
ADAM8 is selectively upregulated in endothelial cells and is
associated with angiogenesis after spinal cord injury in adult mice

Edward T. Mahoney1,2, Richard L. Benton1,2,3, Melissa A. Maddie1,2, Scott R.
Whittemore1,2,3, and Theo Hagg1,2,4,*
1Kentucky Spinal Cord Injury Research Center, University of Louisville School of Medicine,
Louisville, KY 40292, USA
2Department of Neurological Surgery, University of Louisville School of Medicine, Louisville, KY
40292, USA
3Department of Anatomical Sciences and Neurobiology, University of Louisville School of Medicine,
Louisville, KY 40292, USA
4Department of Pharmacology and Toxicology, University of Louisville School of Medicine,
Louisville, KY 40292, USA

Abstract
Endothelial cell (EC) loss and subsequent angiogenesis occurs over the first week after spinal cord
injury (SCI). To identify molecular mechanisms that could be targeted with intravenous (i.v.)
treatments we determined whether transmembrane A Disintegrin And Metalloprotease (ADAM)
proteins are expressed in ECs of the injured spinal cord. ADAMs bind to integrins which are important
for EC survival and angiogenesis. Female adult C57Bl/6 mice with a spinal cord contusion had
progressively more ADAM8 (CD156) immunostaining in blood vessels and individual ECs between
1 and 28 days following injury. Uninjured spinal cords had little ADAM8 staining. The increase in
ADAM8 mRNA and protein was confirmed in spinal cord lysates, and ADAM8 mRNA was present
in FACS-enriched ECs. ADAM8 co-localized extensively and exclusively with the EC marker
PECAM and also with i.v. injected lectins. I.v. injected isolectin B4 (IB4) labels a subpopulation of
blood vessels at and within the injury epicenter 3-7 days after injury, coincident with angiogenesis.
Both ADAM8 and the proliferation marker Ki-67 were present in IB4-positive microvessels.
ADAM8-positive proliferating cells were seen at the leading end of IB4-positive blood vessels.
Angiogenesis was confirmed by BrdU incorporation, binding of i.v. injected nucleolin antibodies,
and MT1-MMP immunostaining in a subset of blood vessels. These data suggest that ADAM8 is
vascular-selective and plays a role in proliferation and/or migration of ECs during angiogenesis
following SCI.
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Introduction
SCI causes immediate tissue loss as well as rapidly progressing secondary degeneration over
the first two weeks (Hall and Springer, 2004; Hagg and Oudega, 2006; Bramlett and Dietrich,
2007; Donnelly and Popovich, 2008). In rodents, EC dysfunction and cell death occurs over
the first post-injury day (Loy et al., 2002; Casella et al., 2002, 2006; Benton et al., 2008a) most
likely leading to ischemia, edema and initiation of detrimental infiltration of leukocytes. It is,
therefore, conceivable that i.v. treatments that target the ECs to reduce their dysfunction and
death would be neuroprotective. I.v. infusion is readily performed in most medical facilities
and is therefore a good route to deliver treatments soon after the injury. The interaction between
extracellular matrix molecules and integrin receptors is important for attachment and survival
of cells, including ECs (Hynes, 1992, 2002; Ruoslahti and Engvall, 1997; Giancotti and
Ruoslathi, 1999). EC attachment is disrupted early after SCI in mice, rats and primates
(Goodman et al 1979; Koyanagi et al.,. 1993; Benton et al., 2008a). We are interested to find
integrin-interacting proteins that would be present in the EC surface facing the blood vessel
lumen after injury as they would be accessible to manipulation by i.v. agents (e.g., Murphy et
al., 2008). After the acute loss of ECs, some blood vessels at the injury epicenter apparently
undergo angiogenesis between 3 and 7 days following injury (Loy et al., 2002; Casella et al.,
2002; Whetstone et al., 2003; Benton et al., 2008a). However, EC proliferation and migration
after SCI remains to be shown, and it is still unclear whether angiogenesis is beneficial or
detrimental. We are interested to identify molecules that would specifically be expressed in
angiogenic ECs as this would facilitate investigation of mechanism(s) that could be targeted
with i.v. agents. Integrins, notably αvβ3 integrin, are involved in EC survival and angiogenesis
during development and in tumor growth (Brooks et al, 1994a,b). We have reported the
vascular-specific increase in expression of α1β1 integrin in the spinal cord after a contusion in
adult rats (Baker and Hagg, 2007).

