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Abstract

After traumatic spinal cord injury (SCI), disruption and plasticity of the microvasculature within
injured spinal tissue contribute to the pathological cascades associated with the evolution of both
primary and secondary injury. Conversely, preserved vascular function most likely results in tissue
sparing and subsequent functional recovery. It has been difficult to identify subclasses of damaged
or regenerating blood vessels at the cellular level. Here, adult mice received a single intravenous
injection of the Griffonia simplicifolia isolectin B4 (1B4) at 1-28 days following a moderate thoracic
(T9) contusion. Vascular binding of 1B4 was maximally observed 7 days following injury, a time
associated with multiple pathologic aspects of the intrinsic adaptive angiogenesis, with numbers of
IB4 vascular profiles decreasing by 21 days postinjury. Quantitative assessment of IB4 binding shows
that it occurs within the evolving lesion epicenter, with affected vessels expressing a temporally
specific dysfunctional tight junctional phenotype as assessed by occludin, claudin-5, and ZO-1
immunoreactivities. Taken together, these results demonstrate that intravascular lectin delivery
following SCI is a useful approach not only for observing the functional status of neovascular
formation but also for definitively identifying specific subpopulations of reactive spinal
microvascular elements.
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Traumatic spinal cord injury (SCI) results in physical and molecular disruption of the delicate
capillary networks within the highly vascularized spinal cord tissue. Temporally, these insults
result in subarachnoid hemorrhage, inflammation, and disturbance of the blood—spinal cord
barrier (BSCB). The central hemorrhage occupies the gray matter and a variable proportion of
adjacent white matter at the epicenter of the injury (Noble and Wrathall, 1985). Disruption of
neural and vascular structures, apparent immediately following contusion and defined as
primary injury, is followed by a natural evolution of secondary pathology, which determines
the extent of functional recovery (Mautes et al., 2000). Previous studies in both rats (Loy et
al., 2002; Casella et al., 2002) and mice (Whetstone et al., 2003) have determined that an
angiogenic response to SCI occurs within the first week postinjury and diminishes concurrently
with the onset of significant histopathology and pathophysiology. Elucidation of the anatomical
and functional characteristics of neovascular structures in the injured spinal cord, as well as
the identification of the molecular factors responsible for vascular dysfunction following SCI,
is a critical step in the development of vascularly targeted therapies. Currently no methods
exist to identify neovascular/activated vessels reliably in the injured spinal cord, either at the
tissue or at the cellular level.

Lectins are specific carbohydrate-binding proteins of nonimmune origin and have been used
to characterize the glycosylation status specifically in a variety of tissues (Balding and Gold,
1975; Brabec et al., 1980; Franz et al., 2006). Among the larger family of lectins, two in
particular have been shown to be useful for analysis of microvascular structure and function.
The Lycopersicon esculentum (tomato) agglutinin (LEA) lectin exhibits specificity for N-
acetyl-D-glucosamine-f(1,4)N-acetyl-D-glucosamine oligomers and, when delivered
intravascularly, has been used widely to identify perfused microvessels in various tissues
(Thurston et al., 1996; Jilani et al., 2003). In contrast, the Griffonia simplicifolia (Bandeiraea)
isolectin B4 (1B4) specifically binds terminal a-galactosyl residues expressed by various cells
including, but not limited to, endothelial cells (Peters and Goldstein, 1979; Brabec et al.,
1980; Laitinen, 1987; Franz et al., 2006) in normal mouse, rabbit, rat, and human tissues
(Hayes and Goldstein, 1974). More recently, intravital application of IB4 has been used to
identify neovascular structures specifically within tumor vascular networks (Niethammer et
al., 2002).

Increased BSCB permeability coincident with exposure to inflammatory cells is likely
attributed, in part, to formation of intercellular gaps present in microvascular endothelium.
This is in light of comparable observations in peripheral microvascular beds in areas of active
inflammation (Thurston et al., 1996). Results from previous studies suggest that, after SCI,
exposed surface membrane glycoproteins may play an important role in selective permeability
of the BSCB (Noble et al., 1996). Identification of molecular changes in vascular endothelium
associated with altered permeability might illuminate novel therapeutic targets to reduce
secondary damage and/or improve vascular function following SCI. Markedly diminished
progression of endogenous revascularization has been observed by approximately 1 week
postinjury. This observation has attracted attention to the 3—7-day interval as a time frame that
might best facilitate tissue sparing and regenerative therapies targeting angiogenic or
antiangiogenic processes (Loy et al., 2002). Thus, the purpose of this study was twofold. First,
we sought to determine whether 1B4 preferentially binds vessels within the injured spinal cord
actively involved in the adaptive angiogenic response and, if so, describe the temporal and
spatial profile of their occurrence as well as provide initial characterization of their anatomical
and functional properties. Second, we aimed to combine immunohistochemical detection of
vascular epitopes (e.g., PECAM-1 and laminin) with the unique luminal glycocalyx-binding
properties of lectins to visualize the functional state of microvessels within the evolving
epicenter of the SCI. Together, these aims should facilitate a better understanding of the
temporal and spatial nature of not only the adaptive angiogenesis but also the perfusion status
of newly formed microvessels.
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MATERIALS AND METHODS SCI

All surgical intervention and subsequent care and treatment of all animals used in this study
were in strict accordance with the PHS Policy on Humane Care and Use of Laboratory Animals
(Institute of Laboratory Animal Resources, National Research Council, 1996) and University
of Louisville IACUC guidelines. In total, 48 adult female C57BI/6 mice (18-20 g; Harlan)
were anesthetized with a 1.2% avertin solution (2,2,2-tribromoethanol) given at 240 mg/kg i.p.
and prepared as previously described (Papaioannou and Fox, 1993). Once anesthesia was
achieved, the surgical site was prepared by shaving, and a betadine scrub and laminectomies
were performed at the T7/8 vertebral level, exposing the T9/10 spinal cord segment. Without
opening of the dura, mice received a moderate contusive SCI (50 kdyn force/500-600 pm
displacement) using the IH impactor (Infinite Horizons Inc., Lexington, KY). The incision sites
were then closed in layers, and a topical antibiotic (Bacitracin) was applied to the incision site.
Animals received prophylactic injections of gentamycin to prevent infection (1 mg/kg, i.m.)
and a 2-cc bolus s.c. injection of saline was given to prevent perioperative dehydration. Mice
were housed five per cage, and cages were placed on a 37°C heating pad overnight. In addition,
immediately following surgery and for 72 hours postoperatively, animals also received twice-
daily injections of buprenorphine (Bupronex; 0.075 mg/kg i.m., b.i.d.), and their bladders were
manually expressed twice daily until onset of reflexive voiding (10-14 d.p.o.).

Systemic intravascular lectin and tracer injections

AtO0, 1, 3,7, 14, 21, or 28 days post-SClI, animals were deeply anesthetized, and either 100
ug/100 pl of FITC-conjugated Griffonia simplicifolia isolectin B4 (I1B4; Sigma, St, Louis, MO;
n = 4/time point) or 100 pg/100 pl of FITC- or TRITC-conjugated Lycopersicon esculentum
agglutinin lectin (LEA; Sigma; n = 3/time point) was delivered systemically by intravenous
injection into the surgically exposed right external jugular vein and allowed to circulate for 15
minutes prior to perfusion. To assess microvascular permeability, 7 days following SCI, mice
received an intravenous injection of a 2% solution Evans blue dye (EB; Sigma) 60 minutes
prior to paraformaldehyde (PFA) perfusion.

