19, 2005 • 25(3):637– 647 Oatway et al. • Anti-Integrin Restores 5-HT after SCI



ogy of 5-HT-immunoreactive fibers were similar to those ob-
served in the sham-injured animals (Fig. 3B,C).

In segments caudal to the lesion (L2–3), the distribution of
5-HT-immunoreactive fibers in the IML of sham-injured rats
was similar to that described for the thoracic segments (Figs. 3A,
4A). The area of 5-HT-IR in sham-injured rats was 2891 � 683
�m 2 (n � 6). In contrast, 4 weeks after SCI, 5-HT-IR at L2–3 was
eliminated almost completely in vehicle-treated animals, with the
exception of individual varicose fibers evident in some sections
(Fig. 4B). The area of 5-HT-IR was significantly decreased to
310 � 125 �m 2 in this group (n � 5; p � 0.05) (Fig. 4D). After

anti-CD11d mAb treatment, an increase in 5-HT-IR within the
IML was clearly visible, characterized by varicose fibers project-
ing toward the central canal and robust labeling of fibers within
the IML and lateral funiculus (Fig. 4C). Occasional small round
bodies of intense immunoreactivity in the IML may have been
parts of densely innervated preganglionic neurons or small inter-
neurons (data not shown). The area of 5-HT-IR in this treated
group (5848 � 1373 �m 2; n � 6) was significantly increased
when compared with that in both the sham-injured and vehicle-
treated groups (Fig. 4D) ( p � 0.05).

Anti-CD11d mAb treatment protects serotonergic fiber
distribution in the ventral horn caudal to lesion
As we found in the IML, the distribution and density of 5-HT-
immunoreactive fibers around the small number of motor neu-

Figure 3. 5-HT-IR in the intermediolateral cell column rostral to injury 4 weeks after SCI.
Photomicrographs of transverse sections in the area of the intermediolateral cell column in
sham-injured, vehicle-treated, and anti-CD11d mAb-treated animals. After SCI, the distribution
and density of 5-HT-immunoreactive fibers were similar in all three groups. Scale bar, 50 �m.
The area of 5-HT-IR (mean � SE) in the intermediolateral cell column rostral to the injury at
T12–13 is plotted for the sham-injured (n � 6), vehicle-treated (n � 5), and anti-CD11d
mAb-treated (n � 6) groups.

Figure 4. 5-HT-IR in the intermediolateral cell column caudal to injury 4 weeks after SCI.
Photomicrographs of transverse sections of the intermediolateral cell column in sham-injured,
vehicle-treated, and anti-CD11d mAb-treated animals. After SCI, the varicose, 5-HT-
immunoreactive fibers were sparsely distributed within the IML. Anti-CD11d mAb treatment
resulted in approximately a twofold increase in 5-HT-IR characterized by a robust fiber distri-
bution and rounded, somata-like structures. Scale bar, 50 �m. The area of 5-HT-IR (mean �
SE) in the intermediolateral cell column caudal to the injury at T12–13 is plotted for the sham-
injured (n � 6), vehicle-treated (n � 5), and anti-CD11d mAb-treated (n � 6) groups. *p �
0.05 compared with vehicle-treated rats; �p � 0.05 compared with sham-injured rats.