ADAMs are transmembrane proteins whose disintegrin domain binds integrins (Primakoff and
Myles, 2000; Evans, 2001; White, 2003; Blobel, 2005; Huovila et al.2005; Yang et al.,
2006). Most ADAMs also have an active metalloprotease domain and they are mainly
responsible for activating cleavage-dependent transmembrane proteins. Among such proteins
are Notch, Tie1, and TNFα, which are involved in angiogenesis (van Hinsbergh and Koolwijk,
2008; Sainson et al., 2008a,b) and ICAM and TNFα, involved in leukocyte migration into
tissues (Worthylake and Burridge, 2001; Tsakadze et al., 2006; Bell et al., 2007;
Chandrasekharan et al., 2007). The dual integrin-binding and metalloprotease activities of
ADAMs put them in a unique position to orchestrate biological processes involved in secondary
degeneration or repair after SCI. ADAM17 has been found in ECs of the normal CNS (Goddard
et al., 2001). ADAM15 is present in developing vasculature and plays a role in pathological
angiogenesis in the eye (Horiuchi et al., 2003) and ADAM8 and 15 have been detected in
angiogenic tumor blood vessels (Wildeboer et al., 2006). ADAM10, 17 and 19 null mice have
defects in cardiovascular development, suggesting that these ADAMs might also affect
angiogenesis (Blobel, 2005). ADAM11, 19 and 22 have been found in the uninjured spinal
cord, but not in blood vessels (Kurisaki et al., 1998; Sagane et al. 1999; Rybnikova et al.,
2002; Sagane et al., 2005). Nothing is known about ADAM expression after SCI. A preliminary
screening of commercially available antibodies identified ADAM8 in blood vessels.

Here, we determined whether ADAM8 was present in blood vessels and/or showed selective
changes in blood vessels after SCI in adult mice. We also determined whether such changes
were related to the angiogenesis detected at the epicenter after SCI.

Mahoney et al. Page 2

J Comp Neurol. Author manuscript; available in PMC 2009 September 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Materials & Methods
Experimental overview and animals

All animal experiments were conducted in accordance with the National Institutes of Health's
guidelines on the care and use of laboratory animals and were approved by the Animal Care
Committee of the University of Louisville. A total of 78 young adult female C57Bl/6 mice
(Jackson Laboratory, Bar Harbor, ME; 18-20 g) were used. To assess ADAM8 immunostaining
in the spinal cord, uninjured mice and mice 1, 3, 7, 14, or 28 days following a contusion at
thoracic level 9 were used (n = 4 each). To determine changes in ADAM8 protein levels, spinal
cords from 3 uninjured mice and 3 mice with a 7 day injury were processed for Western blotting.
In addition, uninjured, and mice 1 and 3 days post-injury (n = 2 each) were used to extract
RNA for analysis of ADAM8 mRNA in whole spinal cord homogenate. Thirty-six additional
mice were contused and 3 days later injected i.v. with FITC-conjugated Lycospersicon
esculentum agglutinin (LEA) lectin to FACS-purify their microvessels, containing
predominantly ECs, to detect ADAM8 mRNA. To assess angiogenic markers in the spinal
cord, mice were contused and 2 days later were injected with 5-bromo2′-deoxy-uridine (BrdU;
n = 3) and processed for histology the following day. Other mice with a contusion received an
i.v. injection of antibodies against nucleolin (n = 3) 1 hour prior to processing 3 days post-
injury.

Spinal cord contusion and intravenous injections
Mice were anesthetized with an intraperitoneal injection of Avertin (0.4 mg/g body weight
2,2,2-tribromoethanol in 0.2 ml of 1.25% (v/v) 2-methyl-2-butanol in saline; Sigma-Aldrich,
St. Louis, MO; Papaioannou and Fox, 1993). Their backs were shaved and cleansed with
betadine, and Lacriblube opthalamic ointment (Allergen, Irvine, CA) was placed on their eyes
to prevent drying. In addition, the mice received an intramuscular injection of 50 mg/kg
gentamicin sulfate antibiotic (Boehringer Ingelheim, St. Joseph, MO) to prevent infection and
a 2 cc bolus of saline, administered subcutaneously. After a laminectomy at spinal cord level
T9, a moderate spinal cord contusion was delivered through the intact dura with the IH impactor
(Infinite Horizons Inc., Lexington, KY) set at a force of 50 kdyn (400-700 μm displacement).
After contusion, the muscle and skin were sutured in layers and Bacitracin zinc antibiotic
ointment (Altana Inc., Melville, NY) was applied to the incision area. Mice were housed 4 per
cage and recovered on a 37°C heating pad overnight. Post-operative analgesia was achieved
by subcutaneous injections of buprenorphine (Bupronex; 0.075 mg/kg) every 12 hours up to
72 hours. Their bladders were expressed manually twice daily until onset of reflexive voiding
(7-10 days post-injury).