Tissue processing and immunohistochemistry

After intravital infusion of 1B4, LEA, or EB, mice were either transcardially perfused with
saline alone (for occludin, claudin-5, ZO-1, and NG2 immunohistochemistry) or followed by
15 ml of 4% PFA, pH 7.4, for all other tissue analyses. Spinal cords were dissected and
longitudinally sectioned at 20 um on a cryostat. Sections were thaw mounted on microscope
slides and stored at —80°C. On the day of staining, slides were warmed at 37°C for 20 minutes,
and the mounting matrix was removed with forceps. Spinal cord tissue that was not fixed with
PFA was then postfixed in ice-cold methanol for 10 minutes. Tissue was then blocked in 0.1
M Tris-buffered saline (TBS), pH 7.4, 0.1% Triton X-100, 0.5% bovine serum albumin (BSA),
and 10% normal donkey serum for 1 hour at room temperature. All antibodies used in this
study were obtained from commercial sources. Astrocytes were identified by using a rabbit
polyclonal anti-GFAP antibody [Z0334; 1:500 dilution; immunogen: purified glial fibrillary
acidic protein (GFAP) isolated from cow spinal cord; immunohistochemical (IHC) specificity:
stains cells of classic astroglial morphology in the intact and injured mouse spinal cord
(Jakovcevski et al., 2007); Dako, Carpinteria, CA]. Pericytes were identified by using a rabbit
polyclonal antidesmin antibody [AB907; 1:50 dilution; immunogen: purified desmin protein
isolated from chicken gizzard; IHC specificity: specifically stains pericytes in the adult mouse
CNS (Kokovay et al., 2006); Chemicon, Temecula, CA]. Activated microglia/macrophages
were visualized by using a rabbit polyclonal antiionized calcium binding adaptor molecule 1
[Ibal; 019-19741; lot HNM3505; 1:250 dilution; immunogen: synthetic peptide corresponding
to amino acids 118-131 within the c-terminus of Ibal; IHC specificity: stains ramified
microglia within the adult mouse CNS (Hirasawa et al., 2005); Wako, Richmond, VA].
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Activated endothelium-associated pericytes were visualized by using a polyclonal rabbit anti-
NG2 antibody [AB5320; 1:50 dilution; immunogen: purified NG2 chondroitin sulfate
proteoglycan isolated from rat; IHC specificity: stains pericytes in activated mouse tumor
endothelium (Sennino et al., 2007); Chemicon]. Proliferating cells were identified by using a
polyclonal rabbit anti-Ki67 antibody [NCL-Ki67p; 1:500 dilution; immunogen: purified
prokaryotic recombinant Ki67 protein; IHC specificity: recognizes proliferating cells
(including endothelial cells) in the adult mouse (Edshagge et al., 2005); Novocastra
Laboratories, Newcastle upon Tyne, United Kingdom]. Apoptotic/ necrotic cells were
identified by using a polyclonal rabbit antiapoptosis-inducing factor [AlF; AB16501; 1:100
dilution; immunogen: a peptide corresponding to amino acids 517-531 of human AlF; IHC
specificity: stains apoptotic/necrotic cells in the adult mouse spinal cord (Chi et al., 2007);
Chemicon] or the Apoptag in situ apoptosis detection kit (S1100; Chemicon) used according
to the manufacturer’s protocol.

The presence and functional status of spinal microvessels were also assessed in this study by
using immunohistochemistry. Vascular endothelial cells were identified with a monoclonal rat
anti-PECAM-1 antibody [550274; clone MEC13.3; 1:50 dilution; immunogen: cell membrane
fractions from mouse derived endothelioma cell line tEnd.1; IHC specificity: labels vascular
endothelium in the adult mouse spinal cord (Hsu et al., 2006); BD Pharmingen, San Diego,
CA]. The integrity of the vascular endothelial basal lamina matrix was examined by using
polyclonal rabbit antilaminin [L9393; 1:100 dilution; immunogen: purified laminin from
basement membrane of EHS mouse sarcoma; IHC specificity: basal lamina of spinal vascular
endothelium (Loy et al., 2002); Sigma] and/or polyclonal rabbit anticollagen type IV
[T40263R; 1:100 dilution; immunogen: purified mouse type 1V collagen; IHC specificity:
stains basal lamina of existing and angiogenic vessels in rodent spinal cord (Loy et al., 2002);
Biodesign International, Saco, ME). Clotting-competent vascular endothelial cells were
examined by using a polyclonal rabbit anti-von Willebrand factor/factor VI (VWF) antibody
[A0082; 1:200 dilution; immunogen: vVWF purified from human plasma; IHC specificity: stains
vascular endothelial cells in the mouse CNS (Alliot et al., 1999); Dako, Capinteria, CA]. The
metabolic potential of vascular endothelial cells was assessed by using a polyclonal rabbit
antiglucose transporter type 1 (Glut-1) antibody [AB1340; 1:100 dilution; immunogen: a
synthetic peptide corresponding to amino acids 332-343 within the c-terminus of rat Glut-1;
IHC specificity: stains spinal vascular endothelial cells in the intact/injured mouse spinal cord
(Whetstone et al., 2003); Chemicon]. The molecular integrity of the BSCB was examined by
using polyclonal rabbit antioccludin [clone Z-T22; 1:50 dilution; immunogen: a synthetic
peptide corresponding to amino acids 372-522 of the c-terminus of human occludin; IHC
specificity: stains vascular endothelial cells from the adult mouse spinal cord (Ge and Pachter,
2006)], polyclonal rabbit anti-ZO-1 [clone ZR1; 1:50 dilution; immunogen: fusion protein
corresponding to amino acids 463-1109 of human ZO-1; IHC specificity: stains vascular
endothelial cells in the adult mouse CNS (Stamatovic et al., 2005)], and polyclonal rabbit
anticlaudin-5 [clone Z43.JK; 1:50 dilution; immunogen: synthetic peptide derived from amino
acids 150-218 of the c-terminal sequence of mouse claudin-5; IHC specificity: specifically
stains endothelial cells in the adult mouse CNS (Nitta et al., 2003)], all from Zymed (Carlsbad,
CA). All positive staining observed in the spinal cord for each antibody used is consistent with
previous reports. Negative control for each antibody staining was accomplished by the parallel
substitution of species-matched preimmune IgG, which resulted in no staining. Primary
antibodies were applied in 0.1 M TBS, pH 7.4, 0.1% Triton X-100, 0.5% BSA, and 5% normal
donkey serum overnight in a humidified chamber at 4°C. Sections were then incubated with
rhodamine (TRITC; 1:200)- or AMCA (1:100)-conjugated secondary antibodies (Jackson
Immunoresearch, West Grove, PA) for 1 hour at room temperature in a humidified chamber.
Sections were then washed for 3 x 10 minutes at room temperature in 0.1 M TBS, pH 7.4. All
photomicrographs demonstrating immunostained spinal cord sections were captured with a
Nikon TE 300 inverted microscope equipped with a Spot CCD camera and Metamorph capture
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software (Diagnostic Instruments, Sterling Heights, MI), an LS-500 laser confocal microscope
(Olympus Inc., Center Valley, PA), or an Eclipse C1 laser confocal microscope (Nikon
Instruments Inc., Melville, NY). The brightness and color balance of photomicrographs used
for illustration were adjusted for qualitative consistency in Adobe Photoshop CS2 (version
9.0.2; Adobe Systems Inc., San Jose, CA). All figures were assembled in Adobe Illustrator
CS2 (version 12.0; Adobe Systems Inc.).