Figure 5. 5-HT-IR in laminas VII–IX of the ventral horn caudal to injury 4 weeks after SCI.
A–F, Photomicrographs of transverse sections of the ventral horn in sham-injured (A, B),
vehicle-treated (C, D), and anti-CD11d mAb-treated (E, F ) animals. After SCI, the distribution
and density of 5-HT-immunoreactive fibers were significantly reduced to sparsely distributed
varicose fibers observed in control animals (C, D). Anti-CD11d mAb treatment resulted in in-
creased distribution of 5-HT-IR in fibers and terminal boutons (arrowheads) opposing the so-
mata of �-motoneurons (E, F ), similar to patterns observed in sham-injured animals (A, B). B, G,
Insets, Higher-power photomicrographs of the neuron indicated by an arrow in this field of
view. Scale bars: A, C, E, 100 �m; B, D, F, 20 �m. G, The area of 5-HT-IR in the ventral horn caudal
to the lesion site represented as the mean area � SE of 5-HT-IR in the sham-injured (n � 5),
vehicle-treated (n � 6), and anti-CD11d mAb-treated (n � 5) groups. *p � 0.05 compared
with vehicle-treated rats; �p � 0.05 compared with sham-injured rats.
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rons in the ventral horn rostral to the lesion were not noticeably
altered by SCI or anti-CD11d mAb treatment at 4 weeks after SCI
(data not shown); therefore, we did not undertake a quantitative
analysis of the ventral horn rostral to the injury. In contrast,
marked changes in ventral horn 5-HT-IR caudal to SCI were
obvious. Accordingly, we investigated the density of 5-HT-IR
within laminas VII–IX of the ventral horn in L2– 4. In the sham-
injured group, numerous 5-HT-immunoreactive fibers were ob-
served throughout laminas VII–IX of the ventral horn, with a
dense plexus of varicose fibers located within lamina VIII, pro-
jecting from the dorsal commissure (Fig. 5A,B). Immunoreac-
tive product also appeared within terminal boutons surrounding
the somata of motoneurons both medially in lamina IX as well as
laterally along the border of laminas VII and VIII, particularly in
sham-injured and anti-CD11d mAb-treated animals (Fig. 5B,F).

The area of the ventral horn 5-HT-IR that was quantified
encompassed a majority of lamina VII and all of laminas VIII and
IX. The IML and lamina X were excluded. The area of 5-HT-IR in
segments L2– 4 of sham-injured animals was 18,565 � 2019 �m 2

(n � 5). Four weeks after injury, beaded varicose fibers immuno-
reactive for 5-HT were distributed sparsely throughout the ven-
tral horn after vehicle treatment (Fig. 5C,D). The area of 5-HT-IR
in vehicle-treated animals (1255 � 363 �m 2; n � 6; p � 0.05) was
significantly smaller than that in sham-injured animals (Fig. 5G).
This decrease in 5-HT-immunoreactive fibers after SCI was partially
reversed by anti-CD11d mAb treatment. An increased density of
varicose fibers, relative to the vehicle-treated group, occurred medi-
ally in laminas VIII and IX as well as laterally at the border of laminas
VII and VIII (Fig. 5E,F). 5-HT-immunoreactive terminals apposed
the somata of neurons after treatment. Quantification of the areas of
5-HT-immunoreactive fibers revealed a significant, 10-fold increase
after mAb treatment (11,882 � 1220 �m2) compared with vehicle-
treated animals (Fig. 5G) (n � 5; p � 0.05); however, the area of
5-HT-IR after anti-CD11d mAb treatment was still significantly
smaller (64%) than the area measured in the sham-injured group
( p � 0.05).

5-HT-immunoreactive fibers caudal to the lesion site
appear to originate from spared axons after anti-CD11d
mAb treatment
To visualize and compare more clearly the sprouting of 5-HT
fibers within and surrounding the lesion, longitudinal sections
encompassing the entire lesion were analyzed. Based on tissue
integrity, the rostral and caudal borders of the lesion site were
identified easily. Cyst formation within the lesion site was char-
acteristic in both vehicle and anti-CD11d mAb-treated animals
(Fig. 6C,D). In vehicle-treated rats, a dense accumulation of tor-
tuous 5-HT-immunoreactive fibers occurred rostral to the lesion
site. These fibers did not penetrate through the lesion site border
(Fig. 6C). Clusters of 5-HT-immunoreactive fibers coursed along
the subpial rim of the cord, on the lateral edge of the lesion site,
continuing to the caudal border (Fig. 6E). A few individual
5-HT-immunoreactive fibers were sparsely dispersed within the
gray matter in random patterns caudal to the lesion site (Fig. 6G).