To label perfused blood vessels containing ECs, anesthetized mice received an injection into
the jugular vein of 100 μg in 100 μl of FITC-conjugated Griffonia simplicifolia isolectin B4
(IB4, Sigma) or FITC-LEA (Sigma), 15-20 minutes before euthanasia. IB4 was only injected
in mice that were processed at 3, 7 and 14 days post-injury. IB4 binds a subset of ECs within
the lesion epicenter at these times when angiogenesis occurs and is absent at 1 and 28 days
(Benton et al., 2008a). FITC-LEA labels most perfused blood vessels in the spinal cord
(Yamauchi et al., 2004) and was used for FACS purification of ECs 3 days after injury.
Nucleolin antibodies (rabbit polyclonal, 150 μg in 100 μl; a gift from Dr. Ruoslahti) were
injected into one jugular vein and allowed to circulate for 1 hour prior to euthanasia. They bind
to angiogenic blood vessels in tumors implanted in mice (Christian et al., 2003). To label
proliferating cells, BrdU (B5002; Sigma; dissolved in Tris-buffered saline or TBS, pH 7.4)
was injected intraperitoneally (60 mg/kg) at 48 and 60 h after SCI and the mice were euthanized
at 72 h.
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Histological procedures
For histological analyses, all mice were deeply anesthetized and transcardially perfused with
ice-cold 0.1M phosphate buffer and fresh, non-fixed tissue was collected. Their spinal cords
were dissected and a 10 mm long segment spanning the injury epicenter was cyroprotected in
30% sucrose for 48h at 4°C. Multiple spinal cords were cast flat on the bottom of a single
cutting block with their epicenters aligned. For the time-course experiments, at least one mouse
at each time point was represented in a block. The spinal cord blocks were then sectioned
longitudinally at 20 μm on a cryostat. Sections were thaw-mounted onto charged microscope
slides (#12-550-15, Fisher, Pittsburgh, PA) and stored at -20°C. For immunohistochemical
processing, slides were warmed at 37°C for 20 min, the mounting matrix removed, and the
tissue post-fixed in ice-cold methanol for 10 min. Non-specific binding in the sections was
blocked with 0.5% BSA and 10% normal donkey serum in 0.1M TBS, containing 0.3%
TritonX-100 (Sigma), for 1 h at room temperature. Sections were immunostained using primary
antibodies (see below) diluted in 0.1M TBS containing 0.3% TritonX-100, 0.5% BSA and 5%
normal donkey serum overnight at 4°C. For double immunofluorescence staining, sections
were incubated with two primary antibodies made in different species. Next, sections were
incubated for 1 h in secondary antibodies conjugated with Alexa Fluor 594 (Red, 1:300;
Molecular Probes, Eugene, OR) or AMCA (Blue; 1:100; Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA) diluted in TBS. In between steps, sections were rinsed 3
× 5 min with TBS. Finally, sections were dried and cover-slipped with antifade Gel/Mount
aqueous mounting media (SouthernBiotech, Birmingham, AL).

Primary antibodies and dilutions used are shown in Table 1. ADAM8 was identified with a
polyclonal rabbit antibody made against a synthetic peptide representing amino acids 795-824
of the end of the cytoplasmic C-terminus of human ADAM8
(PGPAEGAVGPKVALKPPIQRKQGAGAPTAP; Chemicon/Millipore, Temecula, CA) and
was characterized in this study. ECs were identified with a monoclonal rat anti-PECAM-1
antibody (clone MEC13.3; BD Pharmingen, Franklin Lakes, NJ) made against cell membrane
fractions from 129/Sv mouse-derived polyoma middle T transformed endothelial cell tEnd.1.
The specificity was shown by immunodepletion analysis with PECAM and exclusive labeling
of vascular endothelium in vitro and in vivo (Vecchi et al., 1994), also in the normal and injured
adult mouse spinal cord (Hsu et al., 2006;Benton et al., 2008). Proliferating cells were identified
by using a polyclonal rabbit Ki-67 antibody (Novocastra Laboratories, Newcastle upon Tyne,
United Kingdom). The antibody is against a recombinant protein containing the so-called Ki-67
motif (TPKEKAQALEDLAGFKELFQTP; Gerdes et al., 1991;Schluter et al., 1993) and reacts
only with the expected 345 and 395 kDa bands in Western blots. It gives the same pattern of
staining as other Ki-67 antibodies in tumors (Lindboe and Torp, 2002). This antibody
recognizes only proliferating cells, including endothelial cells, in the adult mouse brain and
spinal cord (Baker et al., 2006;Quinones-Hinojosa et al., 2006;Seki et al., 2007;Benton et al.,
2008). Injected BrdU incorporated in nuclei of proliferating cells was identified by using a
monoclonal mouse antibody (clone BU-1; Chemicon/Millipore, Temecula, CA). This antibody
specifically binds to BrdU, as defined by competition ELISA experiments, and does not cross-
react with any endogenous cellular components such as thymidine or uridine (Gonchoroff et
al., 1985). Tips of migrating cells were detected by an MT1-MMP polyclonal rabbit antibody
(Chemicon/Millipore) made against a peptide overlapping with the hemopexin-like domain of
human MT1-MMP (CDGNFDTVAMLRGEM; Rathke-Hartlieb S. et al., 2000). It shows the
expected 50-60 kDa molecular weight bands in Western blots of CNS plasma membrane
preparations from mice compared to MT1-MMP transfected cells (Rathke-Hartlieb S. et al.,
2000) and recognizes MT1-MMP in Western blots of mouse retina/choroid tissues (Yu et al.,
2008).
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As controls, the primary antibodies were replaced by a non-immune IgG of the same species,
which gave no staining. To determine the working dilutions, the ADAM8 antibody was tested
in serial dilutions between 1:100 and 1:1000 and all other ADAM8 staining was done at 1:300.
For double BrdU-platelet-derived EC adhesion molecule (PECAM) immunostaining, spinal
cord sections were first incubated with antibodies against PECAM overnight at 4°C followed
by 1 h in Alexa 594-conjugated secondary antibodies (1:300; Molecular Probes). After 3 × 10
min washing with TBS, PECAM-immunostained sections were fixed in 4% paraformaldehyde
for 15 minutes and then processed for BrdU staining according to a modified protocol (Kuhn
et al., 1996). Sections were incubated in 50% formamide in 2× standard saline citrate (SSC)
at 65° C for 45 min. After rinsing in 2× SSC for 5 min, sections were incubated at 2N HCl at
37° C for 30 min, neutralized in 0.1M boric acid (pH = 8.5) for 10 min and washed in 0.1M
TBS (3 × 5 min). Sections were quenched in 1% hydrogen peroxide in TBS for 30 min and
washed in TBS with 0.3% TritonX-100 (2 × 10 min). Afterwards, sections were immunostained
as described above using primary antibodies against BrdU and secondary antibodies conjugated
with Alexa 488 (Green; 1:300; Molecular Probes). We were unable to perform BrdU/ADAM8
double-labeling due to technical difficulties including the degradation of ADAM8 epitopes
during the denaturing step necessary for the BrdU staining.