Quantitative assessment of spinal microvascular density and intravascular lectin binding

Quantitative assessment of intravascular lectin binding and vascular endothelial
immunohistochemistry was accomplished by using methods similar to those previously
described (Loy et al., 2002) with Image Pro Plus software (Media Cybernetics, Silver Spring,
MD). To minimize variability in immunostaining, all replicates (n = 3 or 4/experimental group)
were processed for PECAM-1 immunohistochemistry simultaneously. Furthermore, to
minimize variability in photomicroscopic images used for quantitative assessment, images
were acquired using identical exposure settings for each analytical group (PECAM-1 ihc,
FITC-1B4 and FITC-LEA binding). Images of every fifth longitudinal section through the
entire dorsoventral axis of the spinal cord from each experimental case were captured and
imported into the analysis software. In spinal cord tissue taken from mice 7 and 14 days post-
SCI, the injury epicenter was defined as the domain exhibiting significant extravascular laminin
deposition (see Fig. 2D,E; hatched outlines). At earlier time points (1 and 3 days post-SCl),
the evolving epicenter was defined as the area exhibiting disorganization of vascular laminin
immunoreactivity (see Fig. 2B,C; hatched outlines). The injury epicenters were then manually
traced for each section (20-25 sections/experimental replicate) and automatically converted to
an area of interest (AOI) by the software. The area of each AOI was then automatically
calculated by the software and exported to an Excel (Microsoft Corp., Redmond, WA)
spreadsheet. For analysis of sham-injured control tissue, an AOI mask representing the mean
area of all experimental AOIs was applied to each control section and served as the defined
area for analysis of baseline immunostaining/binding. Once this was defined, the contrast,
brightness, color balance, and contrast were adjusted to identical settings for each AOI. After
normalization of brightness and contrast, the total number of pixels of binding/staining above
threshold was then automatically calculated for each AOI. The per area density of binding/
staining for each image was then calculated by dividing the total pixels of binding/staining by
the AOI area in pixels. For each experimental case, the total per area density of binding/staining
was obtained by summing (approximately 20-25 sections total/experimental case) the values
obtained for each section analyzed, which represented an approximate spatial resolution of 100
um throughout the entire dorsoventral axis of each spinal cord. Statistical analysis of all these
data was accomplished via one-way ANOVA with a Tukey HSD post hoc t-test.

Immunoelectron microscopy

At 7 days following SCI, one group of additional mice (n = 3) was deeply anesthetized and
intravitally infused with 100 pug FITC-conjugated I1B4. Fifteen minutes later, mice were
perfused with 2% PFA/2.5% glutaraldehyde, pH 7.4. Spinal cords were dissected, and the
injury epicenters were sectioned transversely at 30 um with a microtome. Sections were
incubated overnight with a biotinylated rabbit anti-FITC antibody (1:100), followed by 3,3-
diaminobenzidine detection via Vectastain Elite kit (\Vector, Burlingame, CA). Sections were
postfixed in osmium tetroxide, dehydrated, and embedded in Embed-812. Ultrathin sections
were analyzed and photographed with a Philips CM10 transmission electron microscope.
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RESULTS

Spinal microvascular anatomy and function are altered in the injured murine spinal cord

By concurrent examination of spinal microvascular basal lamina (laminin; AMCA),
microvascular endothelium (PECAM; TRITC), and perfusion state (LEA; FITC) the temporal,
spatial, and functional courses of the SCI-induced vascular changes are apparent (Fig. 1). In
spinal cord tissue from sham-operated mice (Fig. 1A,B), a dense vascular network is apparent,
with microvessels demonstrating an intact basal lamina, prominent endothelium, and definitive
perfusion of intravascular LEA labeling. Consistent with previous reports (Loy et al., 2002;
Casella et al., 2002,2006;Whetstone et al., 2003), 24 hours after experimental SCI, markers
for vascularity are diminished at the injury epicenter, which then partially reappear within the
first 7 days post-SCI (Fig. 1C—H), which is suggestive of angiogenesis. By using intravascular
tracing techniques, we observed a paucity of perfused microvessels at the injury site at 24 hours
following SCI, concomitant with the appearance of a vascular phenotype possessing a basal
lamina but devoid of PECAM-1-ir, a marker of vascular endothelial cells (Fig. 1C,D). At 3
days post-SCl, spinal endothelium coincident with vascular laminin immunostaining is
apparent as well as the reappearance of LEA luminal binding in these vessels (Fig. 1E,F), which
was also observed through day 7 post-SCI (Fig. 1G,H). By 14 days post-SCI, a dense
revascularization is observed within the injury epicenter, with many of the vascular profiles
also containing luminal LEA binding (Fig. 11,J), which is suggestive of a restoration of the
perfusion state within newly formed vascular networks.

Temporal and spatial analysis of IB4 vascular binding after intravital infusion following SCI

Quantitative analyses of luminal binding of 1B4 relative to total vascular endothelial cell
content (i.e., PECAM-1-immunoreactive density) in the injury epicenter (see Fig. 3) showed
that, as early as 1 day post-SCI, activated vessels are present within the injury epicenter. The
presence of 1B4-bound vessels gradually increased, reaching maximal levels by 7 days
postinjury. This increase in 1B4-bound vessels at the injury epicenter coincides with the
formation of the area rich in extravascular laminin and pathological matrix species (Figs. 2A
—D), which is characteristic of the evolving injury in the contused mouse spinal cord. At 28
days post-SCI, which represents the latest time point evaluated, the degree of luminal 1B4
binding approached control levels but was still significantly higher than that in naive thoracic
spinal tissue. Approximately 86% of all observed 1B4 vascular phenotypes are located within
the injury epicenter (data not shown), which is readily observed as the stabilized scar matrix
observed beyond 7 days postinjury at the contusion epicenter (Fig. 2D—G).

Combinatorial IHC and intravascular labeling demonstrates differential microvascular
phenotypes temporally in the injury epicenter

Consistent with previous findings in the mouse (Whetstone et al., 2003) and rat (Loy et al.,
2002), we observed a precipitous decrease in PECAM-1-immunopositive endothelium within
the injury epicenter by 1 day following SCI (Fig. 3A). Endothelium detected within the injury
epicenter gradually increased during the first week following injury, with a reappearance of
PECAM-1 immunopositive vascular profiles reaching 70% of control values by 14 days
postcontusion, which is consistent with an adaptive angiogenic response. When the temporal
appearance of intraluminal LEA, which has been used as a marker of microvascular perfusion
in the murine spinal cord (Yamauchi et al., 2004), is plotted against the increase in PECAM-1
immunostaining, a temporal lag in perfusion of these vessels is apparent. In control spinal
tissue, all vessels within thoracic spinal tissue exhibit luminal LEA binding (Figs. 1A,B, 3B).
One day following injury, vascular LEA binding is significantly reduced, coincident with the
regression of injured microvessels immediately following SCI. Vascular LEA binding begins
to recover within the injury epicenter by 3 days postinjury, with levels of luminal LEA binding
increasing to approximately 20% of those observed in control tissue. This is a significant
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finding compared with the >50% recovery of control levels observed for PECAM-1-ir. It is
not until 14 days postinjury when the intraluminal binding of LEA is significantly higher than
that observed 24 hours following SCI. Additionally, the temporal appearance of vessels within
the injury epicenter binding the 1B4 lectin corresponds to this dynamic phase of adaptive
angiogenesis (Fig. 3C). It is important to note that maximal binding of B4 occurs at 7 days
post-SCI, which immediately precedes the significant increase in LEA binding in affected
microvessels, suggesting that the 1B4 phenotype represents a transitory, neovascular structure.
Taken together, these results suggest that newly formed blood vessels in the SCI epicenter are
not fully functional, exhibiting a delay in their reestablishment of perfusion.