After anti-CD11d mAb treatment, descending 5-HT-
immunoreactive fibers still accumulated at the rostral border of
the lesion site. Similar to the distribution in the vehicle-treated
animals, many fibers in the anti-CD11d mAb-treated animals did
not penetrate through the lesion border, and a large proportion
of these fibers exhibited swollen terminal end bulbs suggestive of
retraction of damaged axons (Fig. 6D, box inset); however, clus-
ters of 5-HT-immunoreactive fibers extended along the lateral
edge of the cord passing through both the rostral and caudal

borders of the lesion site. Adjacent to the rostral part of the lesion,
these fiber bundles on the side of the spinal cord appeared thicker
in the mAb-treated rats than in the vehicle-treated rats. Caudal to
the lesion site, the beaded, 5-HT-immunoreactive fibers contin-
ued along one side of the cord, at the subpial rim, and appeared to
send collateral branches medially through the white matter, to-
ward the gray–white matter border where a large proportion of
5-HT-immunoreactive fibers were distributed within the IML
(Fig. 6F). 5-HT-immunoreactive fibers generally passed along
one side of the cord, possibly related to the initial asymmetrical
formation of the lesion cavity. The side varied between rats; in
Figure 6 the spared bundle in the vehicle-treated rat is on the side
opposite that in the mAb-treated rat. Despite a lack of a descend-
ing fiber bundle in the opposite subpial rim of anti-CD11d mAb-
treated animals, a few 5-HT-immunoreactive fibers were present
in the gray matter on this side as well (Fig. 6H). The source of
these fibers could not be determined because the fibers could not
be associated with ipsilateral white matter bundles or contralat-
eral projections (Fig. 6H). The area of 5-HT-immunoreactive
fibers in the lesion or in the subpial rim adjacent to the lesion of
anti-CD11d mAb-treated rats (Fig. 7B,C) (n � 3,) was �10-fold
larger than the areas in vehicle-treated rats (Fig. 7A,C) (n � 4).
This may be attributed, in part, to thicker bundles coursing along
the subpial edge of the rostral part of the lesion.

Compact myelin sparing after SCI was greater after
anti-CD11d mAb treatment
An additional analysis was completed to determine whether the
anti-CD11d mAb treatment led to more intact white matter my-
elin at the lesion site corresponding with the effects on serotoner-
gic axons. Therefore, areas of compact myelin at and near the
epicenter of the lesion site were determined (Fig. 8). At 4 weeks
after SCI and vehicle treatment, the lesion epicenter at T12–13
was characterized by a large cavitation encompassing the gray
and white matter, with barely detectable compact myelin (Fig.
8A). Cavitation spread 2.5 mm in both the rostral and caudal
directions from the epicenter, diminishing with distance. The
total cross-sectional areas of the spinal cord at the lesion epicen-
ter in the two groups were not significantly different. In control
rats this area was 2.9 � 0.7 �m 2, whereas the area in anti-CD11d
mAb-treated rats was 3.7 � 0.5 �m 2. After anti-CD11d mAb
treatment, however, larger areas of compact myelin were present
within the lesion epicenter, and enhanced structural integrity was
notable throughout the lesion site. After normalizing the area of
myelin as a percentage of the total area of the intact cord at �T10,
significantly increased areas of compact myelin were observed in
the anti-CD11d mAb-treated group in the epicenter and at most
levels up to 2.8 mm rostral and caudal to the epicenter compared
with the vehicle-treated group (n � 4; p � 0.05) (Fig. 8). In
addition, the white matter/gray matter architecture appeared
more normal in both the rostral and caudal directions.

Anti-CD11d mAb treatment does not increase the number of
raphe–spinal axons traversing the lesion site
Retrogradely transported Fluorogold was used to assess the in-
tegrity of raphe–spinal axons projecting through the epicenter
and caudal to the spinal cord lesion site 4 weeks after the moder-
ate clip-compression injury. Comparisons were made between
the neuron counts in the nuclei raphe magnus and raphe pallidus in
the anti-CD11d mAb-treated group and the vehicle group (Fig. 9).
In many cases, labeled neurons were visible within the reticular for-
mation, specifically the nucleus reticularis gigantocellularis and the
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nucleus reticularis gigantocellularis pars �;
however, in an attempt to minimize variabil-
ity, this area was not included in the
quantification.