Western blotting
To confirm that the ADAM8 antibodies were specific and that increased ADAM8
immunostaining reflected protein increases, mice were transcardially perfused with cold PBS
and spinal cord tissue (4 mm rostral and caudal to the injury epicenter) was quickly dissected
and homogenized in PBS on ice. After centrifugation, pellets were lysed in the buffer containing
50 mM Tris-HCl, pH 7.4, 1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1
mM EDTA, 1 nM phenylmethylsulfonyl fluoride (PMSF), 1 μg/ml aprotinin, leupeptin, and
pepstatin, 1 mM Na3VO4, and 1 mM NaF (Sigma) on ice for 30 min. After centrifugation
(12,000 × g, 10 min), supernatants were collected and protein concentrations measured with a
Lowry protein assay kit according to the manufacturer's instructions (P5656, Sigma).
Individual lysates were aliquoted and stored at -80°C until further use. Proteins were separated
with 7% SDS-PAGE gels (150V, 50 min, room temperature) and transferred to 0.2-μm PVDF
membranes (Bio-Rad, Hercules, CA; 95V, 28 min, 4°C). The membranes were blocked with
5% reconstituted dry milk and incubated with primary (overnight, 4°C) and secondary
antibodies (60-90 min, room temperature), and then visualized with an ECL Plus
chemiluminescence detection kit (Amersham Biosciences, Piscataway, NJ). The density of
ADAM8 bands from uninjured and 7 day contused mice (n=3 each from 3 different
experiments) were measured using a Kodak Image Station 4000R with Molecular Imaging
Software (Eastman Kodak Company, Rochester, NY).

ADAM8 mRNA detection in whole spinal cord and FACS-purified ECs
Total RNA was isolated from whole spinal cords by sonicating the tissue in TRIZOL® Reagent
(Invitrogen, Inc., Carlsbad, CA) and extraction following the manufacturer's protocol. Total
RNA (1 μg) was reverse transcribed into cDNA in reactions containing M-MLV RT (100 U,
Promega), DTT (5 mM), dNTPs (1 mM each), random hexamers (4 μg), and RNAse inhibitor
(20 u, Boehringer Mannheim). PCR was performed with primers for ADAM8 (forward: 5′-
CTT ATG GAC ACC AGC AGT AG-3′; reverse: 5′-ATG CTT TGC CTG ATA CAT CGC-3′),
or cyclophilin A (forward: 5′-CGG AGA GAA ATT TGA GGA TGA GA-3′; reverse: 5′-AGT
CTT GGC AGT GCA GAT AAA A-3′) (Invitrogen). Optimum annealing temperatures, cycle
numbers, and RT input were determined by finding a single amplicon at the appropriate
molecular weight. All RT and PCR reactions were performed on a PTC-200 gradient
thermocycler (MJ Research, Reno, NV). End-point PCR products were separated by native
polyacrylamide gel electrophoresis followed by detection using SYBR gold staining
(Molecular Probes, Eugene OR).
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Spinal cord microvascular ECs (scmECs) were enriched using a previously described method
which provides >90% purity as confirmed by FACS and real-time RT-PCR of EC-specific and
non-EC mRNAs (Benton et al., 2008b). In short, a 3 mm length of the spinal cords of LEA-
injected mice, including the injury epicenter, was quickly dissected, and homogenized in HBSS
on ice for 3 minutes. After sequential trituration through 26 and 30 gauge needles, the samples
were sieved using a 70 μm mesh tube insert (BD Falcon, Bedford, MA) and purified by FACS
(MoFlo system; DAKO, Ft. Collins, CO). Events were triggered by FITC-LEA bound
fragments (488 nm excitation, 530/40 nm detection). The brightest events were selected, as
only this population contains the microvessels. The purified vessels were pelleted by
centrifugation (16,000 × g, 4°C, 15 min) and RNA isolated using the PicoPure™ RNA Isolation
Kit (Arcturus Bioscience, Inc., Mountain View, CA) according to the manufacturer's protocol.
Total RNA (1 μg) was reverse transcribed with the ReactionReady™ First Strand cDNA
Synthesis Kit (SuperArray Bioscience Corp., Frederick, MD) according to the manufacturer's
protocol. PCR and analysis were performed as described above.