IB4-bound microvessels also demonstrate intraluminal LEA binding

In a subset of mice (n = 3), both LEA (TRITC-conjugated) and 1B4 (FITC-conjugated) were
delivered intravascularly 7 days following injury. This was done to assess the specific
glycoconjugate phenotype associated with angiogenic microvessels in the injury epicenter as
well as to determine the validity of LEA as a marker of spinal microvascular perfusion.
Qualitative results indicated that IB4-bound vessels in the injury epicenter also exhibit luminal
LEA binding (Fig. 4). This finding suggests that perfused vessels within the injury epicenter
retain the capacity for luminal LEA binding, irrespective of their state of activation. This result
validates the conclusion that the B4 phenotype represents a unique subpopulation of activated
spinal cord vessels and demonstrates the utility of intravital LEA administration as a measure
of spinal cord microvascular perfusion following SCI.

Ultrastructural analysis of IB4-bound spinal microvessels demonstrates an intact
endothelium with variable degrees of abluminal histopathology

To characterize better the histopathology associated with the IB4 microvascular phenotype,
immunoelectron microscopy was performed on spinal cord tissue taken from mice receiving
intravascular 1B4 7 days following injury. In sham spinal cords (Fig. 5A,B), no luminal 1B4
binding was observed. Furthermore, normal microvascular ultrastructure is apparent (Fig. 5C),
with capillaries surrounded by an intact abluminal matrix and normal pericytic investment. By
contrast, spinal cord sections taken from SCI mice grossly exhibited robust binding of 1B4
(Fig. 5D,E), especially within the capillary bed of the affected spinal gray matter.
Ultrastructural assessment demonstrated microvessels not binding I1B4 in close proximity to
those expressing the pathologic luminal phenotype (Fig. 5F), suggesting that the IB4 phenotype
is expressed only within a subset of vessels in the injured area. One consistent finding from
the ultrastructural assessment is significant extravascular matrix disruption (Fig. 5F—I) as well
as the presence of perivascular inflammatory cells (Fig. 5G). Ultrastructural analyses
demonstrate an intact endothelium in microvessels binding 1B4 (Fig. 5G—I).

Significant histopathology is observed concomitant with intravascular I1B4 binding

To evaluate possible pathologic cellular—endothelial interactions, which may be related to the
onset of the microvascular 1B4 phenotype following SCI, the distributions of both cellular and
acellular elements known to be associated with microvascular stabilization were assessed. In
the uninjured mouse spinal cord, a dense astroglial investment of capillaries is apparent (Fig.
6A), which demonstrates the presence of astroglial perivascular networks known to contribute
to the normal, intact blood—CNS barrier (for review see Abbott et al., 2006). Consistent with
previous reports (Fujiki et al., 1996;Ma et al., 2001;Whetstone et al., 2003), an area devoid of
astrocytes was observed at the contusion epicenter 7 days post-SCI (Fig. 6B). The 1B4
microvascular phenotype largely colocalized to areas devoid of astrocytes following injury,
with only a few 1B4-bound vessels present at the marginal zone of the astrocyte-free domain
(Fig. 6C). Perivascular desmin immunostaining in control spinal tissue, which has been
interpreted as an indicator of pericyte-mediated microvascular stability in the CNS (Hughes et
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al., 2006), demonstrates punctate desmin immunoreactivity enriched at vascular branch points
consistent with pericyte investment of spinal microvessels (Fig. 6D). At 7 days following SCI,
desmin immunoreactivity is largely absent from 1B4-bound microvessels (Fig. 6E,F),
suggesting a loss of pericyte ensheathment of the affected microvessels. This observation was
confirmed by ultrastructural evaluation (Fig. 5F—I). Also, association of the B4 vascular
phenotype with robust immunostaining for Ibal, which is a marker of activated microglia/
macrophages, demonstrates that the 1B4 phenotype is localized to areas of active inflammation
in the injured spinal cord (Fig. 6H,1). By 7 days following SCI, 1B4-bound microvessels
demonstrate associated collagen 1V immunoreactivity within the evolving lesion epicenter
(Fig. 6K,L), suggesting a partial preservation of a nonpathological basal lamina component,
which is suggestive of partial preservation in abluminal integrity.

Spinal microvessels binding IB4 demonstrate dysfunctional phenotypes

To assess the functional phenotype of the subpopulation of spinal microvessels binding 1B4
following SCI, we examined the expression of several markers of spinal microvascular function
in the affected microvasculature. In the intact CNS, expression of the chondroitin sulfate
proteoglycan NG2 is observed mainly in mural cells of the microvasculature but, in response
to injury, is highly expressed in several activated cellular compartments, including activated
microvascular endothelial cells (for review see Morgenstern et al., 2002). In control spinal cord
tissue, NG2 immunoreactivity is seen as sparse, discontinuous/punctate signal associated with
microvessels (Fig. 7A), a pattern that is consistent with moderate levels of expression in the
mural cellular compartment. Seven days following SCI, NG2 expression is readily observed
as robust immunoreactivity associated with 1B4-bound microvessels (Fig. 7B,C), suggesting
a general state of cellular activation. We also observed significant extravasation of EB
associated with 1B4-bound vessels in the injury epicenter (Fig. 7J,K), demonstrating that this
subpopulation exhibits characteristics of macromolecular hyperpermeability. Additionally,
expression of the type 1 glucose transporter (Glut-1), which is expressed exclusively by vessels
in the uninjured mouse spinal cord (Fig. 7D), is absent from IB4-bound microvascular profiles
(Fig. 7E,F). This observation is consistent with previous reports of diminished endothelial
expression of Glut-1 in spinal microvascular endothelial cells following traumatic SCI
(Whetstone et al., 2003). Endothelial overexpression of the prothrombotic protein von
Willebrand factor (vVWF) is associated with endothelial disease and dysfunction, especially
within the endothelium of the cardiovascular system proper (Vischer, 2006). To date, it is
unknown what contribution vVWF expression within the injured spinal microvasculature makes
to the onset of pathologic platelet aggregation as it relates to microthrombosis following
experimental SCI. In uninjured spinal microvessels, low basal expression of vVWF is observed
associated with LEA-bound vascular profiles (Fig. 7G). Seven days following injury, robust
expression of VWF colocalizes to a subset of IB4-bound spinal microvessels (Fig. 7H,1). This
finding is suggestive of a role for vVWF-mediated microthrombosis as a complicating factor in
the posttraumatic reperfusion of affected intrinsic spinal microvessels.

IB4-bound spinal microvessels represent a proliferative neovascular endothelial
subpopulation in the injured spinal cord

To determine whether the 1B4 vascular phenotype represents a regressive or proliferative
vascular phenotype, we examined spinal cord sections for B4 colocalization with various
markers of cellular activation status. Although many IB4-associated endothelial cells were
found to be TUNEL negative (Fig. 8A,D, single-tipped arrows), small numbers of IB4-
associated endothelial cell nuclei appeared to be TUNEL positive (Fig. 8B,C, double-tipped
arrows). However, these nuclei did not exhibit nuclear condensation or fragmentation
characteristic of apoptotic cells, as did other nonendothelial cell nuclei in the fields examined
(Fig. 8A—D, arrowheads). This suggests that 1B4-positive endothelial cells do not undergo
“classical” apoptosis. Furthermore, no IB4-labeled vascular profiles were observed expressing
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apoptosis-inducing factor (AIF; Figs. 8E—H). In contrast, many nonvascular cells express AIF
within the SCI epicenter in both its nonactivated (perinuclear; Fig. 8E) and its activated
(nuclear; Fig. 8G) forms. Comparatively, we observed a number of endothelial nuclei
associated with 1B4-bound microvessels that were positive for the cell proliferation marker
Ki67 (Fig. 81—L, arrows). Taken together, these results suggest that the 1B4 vascular
phenotype represents a largely proliferative subpopulation of microvessels within the area of
active adaptive angiogenesis in the injury epicenter.