The Fluorogold-labeled neurons in
both treatment groups were similar in
physical structure and appeared as trian-
gular or oval multipolar cell bodies
�15–30 �m in size. Representative pho-
tomicrographs of Fluorogold-labeled neu-
rons within the raphe nuclei of saline-
treated and anti-CD11d mAb-treated
groups are shown in Figure 9, A and B,
respectively. Many of the Fluorogold-
labeled raphe neurons were immunoreac-
tive for 5-HT (Fig. 9C,D). The number of
Fluorogold-labeled neurons was deter-
mined using the physical disector method
to avoid the possibility of overestimating
cell counts. Cell counting revealed no sig-
nificant difference between the mean
number of labeled neurons within the ra-
phe nucleus of the anti-CD11d mAb-
treated (1294 � 960; n � 6) and the saline-
treated groups (658 � 667; n � 5). The
mAb-treated group had significantly
greater variance than the saline-treated
group ( p � 0.05) because of high cell
counts in some of the mAb-treated rats. A
control group (n � 3) was introduced in
which the cord was transected at the 12th
and 13th thoracic junctions rather than
compressed, to ensure that the Fluorogold
visualized within the brainstem was
caused by retrograde axonal transport and
not passive dispersion through the CSF. In
all cord-transected animals, Fluorogold
was not present within any brainstem neu-
rons (data not shown).

At-level mechanical allodynia is reduced
after anti-CD11d mAb treatment
The development of mechanical allodynia
immediately rostral and proximal to the
injury site was assessed on the dorsal trunk
before and 2– 4 weeks after SCI. The 15
mN stimulus was determined to be innoc-
uous in uninjured rats because no re-
sponses to the stimulus were made 1 week
before injury (Fig. 10A). After SCI, the
same stimulus evoked clear avoidance be-
havior, characterized by escapes and
avoidance of the filament, head turns,
trunk shakes, vocalization, and aggressive
behaviors. At 2 weeks after SCI, injured
control rats responded 2.8 � 0.9 times to
application of 10 innocuous stimuli to the
rostral midthoracic area (n � 8) (Fig.
10A). The number of responses increased
over the subsequent 2 weeks until the con-
trol group responded 7.9 � 0.8 times at 4
weeks. After anti-CD11d mAb treatment
(n � 7), animals responded significantly

Figure 6. Digital photomicrographs demonstrating the presence of 5-HT-immunoreactive fibers around and caudal to the
T12–L1 lesion in vehicle-treated (C, E, G) and anti-CD11d mAb-treated (D, F, H ) animals. Locations of each photomicrograph, with
respect to the lesion site, are depicted in A for vehicle-treated and in B for anti-CD11d mAb-treated rats. Longitudinal sections in
vehicle-treated animals (n � 5) revealed 5-HT-immunoreactive fibers at the rostral border of the lesion (C, open arrowhead)
unable to penetrate into the scar. 5-HT-immunoreactive fibers were observed unilaterally, descending along the subpial rim of the
cord �3.5 mm caudal to the lesion border (E, open arrowhead). Individual 5-HT-immunoreactive fibers were distributed sparsely
within the gray matter caudal to the lesion in randomized patterns, with no apparent connection to the descending fibers ( G).
Longitudinal sections in anti-CD11 mAb-treated animals (n � 4) revealed 5-HT-IR at the rostral border of the lesion (D, open
arrowhead), with characteristic axonal retraction (D, inset) unable to permeate the scar. Fibers also extended caudally through the
lesion along the subpial rim. Approximately 3.5 mm caudal to the lesion site, collateral axons extended medially from the subpial
rim toward the gray matter border (designated by filled arrowhead) where 5-HT-immunoreactive fibers accumulated densely
within the IML (F ). On the contralateral side of the cord, 5-HT-immunoreactive fibers were present within the IML, in the absence
of fiber connections from the contralateral or ipsilateral pial rim ( H ). gm, Gray matter; wm, white matter. Scale bars: C, D, 100 �m;
E–H, 50 �m.
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less at the 2 week time point (0.8 � 0.4 avoidance responses)
when compared with the vehicle-treated group, as well as signif-
icantly less at 3 weeks (2.5 � 0.7 avoidance responses) and at 4
weeks (3.5 � 0.7 avoidance responses) after SCI ( p � 0.05).