Image Processing and quantification
All fluorescent photomicrographs were taken using either a Leica DMIRE2 inverted
microscope with an attached Spot RTKE digital camera and associated Spot software for
Windows (Version 4.0.8; Diagnostic Instruments Inc., Sterling Heights, MI) or a Nikon D-
Eclipse C1 laser scanning confocal microscope (Nikon Instruments, Dallas, TX) with EZC1
software. The final figures were produced with Adobe Photoshop® and, when necessary,
brightness adjusted to reflect the natural view through the microscope. The area of ADAM8-
positive blood vessels between 1 mm rostral and caudal of the middle of the injury epicenter
in longitudinal sections was measured using digitized images and Image-Pro Plus software
(version 6.2, Media Cybernetics Inc., Bethesda, MD). The threshold method was used to select
only positively stained blood vessels. The total area per mouse was measured in every 5th
section for approximately 12 sections through the dorso-ventral axis of the spinal cord. The
ADAM8-positive area was expressed as a percentage of the total area analyzed. A one-way
ANOVA was performed to distinguish potential differences in percentage of ADAM8
immunopositive area in injured mice vs. uninjured, with significance being defined at p < 0.05.

Results
ADAM8 is increased after SCI in adult mice

In the spinal cords of uninjured mice, ADAM8 immunostaining was only seen in a few
structures, which appeared to be blood vessels (Fig. 1A). In mice, tissue that is lost after SCI
is replaced by a fibroblast-rich cellular mass (Zhang et al., 1996,Kuhn and Wrathall, 1998;Ma
et al., 2001;Whetstone et al., 2003). At 1 day following SCI, the injury epicenter appeared
essentially devoid of ADAM8 immunostaining (Fig. 1B). ADAM8 staining increased around
the injured epicenter as early as 3 days following SCI (Fig. 1C) with progressively more
immunoreactive structures appearing within the epicenter at later times (Fig. 1D-F). Much of
the ADAM8 immunostaining in the penumbra around the injury center appeared to be
associated with blood vessels (see insets in Fig. 1). Quantification of the area of ADAM8
staining showed a significant increase at 7, 14 and 28 days post-injury compared to the
uninjured controls (Fig. 1G).

The specificity of the ADAM8 antibody was shown in whole spinal cord extracts obtained
from uninjured mice and mice 7 days after SCI (Fig. 2A). Only two bands were seen at around
80 kDa, an Mr that is in agreement with the findings of others (Schlomann et al., 2000,
2002;Kelly et al., 2005) and with the predicted Mr of mature ADAM8 (UniProt
KnowledgeBase; www.expasy.org/sprot). The two bands most likely represent different states
of post-translational modification. The human ADAM8 C-terminus peptide used to produce
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the antibody (position 795-824: PGPAEGAVGPKVALKPPIQRKQGAGAPTAP) has
homology over 6 consecutive amino acids required for antigenicity (underlined) with the
corresponding region in the mouse ADAM8 C-terminus (position 806-826:
PGATQGAGEPKVALKVPIQKR) but not in other regions of mouse ADAM8. The predicted
rat ADAM8 (position 805-825: PGVTQGAGGSKVALKVPIQKR) has homology for only 5
consecutive amino acids, suggesting that this antibody might not react with rat ADAM8. The
immunogen also has such 6 amino acid homology with 18 mouse proteins other than ADAM8,
as determined by BLAST search. Only one protein, nuclear factor erythroid derived 2-like 1
(gene Nfe2l1) has a predicted size in the range of 80 kDa (UniProt KnowledgeBase), but it has
a nuclear localization. This suggests that the ADAM8 antibody is specific. Trachea, a source
of ADAM8 (NCBI Unigene expression profile), also showed blood vessel immunostaining in
sections (not shown) and was used as a positive control in the Western blots (Fig. 2A). Tracheal
extracts had an additional band at around 60 kDa, which represents an ADAM8 “remnant”
seen in many other tissues (Schlomann et al., 2000,2002;Kelly et al., 2005). The ADAM8-
positive bands showed a marked increase 7 days following SCI compared to uninjured (Fig.
2A) in each of the 3 experiments, as measured by densitometry. This suggests that the increased
immunostaining in tissue sections represents an increase in protein levels.

RT-PCR analysis of whole spinal cord tissue demonstrated that levels of ADAM8 mRNA were
increased at 1 and 3 days post-injury compared to that of uninjured spinal cord tissue (Fig 2B;
31 PCR cycles). When uninjured spinal cord tissue was analyzed with 40 PCR cycles, only a
light band appeared, despite a robust signal of the GFAP mRNA control. This suggests that
the increase in immunostaining in the sections and Western blots represents that of ADAM8.
It also suggests that expression of ADAM8 mRNA starts during the first day after SCI. To
definitively identify ADAM8 expression in blood vessels, FACS-purified scmECs from
contused spinal cord were assessed (Benton et al., 2008b). Three days after SCI, scmECs
contained ADAM8 mRNA as shown by RT-PCR (Fig. 2C; 30 PCR cycles). Using cyclophilin
A as an internal normalizer, we extrapolate that the ADAM8 mRNA levels in the isolated
vessels were comparable, if not higher, on a per cell basis than those seen in RNA extracts of
whole spinal cord, both 3 days following the contusion.