A specific temporal course of pathological endothelial tight junctions is associated with the
appearance of the IB4 vascular phenotype

Interendothelial junctions within the normal endothelium of the nervous system consist of
several junctional complexes and include both transmembrane and intracellular components.
These endothelial specializations contribute to normal vascular function as well as contributing
to the tightly regulated barrier function characteristic of CNS vasculature (Bazzoni and Dejana,
2004). Specifically, we examined the dynamics of spinal microvascular tight junction (TJ)
complexes in the evolving injury epicenter by performing immunohistochemical detection of
the transmembrane proteins occludin and claudin-5 as well as the intracellular TJ component
ZO-1. In control spinal tissue, endothelial cells of quiescent microvasculature demonstrate
robust expression of the TJ proteins occludin, claudin-5, and ZO-1 (Fig. 9A—C). At 1 day
post-SClI, the spared vessels within the injury epicenter express grossly normal distributions
of these TJ components (Fig. 9D—F) compared with control. Three days following SCI, which
coincides with the initial appearance of significant numbers of IB4-bound vessels, pathological
expression of TJ subunits is apparent. At this time point, the majority of IB4-bound vessels
express normal distribution of both claudin-5 (Fig. 9H) and ZO-1 (Fig. 91). In contrast, IB4
vascular profiles appear to express both abnormal distribution and low levels of occludin (Fig.
9G) relative to nonpathologic vascular profiles. By 7 days following SCI, IB4-bound vessels
express overt signs of TJ pathology characterized by total loss of occludin expression (Fig. 9J)
and adramatic alteration in both levels and distribution of claudin-5 immunostaining (Fig. 9K).
Immunostaining for the intercellular TJ component ZO-1 was present in 1B4 vascular profiles
(Fig. 9L), although the appearance of the immunostaining was markedly altered with respect
to both its distribution and its continuity along the vascular profile. At 14 days post-SCI, which
represents the latest postinjury time point when significant numbers of IB4-bound vessels are
observed, all TJ components are absent from affected vessels. Taken together, these results are
the initial documentation of TJ pathology commensurate with spinal microvascular plasticity
and dysfunction following experimental SCI.

DISCUSSION

Combinatorial intravital and immunohistochemical approaches better demonstrate the
temporal revascularization and reperfusion of vessels in the injured spinal cord

After SCI, the loss of spinal microvascular endothelial cells, by both necrotic and apoptotic
cell death, is rapid, with significant decreases in cell numbers observed as early as 15 minutes
post-SCI (Casella et al., 2006). In the subchronic phase of the injury, an endogenous adaptive
angiogenesis occurs in both rats (Loy et al., 2002; Casella et al., 2002) and mice (Whetstone
et al., 2003), which has been characterized by a revascularization of the injury epicenter as
evidenced by immunohistochemical detection of microvascular elements (i.e., PECAM-1,
RECA-1, laminin, and collagen V). These previous studies failed to address the functional/
perfusion status of the epicenter and penumbral microvasculature as the injury evolved. This
isanimportant issue in light of previous data from Tator and colleagues illustrating a significant
lack of perfusion in “immunohistochemically intact” spinal capillary beds following injury
(Koyanagi et al., 1993). Furthermore, recent observations in studies of experimental peripheral
tumor angiogenesis demonstrate a disconnection between microvascular anatomy in
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angiogenic foci and perfusion of those affected vascular beds (Noguera-Troise et al., 2006).
Thus, the impetus for the current study is based on these findings and the possibility that the
immunohistochemical detection of microvascular elements within the spinal cord might not
be evidence of a functional microvascular network.

LEA has been used extensively as a histochemical reagent to identify various anatomical
features within the CNS, including endothelial cells (Mazzetti et al., 2004). More relevant to
the current study is the finding that intravascular LEA administration may be an effective
anatomical marker of spinal perfusion following trauma (Yamauchi et al., 2004). We apply
this methodology along with traditional immunohistochemical techniques to identify
microvascular elements within the injured spinal cord that lack apparent perfusion (Fig. 1).
This is an important finding in light of the fact that quantification of PECAM-1 (Glaser et al.,
2004) as well as the endothelial surface antigen RECA-1 (Richter et al., 2005) have been used
as independent measures to evaluate the efficacy of therapeutic interventions on vascular
stability and/or promotion of angiogenesis following SCI. Although these approaches are
certainly valid for identifying vascular networks, their use as markers of vascular function may
not be optimal to evaluate therapeutic alteration of spinal microvascular function following
SCI. The current results add to the understanding of the potential functional state of the newly
formed vasculature within the injury epicenter, but they are by no means a definitive
demonstration of the functional state of the microvasculature at the site of injury. Thus, future
experiments demonstrating a correlation between anatomical perfusion and functional in vivo
perfusion status (e.g., via microlaser Dopler flowmetry and/or oximetry) should provide
irrefutable evidence of the temporal lag of regeneration and reperfusion of neovascular
elements in the injured spinal cord.

Intravital application of IB4 identifies a specific subpopulation of spinal microvessels within
the evolving injury epicenter

The surface glycoconjugate phenotype for endothelium from various organs appears to be
somewhat the same, with independent lectin types binding endothelium from different tissues
with apparent specificity (Belloni and Nicolson, 1988). In various extra-CNS experimental
paradigms, intravital IB4 has been used to examine endothelial plasticity during development
(Jilani etal., 2003), chronic inflammation (Thurston et al., 1996), and tumor neovascularization
(Debbage et al., 1998).

In the immature CNS, a specific transformation toward an overall negatively charged luminal
glycocalyx has been observed with the histochemical application of various lectins (Vorbrodt
et al., 1986). This is an important observation insofar as the phenotype of the CNS vascular
glycocalyx plays a central role in vascular function and blood—brain barrier integrity (Nico
et al., 1998). Pertubation of the luminal glycocalycal phenotype results in pathologic changes
in permeability (VVorbrodt, 1986) and significant neuroinflammation (Nico et al., 2000). Others
have utilized the histochemical application of various lectins to demonstrate pathologic
microvascular structure following stroke (Nishida et al., 1986) or traumatic SCI (Noble et al.,
1996). Intravital lectin delivery has been used less frequently, although it has been employed
to characterize histopathologic transformation in cortical CNS microvessels following
experimental stroke (Nishida et al., 1986) and hypertension (Nag, 1984).

IB4 has been widely used as a histochemical reagent on tissue sections to label glycoconjugates
specifically on various CNS cell types, including neurons, glia, and activated microglia (Streit
et al., 1985; Morioka et al., 1993). Furthermore, it is known to identify vessels in the normal
(Fatehi et al., 1987), developing (Hughes and Chang-Ling, 2000; Vinores et al., 2003), and
diseased (Chan-Ling et al., 2004) CNS. Although the latter studies demonstrate neovascular
structures within complex microanatomy, intravital application of 1B4 allows for much clearer
resolution of neovascular profiles within the injury epicenter. Consistent with applications
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identified in the above-cited studies, application of 1B4 to sections of injured spinal tissue
primarily identifies pathologic ECM, inflammatory cells, and degraded neuropil (Fig. 2F,G).
Intravascular administration of 1B4 does not label microvessels exposed to inflammatory
induction outside of the CNS (Thurston et al., 1996), whereas this is clearly the case in the
present study. These disparate results are likely the result of heterogeneity in responses to
injury/insult in these two vascular beds.