When compared with baseline measurements before injury, the
number of avoidance responses was increased significantly at 2, 3,
and 4 weeks in the control group after SCI. In contrast, the num-
ber of responses made by the mAb-treated group after SCI was
not significantly different from the measurements at 2 weeks after
injury but was different at 3 and 4 weeks ( p � 0.05).

Below-level mechanical allodynia is reduced after anti-CD11d
mAb treatment
Because of the probable mechanistic differences underlying the
development and maintenance of mechanical allodynia at vari-
ous segmental cord levels after SCI, changes in below-level me-
chanical allodynia after anti-CD11d mAb treatment were as-
sessed. These were measured by quantifying the number of
withdrawal behaviors made in response to stimulation of the

Figure 8. Normalized area of spared myelin stained with Luxol fast blue within the lesion
site after SCI. Photomicrographs illustrate compact myelin integrity 2.4 mm rostral to epicenter,
within the epicenter, and 2.4 mm caudal to epicenter in a vehicle-treated and an anti-CD11d-
treated rat. Anti-CD11d-treated animals (filled bars) (n � 4) had significantly increased
amounts of compact myelin at the epicenter and in most rostral areas compared with vehicle-
treated animals (open bars) (n � 4). *p � 0.05 compared with vehicle-treated rats.

Figure 7. Serotonergic fiber density in and adjacent to the lesion site in vehicle-treated (n �
4) and anti-CD11d mAb-treated (n � 3) rats. Low-power photomicrographs of the lesion areas
analyzed in the vehicle- and mAb-treated rats are outlined with boxes in A and B, respectively.
The rostral side of lesion is on the right of photomicrographs. Images have been reversed to
black on white to reveal details of lesion structure. Scale bar, 200 �m. C, Graph illustrates mean
area of immunoreactivity for 5-HT within the lesion in vehicle- and mAb-treated rats. Data are
expressed as mean values � SEM. *p � 0.05 compared with vehicle-treated rats.

Figure 9. Fluorogold-labeled neurons in the nucleus raphe magnus and nucleus raphe pal-
lidus of vehicle-treated (n � 6) ( A) and anti-CD11d mAb-treated (n � 5) ( B) animals. Many of
these neurons were immunoreactive for 5-HT (C, D, arrowheads indicate double-labeled cells).
Scale bars: A, B, 100 �m; C, D, 50 �m.

Figure 10. The development of mechanical allodynia at the level ( A) and below the level ( B)
of SCI lesion site. Testing sessions consisted of 10 stimulations with an innocuous, monofila-
ment stimulus 1 week before injury and at 2, 3, and 4 weeks after injury. Each data point
represents the mean � SEM number of avoidance responses made to 10 stimulations. A, The
number of avoidances made in response to dorsal trunk stimulation was significantly reduced
after anti-CD11d mAb treatment (filled squares) (n � 7) when compared with vehicle-treated
animals (open squares) (n � 8), suggesting the reduction of at-level mechanical allodynia. B,
The number of paw withdrawals was also reduced in the anti-CD11d mAb-treated group (filled
squares) (n � 7) when compared with the vehicle-treated group (open squares) (n � 8),
suggesting attenuation of below-level mechanical allodynia. *p � 0.05 compared with
vehicle-treated rats; �p � 0.05 compared with mean responses before injury.
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plantar surface of the hindpaw with the innocuous filament.
Again, the stimulus generating a force of 15 mN was determined
to be innocuous. Uninjured rats did not respond by withdrawal
of the paw before SCI (Fig. 10B). Unlike at-level allodynia testing,
treated (n � 7) and control (n � 8) groups were not significantly
different with respect to the number of paw withdrawal responses
at 2 weeks after SCI (control, 1.2 � 0.3 vs treated, 0.6 � 0.2) (Fig.
10B). The number of withdrawal responses to the innocuous
filament did increase in the control group over the subsequent 2
weeks, suggesting the development of mechanical allodynia.
During the third week, control animals made 3.1 � 0.7 with-
drawal responses to the 10 stimulations, and by the fourth week,
4.9 � 1.5 withdrawal responses were elicited. In contrast, anti-
CD11d mAb-treated rats responded significantly less ( p � 0.05)
at the 3 and 4 week time points, making 1.3 � 0.3 withdrawals at
3 weeks and 1.7 � 0.5 withdrawals at 4 weeks. Assessment during
the fourth week revealed that four of the eight treated rats were
making less than one withdrawal response to the 10 stimulations.
When compared with responses before injury, the control group
made significantly more withdrawals at 3 and 4 weeks after in-
jury, whereas the number of withdrawals made by treated ani-
mals was significantly different only at 4 weeks ( p � 0.05).