ADAM8 immunostaining is exclusively present in ECs after SCI
In sections through the injury epicenter, ADAM8 immunostaining was seen in microvascular
structures where it co-localized with PECAM, a well-known marker of the luminal side of
blood vessels (Fig. 3). ADAM8 also co-localized with i.v. injected FITC-conjugated LEA
which binds to essentially all perfused blood vessels (Yamauchi et al., 2004). In the center of
the injury epicenter, which is generally devoid of perfused blood vessels, ADAM8 was present
in LEA-negative, PECAM-positive cells and structures (asterisk in Fig. 3). These could
represent obstructed, degenerating and/or angiogenic blood vessels. We had previously shown
that a subset of blood vessels in and immediately around these aberrant tissue areas bound i.v.
injected FITC-IB4 (Benton et al., 2008a). Such vessels had dysfunctional tight junctions and
had detached from the basement membrane. Here, ADAM8 co-localized with PECAM in IB4-
labeled blood vessels within the injury epicenter at 7 days after SCI (Fig. 4A-D). The ADAM8
staining was present in the luminal membrane as well as in a rim around the PECAM staining
and luminal bound IB4, most likely representing the EC cytoplasm and/or abluminal membrane
facing the basement membrane.

ADAM8 is present in blood vessels undergoing angiogenesis after SCI
We had previous shown that a sub-set of blood vessels in and around the injury epicenter can
be labeled by i.v. IB4 and show signs of activation consistent with angiogenesis (Benton et al.,
2008a). ADAM8 is also present in a subset of IB4-positive microvessels that express Ki-67
(Fig. 4E-H), a nuclear protein marker for proliferating cells which is highly upregulated from
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late G1 phase until and including mitosis (Scholzen and Gerdes, 2000; Kee et al., 2002).
Moreover, Ki-67 can also be seen in ADAM8-positive cells at the leading ends of capillaries
and ADAM8-positive cells with leading processes can be seen extending beyond the perfused
part of the blood vessels. This suggests that ADAM8 is present in proliferating and migrating
ECs and might play a role in angiogenesis. Previously, the existence of angiogenesis has only
been inferred from data showing an increase in the number of blood vessels. Here, we added
several pieces of evidence for the existence of angiogenesis after SCI. First, we injected BrdU
over the third day following SCI. BrdU is incorporated into the nucleus during the S-phase of
proliferation and is widely used as a mitotic marker. Within and immediately around the injury
epicenter, many PECAM-positive ECs had BrdU-positive nuclei (Fig. 5A-C). We could not
confirm that ADAM8 was co-localized with BrdU, as the BrdU staining procedure was not
compatible with ADAM8 staining. Blood vessels at the injury epicenter labeled by i.v. injection
of LEA also bound i.v. injected antibodies to nucleolin (Fig. 5D-F), which is newly expressed
by blood vessels undergoing angiogenesis (Christian et al., 2003). In addition, PECAM-
positive structures often had patches of MT1-MMP staining (Fig. 5G-I), a marker for the
leading end of migrating ECs during angiogenesis in other systems (van Hinsbergh and
Koolwijk, 2008). In fact, many of these patches were located at the tips of the blood vessels.
These results suggest that angiogenesis occurs after SCI in a similar manner as in other systems,
with ECs expressing the same angiogenic markers.

Discussion
The current data suggest that ADAM8 is increased only in ECs and plays a role in angiogenesis
following SCI. We also provide additional evidence for the existence of angiogenesis following
SCI, using proliferation markers such as BrdU, Ki-67 and i.v. nucleolin antibodies, as well as
the EC migration marker MT1-MMP. This study also reinforces the utility of using i.v. injection
of lectins (Benton et al., 2008a) and antibodies, and their combination with FACS (Benton et
al., 2008b), in the investigation of vascular responses following SCI.

ADAM8 expression in the uninjured spinal cord is very low. Immunostaining was observed
in only a few blood vessels, perhaps explaining why ADAM8 was not detected by RT-PCR in
extracts of whole spinal cord from uninjured mice. This finding is in general agreement with
a previous report where Western blots and RT-PCR of spinal cord tissue showed very little
ADAM8 in wild-type mice (Schlomann et al., 2000). However, increases in ADAM8 mRNA
and immunostaining occur in the wobbler mice CNS in association with ongoing
neurodegeneration (Schlomann et al. 2000). Those increases were also seen in the spinal cord,
particularly in reactive astrocytes and microglia, but no mention was made of blood vessels.
The presence of ADAM8 in angiogenic blood vessels is consistent with its presence in the
vasculature of some human primary brain tumors (Wildeboer et al., 2006). Our finding that
ADAM8 is exclusively present on ECs following SCI suggests that the pathophysiological
processes are different between acute SCI and chronic wobbler degeneration, where a vascular
response might not occur. However, some of the underlying mechanisms might also be similar.
For example, in the wobbler mouse, TNFα seems to be related to the increases in ADAM8 and
TNFα can induce ADAM8 expression. TNFα also plays an important role following SCI to
regulate the inflammatory response and cellular damage (Sharma et al., 2003). ADAM8 could
perform the cleavage-dependent activation TNFα (Naus et al., 2006) raising the possibility of
a TNFα-ADAM8 feed-forward mechanism. In summary, it is clear that ADAM8 plays a role
in the nervous system during pathological events. This is also suggested by the findings that
ADAM8 null mice do not have an overt phenotype (Kelly et al., 2005).