Most IB4-bound microvessels observed in this study appear to retain the capacity for LEA
reactivity within the injured spinal cord (Fig. 4). This is significant in that it suggests that the
lack of LEA intravascular binding in regenerating PECAM-1 vascular profiles is not the result
of a lack of glycoconjugate in the luminal glycocalyx but indicates a true lack of perfusion in
the affected vascular bed. Additionally, this finding highlights the transitory nature of this
transformation and demonstrates that the 1B4 vascular phenotype is a specific luminal marker
for neovascular structures in the injured mouse spinal cord.

The IB4 vascular phenotype represents a proliferative subpopulation of spinal microvascular
endothelial cells

We demonstrate sparse labeling of 1B4-positive endothelial cell nuclei for TUNEL, but an
absence of overt nuclear condensation. Furthermore, we did not detect translocation of
cytoplasmic AlF immunoreactivity to the nuclei of 1B4-bound endothelium, a characteristic
of necrotic cell death. Conversely, 1B4-positive endothelial cells often had Ki67-
immunoreactive nuclei, which is suggestive of a proliferative population of angiogenic vessels.
Relevant to this finding are results indicating that in vitro induction of late-stage apoptotic cell
death results in the differential pathologic glycosylation of cell membranes, which can then be
specifically detected by various nonlytic lectins, including 1B4 and Ulex europaeus (UEA;
Franz et al., 2006). In support of the conclusion that 1B4 vascular profiles represent a largely
proliferative subpopulation, we have performed pilot experiments with double intravascular
labeling using UEA and 1B4. Preliminary results from these experiments do not demonstrate
IB4/UEA double-labeled microvessels in spinal cord tissue 7 days post-SCI (data not shown).
It is unknown whether this is further evidence against an affinity of intravascular B4 for dying
spinal endothelial cells or merely a phenomenon associated with a species-specific
glycoconjugate modification, insofar as previous results have shown a lack of UEA binding
of murine endothelium (Ponder and Wilkinson, 1983; Iruela-Arispe et al., 1999).

Intravascular IB4 identifies a population of endothelial cells exhibiting abnormal TJ
phenotypes in the injured murine spinal cord

Within the CNS endothelium, strict control of macromolecular passage is facilitated by the
BBB, which is provided by well-developed TJ complexes (for review see Bazzoni and Dejana,
2004). Alteration of these TJ connections between adjacent endothelial cells is hall-mark of
the initiation of microvascular dysfunction and is associated with multiple pathologies
(Wolburg et al., 2003). For example, abnormal cellular localization and expression of TJ
components are observed associated with endothelial cell stress following hypoxic insult (Mark
and Davis, 2002) and a pathologic loss of endothelial cell polarity and abnormal glucose
transport potential in spontaneously hypertensive rat BBB endothelial cells (Lippoldt et al.,
2000). Pathologic changes in occludin, claudin-5, and ZO-1 levels and distribution are
associated with the acute phase of hyperpermeability in brain microvessels (Dobrogowska and
Vorbrodt, 2004). To date, no data exist supporting a similar mechanism giving rise to spinal
microvascular dysfunction following SCI. This is an important issue, insofar as it stands to
reason that alterations in the TJs responsible for providing tight interendothelial connection
could potentiate transcellular permeability from the spinal circulation into the parenchyma.
We demonstrate that TJs are pathologically altered in activated spinal microvascular
endothelial cells following SCI. The temporal specificity of these changes correlates well with
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the acute phase of spinal microvascular dysfinction and hyperpermeability observed following
SCI (Noble and Wrathall, 1989b; Whetstone et al., 2003).

Occludin, which is thought to be the apicalmost TJ subunit in CNS endothelium (Vorbrodt and
Dobrogowska, 2003), is the first component lost from affected spinal microvessels (Fig. 8G).
The temporal aspect of the loss of occludin-ir in the IB4 vascular phenotype coincides with
previous reports of loss of another luminal component of the BSCB, endothelial barrier antigen
(EBA), following contusion of the rat spinal cord (Perdiki et al., 1998). Thus, the loss of apical
interendothelial connection likely contributes to the paracellular extravasation of both cellular
and acellular elements during the acute phase of secondary injury cascades following SCI.
Furthermore, previous results demonstrate that the ultrastructure of spinal endothelial TJ
integrity is altered following SCI, with approximately 20% of all affected microvessels
exhibiting characteristic clefts within TJ complexes (Jaeger and Blight, 1997). This observation
is consistent, both spatially and temporally, with the abnormal distribution of immunoreactivity
for the TJ components found to be associated with IB4-bound spinal vessels. Furthermore, the
temporal specificity of the interendothelial junctional alterations observed in the current study
is consistent with previous findings demonstrating that occludin and ZO-1 are lost during early
phases of experimental inflammatory lesion to the cortex (Bolton et al., 1998).

Also important is the observation that most of the affected spinal microvessels occur largely
within areas of significant astroglial loss (Fig. 6A—C). This overt loss of astrocytes is
associated with the histopathologic progression at the lesion epicenter in experimental murine
SCI (Fujiki et al., 1996; Ma et al., 2001). Astrocytes are potent regulators of CNS endothelial
TJ phenotype, both in vitro (Raub, 1996) and in vivo (Willis et al., 2004). In the Willis et al.
study, focal loss of astrocytic investment in brain endothelial cells resulted in altered expression
of occludin, ZO-1, and claudin-5, which resulted in increased permeability in affected
microvessels. Alternatively, results from in vitro modeling of BBB changes correlative to TJ
component dysregulation suggests that BBB/BSCB integrity may be more dependent on
microvascular investment of astroglial endfeet than intact TJ complexes, in that loss of
junctional components from cellular contacts did not result in significant increases in modeled
permeability (Hamm et al., 2004). Although current data do not definitively imply the
associated hyperpermeability associated with the 1B4 vascular phenotype (Figs. 7J,K) with
altered TJ pathology, the ability to identify clearly pathologic spinal microvessels using
intravital 1B4 may prove useful in more directly addressing this issue in future experiments.

The ability to identify spinal microvessels devoid of astroglial investment by using
intravascular IB4 might have other important implications for attenuation of neuropil loss
following SCI. The loss of astroglial investment is thought to result in abnormal glucose
transport potential within the affected endothelium (Whetstone et al., 2003). We observed that
IB4-bound microvascular elements do not demonstrate Glut-1 immunoreactivity (Fig. 7E,F).
This is another indication of overt pathophysiology in the 1B4 microvascular subpopulation,
in that Glut-1 is critically important for the metabolic potential within the injury epicenter. This
likely has important implications for tissue preservation; Glut-1-mediated glucose supply is
thought to be the predominant pathway for support of parenchymal metabolism in the spinal
cord (for review see McEwen and Reagan, 2004).

Experimental utility and significance of the IB4 microvascular phenotypein theinjured spinal

cord

Microvascular activation/dysregulation within the injured spinal cord is of paramount
importance, in that it is hypothesized to underlie aspects of both acute and chronic pathologic
phases following SCI. Acutely, microvascular damage results in significant hemorrhage
(Noble and Wrathall, 1989a), which is directly toxic to neuropil (Bullock and Fujisawa,
1992). Chronically, microvascular dysfunction contributes to multiple secondary injury
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cascades (for review see Mautes et al., 2000). One difficulty in studying microvascular
responses during this later phase of injury has been the lack of definitive markers for activated
endothelial cells in injured spinal tissue. One recently characterized negatively regulated
marker of endothelial activation in the murine SCI model is the loss Glut-1 expression in
affected microvessels during this critical phase of vascular dysfunction (Whetstone et al.,
2003). We extend this result by identifying a positive phenotypic marker of this vascular
subpopulation using intravital IB4, making future examination of microvascular plasticity
feasible.