Locomotor performance after SCI is improved by anti-CD11d
mAb treatment
To correlate with the altered density and distribution of spinal
5-HT-IR fibers after anti-CD11d mAb treatment, assessments of
functional recovery were performed. Using the 21 point BBB
open-field scale, locomotor recovery after SCI was compared be-
tween the treated (n � 9) and control (n � 7) groups for 4 weeks.
At 5 d after SCI, the hindlimb function of the treated group (BBB
score: 0.8 � 0.1) was the same as that of the control group (0.9 �
0.1) (Fig. 11). At 8 d after SCI, however, the treated group scored
an average of 5.1 � 0.8, showing extensive movement in one joint
and slight movement in the other two. The control injured group
performed significantly worse ( p � 0.05), scoring an average of
2.0 � 0.7, and showed extensive movement of only one joint.
Locomotor scores for the control group reached a plateau at day
12, whereas the scores for the treated animals increased slightly,
even at the 4 week time point. At 4 weeks, treated animals scored

an average of 10.6 � 0.9, demonstrating occasional weight-
supporting plantar stepping. Some rats within the treated group
scored as high as 14, with consistent weight-supporting plantar
steps, consistent gait coordination, and rotated paw placement.
At the same time, the score of the vehicle-treated group was sig-
nificantly lower (7.8 � 0.3; p � 0.05); these rats were unable to
sweep the hindlimbs. The difference in score between the treated
and control groups clearly indicates a functional change: the abil-
ity to bear weight was recovered after mAb treatment, whereas
the control group could execute only simple hindlimb extension.

Discussion
The anti-CD11d integrin strategy reduces the early intraspinal
inflammatory cell infiltrate after SCI and, correspondingly, de-
creases oxidative damage to the spinal cord, sparing gray and
white matter and promoting sensory, autonomic, and motor re-
covery (Bao et al., 2004a,b; Gris et al., 2004; Saville et al., 2004).
This study extends our previous findings, demonstrating that this
treatment minimizes changes in serotonergic pathways in the
spinal cord that are likely to be a substrate for neurological dys-
function after SCI. Sensory, motor, and autonomic disorders re-
sulting from SCI correspond to defined alterations in the density
and distribution of 5-HT fibers both rostral and caudal to the
lesion site (Bruce et al., 2002; Hains et al., 2002). We now dem-
onstrate that at 4 weeks after SCI, 5-HT-immunoreactive fiber
density rostral to the injury was reduced toward normal in mAb-
treated rats, and the density of these fibers was increased caudal to
the lesion, coinciding with reductions in mechanical allodynia at
and below the injury, respectively. The treatment also led to in-
creased 5-HT-immunoreactive fiber density in the IML and ven-
tral horn caudal to injury, changes that could underlie autonomic
recovery and corresponded to improved locomotor function.
The treatment appeared to improve the collateral sprouting of
spared axons caudal to the injury site rather than significantly
increasing the number of axons traversing through the lesion.
Overall, these results demonstrate that the tissue sparing caused
by targeting the early inflammatory cascade after SCI results in a
more normal distribution of serotonergic fibers rostral and cau-
dal to the injury, associated with positive functional outcomes.