The role of ADAM8 in the vascular responses following SCI remains to be investigated. Most
blood vessels within the epicenter die over the first post-injury day in both rats and mice (Loy
et al., 2002, Casella et al., 2002, 2006; Benton et al., 2008a). Here, ADAM8 mRNA was
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increased after 1 day but ADAM8 immunostaining was not seen at the core of the injury. This
suggests that ADAM8 does not play a role during the acute phase of the injury, i.e., not in the
death or survival responses of the ECs. Such a role was conceivable given the fact that the
cytoplasmic tail has a consensus Src homology 3 (SH3)-binding domain which could interact
with intracellular signaling molecules affecting cell survival (Thomas and Brugge, 1997;
Pawson, 2004). The temporal and spatial expression pattern of ADAM8 and its presence of in
leading tips of proliferating and growing vascular ECs suggest that it plays a role in
angiogenesis. The increases in ADAM8 mRNA and protein overlapped in time with the
reported angiogenic response from day 3 to 14 in mice (Whetstone et al., 2003; Benton et al.,
2008a). The finding that ADAM8 was present in ECs within the area of tissue damage in the
absence of perfused capillaries also suggests that it is associated with angiogenesis. Our and
other's data in support of the existence of angiogenesis following SCI have included increases
in measurements of the area of EC markers and blood vessels i.v. labeled with lectins (Loy et
al., 2002; Casella et al., 2002; Whetstone et al., 2003; Benton et al., 2008a). Intravascular
labeling with IB4 was associated with blood vessels undergoing remodeling, including loss of
tight junctions and detachment from the basement membrane (Benton et al., 2008a). Here,
more direct evidence for the existence of angiogenesis in and around the injury epicenter was
the incorporation of BrdU in PECAM-positive ECs in the injury epicenter. Cell surface
expression of nucleolin is known to be associated with proliferating, angiogenic, blood vessels
in tumors and has become a target for cancer drugs (Christian et al., 2003). In the current study,
blood vessels that were labeled with i.v. injected antibodies against nucleolin co-localized with
intravascular injected LEA around the injury epicenter. Another marker for proliferation,
Ki-67, was present in IB4-positive blood vessels. The finding that ADAM8 was also present
in IB4-positive blood vessels that contained Ki-67-positive cells, suggests that it is also present
in proliferating ECs. Lastly, leading ends of some blood vessels contained MT1-MMP which
is important for digestion of extracellular matrix molecules and penetration of leading EC
membranes into tissue in other systems (van Hinsberg and Koolwijk, 2008). This supports the
idea that ECs migrate into the injured spinal cord tissue from the blood vessels. ADAM8 also
seems to play a role in this process as it was present in single ECs at the non-perfused ends of
IB4-perfused capillaries.

The role of ADAM8 in the molecular mechanism(s) regulating vascular responses after SCI
remain to be determined. It is unclear which integrins and to which cells the disintegrin domain
of ADAM8 might bind. One interesting possibility would be the α1β1 integrin, which is also
selectively increased in the vasculature following SCI (Baker and Hagg, 2007) and co-localizes
with ADAM8 (unpublished data). The finding that a disintegrin peptide has anti-inflammatory
properties (Schlüsener, 1998) suggests that this domain has biological activity. The role of the
metalloprotease domain of ADAM8 is similarly unclear. However, it might well be involved
in the cleavage-dependent activation of TNFα, which has been shown to induce tip cell
phenotype in ECs, priming them for angiogenesis (Sainson et al., 2008a).

ADAM8 immunostaining was still greatly increased in vascular structures 28 days following
SCI in the epicenter, penumbra and over several mm from the injury site. Overt angiogenesis
has ceased by then (Whetstone et al., 2003; Benton et al., 2008a), suggesting that ADAM8
expression does not only occur in angiogenic ECs. Administration of a peptide representing
the disintegrin domain of ADAM8 is protective in experimental autoimmune encephalitis,
neuritis, and uveitis (Schlüsener, 1998). This raises the possibility that ADAM8 is involved in
regulating inflammatory responses after SCI. In fact, leukocyte infiltration occurs over several
millimeters beyond the immediate injury epicenter similar to the widespread upregulation of
ADAM8. Also, chronic inflammation is seen until at least 6 weeks following SCI in mice
(Kigerl et al., 2006). Thus the persistent ADAM8 expression could contribute to the
maintenance or resolution of chronic inflammation. Our confocal microscopy data suggest that
ADAM8 is present in the luminal EC membrane where it could directly affect leukocyte
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transmigration. ADAM8 can cleave and activate a number of proteins involved in
inflammatory responses, including TNFα, VCAM-1 and fractalkine (Amour et al., 2002;
Fourie et al., 2003; Naus et al., 2006; Matsuno et al., 2006). However, it most likely is but one
of the molecules regulating inflammation after SCI (Donnelly and Popovich, 2008; Popovich
and Longbrake, 2008). ADAM8 appeared to be present in the abluminal membrane where it
could also interact with the basement membrane surrounding the blood vessels or with astrocyte
endfeet, pericytes and smooth muscle cells in the neurovascular unit. Thus, it is possible that
ADAM8 plays a role in the ongoing remodeling of the neurovascular unit and the glial scar
seen several weeks following SCI, perhaps similar to MMP2 (Goussev et al., 2003).