Another important finding is that the B4 vascular phenotype is associated with areas of active
inflammation in the injured spinal cord. Thus, it may be plausible to utilize the differential
appearance of this subpopulation of vessels as an endpoint assessment of interactions of
inflammatory cells with the vasculature. This could be useful insofar as several promising
experimental therapies targeting the inflammatory responses following SCI are currently under
development and appear to have beneficial effects (Gris et al., 2004; Bao et al., 2005; Oatway
etal., 2005). Furthermore, the potential functional implication of endothelial cell upregulation
of al1,3-galactosyltransferase, which is a major enzyme responsible for the generation of the
glycoconjugates recognized by 1B4, may be significant for the propagation of multiple
secondary injury cascades following SCI. An important function of these glycoconjugates in
vascular function is the selectin-dependent recruitment of leukocytes to sites of inflammation
(Lowe, 2003). The temporally specific increase in the a/p-1,3-galactose expressed on the
luminal surface of affected endothelium detected here likely contributes to the propagation of
the active inflammatory processes occurring in the mouse spinal cord 3-14 days post-SCI.
After experimental mouse (Kigerl et al., 2006) and rat (Popovich et al., 1997) SClI, active
extravasation of inflammatory cells begins to peak by 3 days postinjury, which coincides with
the initial observation of the IB4 luminal phenotype. It remains to be determined whether
experimental targeting of the o/fB-1,3-galactose glycoconjugate groups as a means to decrease
inflammatory cell infiltration might hold therapeutic promise. Nonetheless, based on the
current characterization of the microenvironment where 1B4 microvascular binding is
observed, this pathologic transformation likely is driven by one or more factors enriched in the
inflammatory microenvironment, consistent with the known proangiogenic role of cellular
inflammatory mediators (for review see Han and Suk, 2005). The direct utility of masking of
these specific epitopes in controlling inflammation following experimental SCI is an intriguing
possibility. Another interesting issue is the exploitation of the 1B4 vascular phenotype to target
therapeutics luminally to sites of vascular dysfunction in the injured spinal cord. Similar
approaches have been used successfully in other CNS pathologies; it appears that they
circumvent the rigid exclusion of potentially therapeutic macromolecules by the BBB/BSCB
(Pardridge, 2007).

The primary issue related to the clinical relevance of the current study relates to the question
of whether the specific glycoconjugate phenotype detected in the activated spinal
microvasculature is unique to the mouse model. Although we have observed a comparable
response in the rat spinal contusion model (data not shown), it is unknown whether a
comparable response is seen in clinical cases of human SCI. It is possible that the
transformation to an 1B4 phenotype within affected microvessels is a phenomenon specific to
the rodent experimental model, insofatr as Griffonia simplicifolia 1B4 does not exhibit vascular
binding when applied as a histochemical reagent in human vascular endothelial cells (Alroy et
al., 1987). This observation is consistent with an apparent absence of the rate-limiting enzyme
responsible for production of a-D-galactosyl residues on the cell surface in humans and
nonhuman primates (Galili et al., 1988). The more general question is whether similar
alterations of the glycocalyx occur following human SCI. To date, no report exists regarding
this issue; if such changes are demonstrated they may provide better insight into potential
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mechanisms underlying vascular dysfunction following human SCI as well as identify novel
targets for potential therapeutic intervention.
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Fig. 1.

(Overleaf). Analysis of vascularity and microvascular perfusion at the epicenter of the injured
adult mouse spinal cord 1, 3, 7, and 14 days post-SCI demonstrates a differential microvascular
phenotype. To determine this, longitudinal sections of injury epicenters were examined and
compared with tissue from normal controls. In the normal mouse spinal cord, a dense
microvascular network is apparent (A,B, arrowheads), exhibiting normal anatomy including a
continuous basal lamina (AMCA-laminin-ir), an intact endothelium (TRITC-PECAM-1-ir),
and luminal LEA glycocalyx binding of perfused vessels (FITC-LEA). By 1 day post-SCI, a
hypovascularity of the SCI epicenter is readily observed (C). Most important is that differential
microvascular phenotypes are apparent, including nonperfused vascular elements exhibiting
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both an intact (D; asterisks) and an absent (D; arrowheads) endothelium. At 3 days following
SCI (E), most of the vascular profiles within the epicenter exhibit an intact endothelium (F;
asterisks), with some observed perfusion (F; arrowheads). Seven days following SCI, a
significant amount of extravascular laminin is apparent within the injury epicenter (G). In the
high-magnification inset (H), vascular profiles can be observed containing a more robust
endothelium (H; asterisks). Importantly, not until 14 days post-SCI (1) do most microvascular
profiles in the injury epicenter exhibit a significant restoration of their perfusion state (J;
arrowheads). The dashed line in the cresyl violet-stained cross-section of mouse spinal cord
(K; gray matter is traced) illustrates the approximate longitudinal plane of sections represented
in A—J. The midline of longitudinal sections is approximated by the dashed linesin A,C,E,G,I.
Scale bars =1 mm in E (applies to A,C,E); 1 mm in I (applies to G,I); 1 mm in K; 20 um in F
(applies to B,D,F); 20 um in J (applies to H,J).
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(Overleaf). Both temporal and spatial analysis of angiogenic microvessels at the injury
epicenter shows maximal binding of 1B4 7 days following SCI. In control spinal tissue (A),
laminin immunoreactivity (ir) is limited to the basal lamina of the vasculature, with no 1B4
vascular binding observed. By 1 day post-SCI (B), no significant 1B4 binding is observed in
the evolving injury epicenter (hatched outline) despite slightly enlarged laminin-ir vascular
profiles, which is an indication of microvascular activation. By 3 days following SCI (C), this
vascular activation is more apparent, with more enlarged vascular profiles obvious within the
evolving epicenter. By 7 days following injury (D), IB4-bound spinal vessels within the injury
epicenter are overtly present, which is characteristic of the evolving murine SCI. By 14 days
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post-SCI (E), qualitative expression of the B4 vascular phenotype is dramatically decreased
at the injury epicenter. The vascular 1B4 binding obtained via intravascular application is quite
different from that obtained by histochemical application to 7-day injured spinal cord tissue
(F,G) in that the majority of 1B4 staining is observed in inflammatory cells (G; boundary
indicated by asterisks) with little associated with laminin-immunopositive vascular profiles
(G; arrowheads). This is in contrast to the resolution of microvascular elements observed within
the injury epicenter achieved by intravascular administration (H, arrowheads). The 1B4 binding
is specific, in that intravital application of molecular-weight-matched FITC-dextran 7 days
post-SCI results in diffuse signal within the injury epicenter (1,J), indicative of overt
microvascular permeability that is apparent in the perivascular tissue surrounding a small vessel
(J, arrowhead). As in Figure 1, the midline of longitudinal sections is approximated by the
dashed lines in A,E, I, which is consistent with the other unlabeled longitudinal fields presented.
Scale bars =1 mm in D (applies to A—D); 1 mm in E (applies to E,F,1); 1 mm in K; 20 umin
F (applies to B,D,F); 20 um in J (applies to H,I); 100 um in G,H,J.
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Fig. 3.