The role of early inflammation after a primary injury in trig-
gering progressive secondary cell death has been well docu-
mented (Bethea and Dietrich, 2002). After injury, the intraspinal
trafficking of hematogenous neutrophils and macrophages exac-
erbates tissue damage via the release of cytokines, proteases, free
radicals, and chondroitin sulfate proteoglycans (Fitch and Silver,
1997; Popovich et al., 1997). Extravasation of these inflammatory
cells through the blood–CNS barrier is facilitated by the adhesion
relationship between the vascular adhesion molecule-1 on the
surface of endothelial cells and the CD11d/CD18 integrin local-
ized on leukocytes (Van der Vieren et al., 1999). Our treatment
with the anti-CD11d mAb transiently limits this influx only for
72 h; the number of macrophages in the injured cord at 7 d after
SCI is the same in mAb-treated as in control rats (Saville et al.,
2004). Accordingly, this treatment was highly selective and tran-
sient, permitting the “wound healing” actions of immune cells to
commence after an initial period of neuroprotection (Bethea and
Dietrich, 2002; Saville et al., 2004).

The increase in serotonergic fiber density rostral to the injury
occurred in both the anti-CD11d mAb-treated and vehicle-
treated groups and was particularly noted in the dorsal horn.
Longitudinal sections through the lesion site revealed a robust
plexus of 5-HT-immunoreactive fibers immediately rostral to the
lesion epicenter with clear axonal dieback. Similarly, Inman and

Figure 11. BBB open-field locomotor scores assessed from 5 d to 4 weeks after SCI. Mean �
SEM scores were generated as an average of the individual scores from the two hindlimbs.
CD11d mAb-treated rats (filled squares) (n � 9) had significantly higher locomotor scores at
days 8, 15, 19, 22, and 26 compared with vehicle-treated rats (open squares) (n�7). *p�0.05
compared with vehicle-treated rats.
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Steward (2003) reported a dense accumulation of 5-HT-
immunoreactive fibers rostral to the SCI lesion site that were
“disorganized and meandering” and unable to extend into the
central lesion. They termed this response “aberrant regenerative
sprouting,” defined as the axonal growth that does not culminate
in reconnection of the injured axon with its normal target. The
mAb treatment in our study reduced the sprouting response,
perhaps because of gray matter sparing at the lesion borders and
increased availability of target neurons for connection (Gris et al.,
2004). Whether connections occurred, and if so, whether they
were functional, is unknown.

5-HT-immunoreactive fibers were distributed within the dor-
sal horn, IML, and ventral horn caudal to the lesion after anti-
CD11d mAb treatment. Serotonergic axons extended along the
lateral edge of the lesion through the area corresponding to the
rim of compact myelin around the lesion epicenter. In mAb-
treated animals, collateral sprouting of fibers from these spared
bulbospinal axons into the gray matter appears to be related to
enhanced functional recovery. Greater sprouting in the treated
rats may be associated with gray and white matter sparing adja-
cent to the injury noted in this study and previously (Gris et al.,
2004). The more intact gray matter in these rats would provide a
larger number of denervated neuronal targets, prompting
sprouting of axons into areas below the injury site (Polistina et al.,
1990). The serotonergic fibers did not appear to originate from
spinal interneurons caudal to the injury because none were
clearly identified. The only possible region for such a source was
the IML, in which the density of 5-HT-IR was particularly intense
and small immunoreactive bodies were observed; however, these
may have been parts of heavily innervated preganglionic neurons.
Instead it seemed that serotonergic fibers caudal to the injury site
were directed particularly to the IML and ventral horn. This
might have merely reflected the proximity of these areas to the
population of spared bundles that traversed the lesion site.