By comparing the quantitative temporal representation of LEA/IB4/PECAM-1 in the injury
epicenter, a clearer understanding of microvascular plasticity associated with the evolution of
the secondary injury cascade is apparent. Total vascularity of the injury epicenter was assessed
by PECAM-1 immunoreactivity (A) and was found to be dramatically decreased by 24 hours
following SCI, with levels increasing consistently through 2 weeks following injury. The
perfusion status of spinal microvessels at the injury epicenter was assessed by intravascular
LEA lectin binding (B). Perfusion of the injury epicenter is significantly decreased by 1 day
following SCI concomitant with the acute phase of vascular regression. Spinal perfusion status
does not rebound in lock step with revascularization, because levels of LEA bound vascular
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profiles are not significantly greater than those observed in the 24 hour post-SCI time point
until 14 days postinjury. The appearance of the IB4-bound vascular phenotype is tightly
temporally regulated (C), with significant numbers of profiles (relative to controls) first
observed 1 day following SCI. Numbers of IB4-bound spinal vessels in the injury epicenter
reach maximal levels 1 week following injury and decline by 2 weeks following SCI, with
numbers approaching baseline by 4 weeks post-SCI (data not shown). Quantitative data
represent the per area density of PECAM-1-ir, intravascular LEA, and intravascular 1B4
labeling/injury epicenter + SD. Levels are significant as determined by one-way ANOVA
results and Tukey HSD post hoc t-tests. **Vascular LEA binding is significantly greater in
controls (P < 0.001, df = 4,16, F = 20.275) relative to all experimental groups. *Vascular LEA
binding is significantly greater (P < 0.05, df = 4,16, F = 20.275) than 1 day post-SCI. #Vascular
IB4 binding is significantly greater than controls (P < 0.05, df = 3,12, F = 8.6). *Vascular 1B4
binding is significantly greater (P < 0.01, df = 3,12, F = 8.6) than all experimental groups.
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Fig. 4.

FITC-1B4-bound microvessels are shown within the injury epicenter 7 following SCI (B). IB4-
labeled microvessels within the injury epicenter are confirmed by vVWF immunoreactivity
(A). These vascular profiles are observed to be perfused as demonstrated by intraluminal
staining with TRITC-LEA (C). The merged image (D) identifies a representative
microvascular profile (arrowheads) observed to colabel with both intravascular tracers. Scale
bar =20 um.
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7 days SCI

Fig. 5.

In control spinal cord sections (A—C), immuno-EM staining for 1B4 shows no binding of the
lectin in spinal microvessels neither within spinal gray (hatched outline) nor white matter. In
contrast, in spinal tissue taken 7 days post-SCI (D,E), many 1B4-bound microvascular profiles
are seen, especially within injured spinal gray matter (hatched outline). Higher magnification
micrographs show the normal ultrastructure of spinal capillaries (C), with endothelial cells
(EC) immediately invested by pericytes (P). In injured spinal tissue, this ultrastructure is
pathologically altered, with IB4-bound microvessels demonstrating a lack of obvious pericytic
investment (F—I) and significant disruption of abluminal matrix (F,H,l, asterisks).
Furthermore, many 1B4-bound microvessels are observed to be in close association with
inflammatory cells (G,H), including putative macrophages (M) and granulocytes (G) with a
single endothelial profile present with its associated vascular lumen (L). Scale bars =5 pum.
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Fig. 6.

Immunohistochemical characterization of epicenter microenvironment 7 days post-SCI
demonstrates significant histopathology concomitant with 1B4 microvascular binding. Normal
association of astrocytes (A) and pericytes (D) with spinal microvessels is shown in control
tissue as demonstrated by GFAP and desmin immunoreactivity, respectively. At 7 days post-
SClI, there is a loss of both vascular-associated GFAP (B,C) and desmin immunoreactivity
(E,F) at the epicenter, indicating disruption of astrocytic perivascular endfeet and pericytic
investment, respectively. Also, no overt inflammation is observed in control spinal tissue as
demonstrated by a lack of Ibal immunoreactivity (G). In injured spinal tissue, a significant
inflammation is associated with epicenter vascular activation as demonstrated by association
of IB4 and Ibal immunoreactivity (H,1). Seven days following SCI, both IB4-bound and 1B4-
unbound microvessels demonstrate associated collagen IV immunoreactivity within the
evolving lesion epicenter (K,L, arrowheads), suggesting a preservation of nonpathological
basal lamina phenotype comparable to that observed with microvascular profiles in control
tissue (J, arrowheads). Scale bars = 20 um in J (applies to A,D,G,J); 20 um in F (applies to
C,F,1); 1 mmin K (applies to B,E,H,K); 20 umin L.
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Fig. 7.

Alteration of spinal microvascular phenotype exemplifies pathological alteration and loss of
microvascular function. At 7 days post-SCI, IB4-bound vessels exhibit high levels of
immunoreactivity for the proteoglycan NG2 (B,C), demonstrating EC activation not observed
in microvessels in control spinal tissue (A). Conversely, IB4-bound microvessels demonstrate
a loss of Glut-1 immunoreativity (E,F), which is characteristic of normal spinal vessels (D)
and demonstrates loss of normal metabolic capacity, an important spinal microvascular
function. Normal spinal microvessels express von Willebrand factor (G), which is preserved
in 1B4-bound spinal microvessels (H,I). Most importantly is that significant extravasation of
Evans blue is seen associated with the 1B4 vascular phenotype (J,K, arrows), demonstrating
that 1B4-reactive microvessels are leaky. Scale bars = 20 um in D (applies to A,D); 20 um in
G; 20 um in I (applies to C,F,I); 20 um in K; 1 mm in J (applies to B,E,H,J).
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Fig. 8.

Comparison of nuclear markers of cell death and proliferation in endothelial cells of 1B4-
positive spinal microvessels demonstrates population of proliferative phenotypes. In spinal
microvessels at the injury epicenter 7 days following SCI, 1B4 vascular endothelial cells appear
largely TUNEL immunonegative (A,D, single-tipped arrows; arrowheads indicate positive
nonvascular cells). In some cases, endothelial cells associated with 1B4-bound microvessels
appear to be TUNEL immunopositive (B,C; double-tipped arrows; arrowheads delineate
positive nonvascular cells), although associated nuclear condensation or fragmentation, typical
for apoptotic cells, was not observed. Similarly, no AlF-immunopositive endothelial cells are
observed (E—H, arrows) despite the presence of AlF-immunopositive nonvascular cells seen
in the fields (arrowheads). By relative comparison with both TUNEL- and AlF-
immunnopositive endothelial cells, many more 1B4-bound endothelial cells appear to be
proliferative as indicated by their expression of Ki67 immnuopositivity (I—L., arrows). In
some cases, several endothelial cell nuclei associated with a single B4 microvascular profile
are Ki67 immnuopositive (K, arrows/arrowheads), with clearly Ki67-immunonegative EC
nuclei also evident (K, asterisk). Scale bars =20 um in A,B,E,F,1,J; 10 um in C,D,G,H,K,L.
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IB4-bound endothelial cells demonstrate pathological basal tight junction (TJ) phenotype 7
days following SCI. In control spinal tissue, endothelial cells of normal microvessels express
the TJ proteins occludin (A), claudin-5 (B), and ZO-1 (C). This normal endothelial staining
pattern is largely maintained in microvessels 1 day post-SCI (D—F), with only occludin (G)
exhibiting initial pathological immunostaining at 3 days post-SCI, with other TJ components
remaining unaffected (H,1). By contrast, at 7 days following injury (J), IB4-bound microvessels
express pathological patterns of the apical TJ component claudin-5 (K, arrowheads) and ZO-1
(L, arrowheads) but do not express the basal TJ component occludin (N, asterisks), although
some I1B4 profiles are observed in these fields that do not overtly express any of the TJ markers
examined (K,L; asterisks). At 14 days postinjury, IB4-bound microvessels express neither
basal (M) nor apical (N,O) TJ components, demonstrating destabilization of microvascular
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integrity in the injured spinal cord. Scale bars = 10 um in | (applies to A—I); 10 um in O
(applies to J—O).
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