The increases in the density and distribution of 5-HT-
immunoreactive fibers within the dorsal horn rostral to the injury
occurred in spinal segments corresponding to dermatomes in
which at-level mechanical allodynia develops (Bruce et al., 2002).
The anti-CD11d mAb treatment had parallel effects, reducing
this 5-HT-immunoreactive fiber density and at-level mechanical
allodynia. In contrast, the increase in caudal 5-HT-immuno-
reactive fiber density after anti-CD11d mAb treatment correlated
with an attenuation of below-level allodynia. These results are
consistent with the biphasic, modulatory nature of spinal 5-HT
in the maintenance of neuropathic pain. 5-HT can inhibit (Crisp
et al., 1991; Bardin et al., 2000) and facilitate (Ali et al., 1996;
Green et al., 2000) spinal pain transmission, a complexity attrib-
utable to distinct bulbospinal pathways for descending inhibition
and descending facilitation (Zhuo and Gebhart, 1994) and the
presence of multiple intraspinal serotonergic receptor subtypes
(Lin et al., 1996). The paradoxical development of mechanical
allodynia both above and below the lesion may be explained by
alterations within the endogenous serotonergic system. Accumu-
lation of 5-HT fibers rostral to injury may contribute to the main-
tenance of mechanical allodynia via facilitatory actions at the
spinal 5-HT3 receptors, as we have demonstrated previously
(Oatway et al., 2004). Conversely, the loss of 5-HT caudal to
injury may result in the loss of the descending inhibition of pain
transmission at the high-affinity 5-HT1 and 5-HT2 receptors
(Sawynok and Reid, 1996).

Improved locomotor recovery after anti-CD11d mAb treat-
ment was associated with recovery of 5-HT-IR within the lumbar
ventral horn toward normal. This serotonergic input was charac-

terized mainly by an increased number of beaded axons with
large spherical varicosities in the ventral horn and evidence of
terminal boutons apposing �-motoneurons, relative to the
vehicle-treated group. Initiation of hindlimb movement uses se-
rotonergic activation of motor output via control of central pat-
tern generator circuitry (Rossignol et al., 1988; Jacobs and Fornal,
1997). After transection SCI, transplantation of 5-HT-releasing
embryonic raphe cells leads to locomotor improvement (Ribotta
et al., 2000). Increased 5-HT fiber density within the lumbar
ventral horn, caudal to the lesion site, after anti-CD11d mAb
treatment therefore may be directly related to the recovered lo-
comotion via modulated excitatory input to �-motoneurons and
central pattern generator circuitry.

Similarly, a robust increase in 5-HT-IR was observed in the
lumbar IML after anti-CD11d mAb treatment. Without func-
tional assessment, the impact on autonomic function of this in-
creased 5-HT-IR is unknown. Certainly, the loss of 5-HT-
immunoreactive fibers within the IML caudal to the lesion site
would be detrimental and is most likely related to the loss of
autonomic function after injury. Correlations have been drawn
between age-associated declines in lumbosacral 5-HT innerva-
tion and alterations in micturition and innervation of the urinary
tract (Ranson et al., 2003). Increased 5-HT-IR in the lumbar IML
after anti-CD11d mAb treatment therefore may have some ben-
efit in the recovery of independent bladder and bowel control
after SCI.

Despite increases in serotonergic fibers caudal to the lesion
site, the mAb treatment did not increase the number of retro-
gradely labeled bulbospinal neurons. Treatments that lead to im-
proved functional recovery often are associated with an increased
number of retrogradely labeled brainstem neurons (Schumacher
et al., 2000; Lu et al., 2002), enhanced white matter sparing, and
decreased scar tissue formation (Ma et al., 2001). In this study,
the degree of tissue sparing within the lesion epicenter after anti-
CD11d mAb treatment was �5% of the normalized spinal cord
area, in comparison with a complete loss in the control rats. This
small increase could not have been detected with the retrograde
tract tracing method that we used. Although the number of bul-
bospinal axons traversing the lesion may not differ between anti-
CD11d mAb-treated and saline-treated animals, the number of
sprouting collaterals from these axons certainly was enhanced
after anti-CD11d mAb treatment, which may account for en-
hanced supraspinal connectivity.

In summary, our results demonstrate that improved motor
and sensory recovery after an early, anti-inflammatory treatment
is associated with a more normal pattern of 5-HT fiber distribu-
tion both rostral and caudal to the SCI lesion site and with tissue
sparing at and near the lesion epicenter. The complex serotoner-
gic influences on pain and motor function are greatly disrupted
by SCI. This relatively simple anti-inflammatory strategy made
significant progress in returning these control systems toward
normal.
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