While it remains to be determined what specific mechanism(s) ADAM8 affects and whether
it is unique amongst other ADAMs, the present data indicate that it most likely plays an
important role in vascular responses, including angiogenesis, after SCI.
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Figure 1. ADAM8 immunostaining increases following SCI in adult mice
A-F) Shown are horizontal (longitudinal) sections through the center of the spinal cords of
uninjured mice (0) and at progressively increasing times after injury. Left is rostral. In uninjured
mice (A) very little ADAM8 immunostaining is seen. Positive structures appeared to be blood
vessels as shown in the inset. At 1 and 3 days post-injury (B,C), some ADAM8-positive
structures can be seen around the epicenter (*), which itself appears devoid of staining. From
7 days onward, progressively more staining appears, particularly in the epicenter (D-F), the
site where lost tissue is replaced by a fibroblast- and laminin-rich cell matrix. At all post-injury
times ADAM8-positive blood vessels could be seen often times in the penumbra (insets). G)
The area occupied by ADAM8-positive structures in horizontal sections throughout the dorso-
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ventral extent of the spinal cord shows that the increase becomes significantly different from
the uninjured controls by 7 days post-injury. Data are means plus standard deviation; n = 4
each.
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Figure 2. ADAM8 mRNA and protein is increased following SCI
A) Western blots show that of whole spinal cord extract from uninjured (0) and 7 day injured
(7d SCI) mice probed with ADAM8 antibody shows two bands around the expected 80 kDa
size of mature ADAM8. The doublet probably represents different post-translationally
modified forms. The lack of other bands shows the specificity of the antibody. A blot of trachea
extract is shown as a positive control. Note the increase of ADAM8 7 days after injury
compared to uninjured control, which was seen in 3 different experiments. B) End-point RT-
PCR shows the absence of ADAM8 mRNA in 2 uninjured spinal cord extracts (0) and the
increased expression in individual mice at both 1 and 3 days post-injury. The bands are at 459
bp, the expected amplicon size for the primer set used. For the negative control, reverse
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transcriptase was replaced by water. C) RT-PCR of whole spinal cord at 3 days post-injury (3d
SCI whole; 2 lanes = 2 mice) was compared to that of FACS-purified spinal microvascular
ECs (smvECs) pooled from 12 mice per lane 3 days following SCI. The household gene
cyclophilin A (cA) is shown for comparison. Despite the much reduced mRNA levels in the
isolated preparation, judged by the reduced cA mRNA, the ADAM8 mRNA remains
detectable, suggesting an enrichment of ADAM8 in blood vessels. Solid arrowhead indicates
the expected amplicon size of ADAM8 and the open arrowhead the expected amplicon size of
cA.
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Figure 3. ADAM8 is present in perfused blood vessels and within ECs of the injury epicenter
following SCI
Shown is a horizontal section through the center of the spinal cord at 7 days post-injury. The
lateral side is on the right, the rostral side at the top and the central canal would be ∼1/3 from
the left. ADAM8 shows extensive co-localization with PECAM, a luminal marker for ECs.
ADAM8 is seen not only in penumbral blood vessels (arrows) around the injury epicenter (*),
many of which are labeled by i.v. injection of LEA, but also within EC structures within the
epicenter, which typically is devoid of perfused blood vessels. Arrows indicate clear examples
of perfused blood vessels that also have ADAM8 and PECAM staining.
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Figure 4. ADAM8 is present in angiogenic blood vessels following SCI
A-D) Seven days post-injury, ADAM8 (A) is seen within several blood vessels overlapping
with PECAM (B) and i.v. injected IB4 lectin (C) both of which are known to be present on the
luminal side of ECs. The arrows in the merged confocal image (D) indicate the abluminal rim
of ADAM8 staining, suggesting the interaction with the region between the ECs and the
basement membrane. The circular structures on the bottom left are probably cross sections
through three blood vessel branches. Note also that more structures are positive for ADAM8
and PECAM than for IB4 suggesting that these are non-perfused blood vessels. E-H) Seven
days following injury, ADAM8 immunostaining (E) can be seen associated with a blood vessel
that was labeled by i.v. injection of IB4 (F). Ki-67-positive (G), proliferating, ECs (arrows)
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are seen in the thinner IB4-positive branch as well as in an ADAM8-positive cell emanating
from the leading non-perfused end (H).
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Figure 5. Angiogenic markers are present following SCI
A-C) To label proliferating cells, BrdU was injected systemically over the last 24 hours up to
3 days post-injury. BrdU-positive nuclei can be seen throughout a small region of the spinal
cord. Some of the BrdU-positive nuclei co-localize with PECAM-positive ECs (B) as is evident
in the merged image (C). D-F) Some perfused blood vessels, identified by i.v. injected LEA
(D), can also be labeled by i.v. injection of antibodies against nucleolin (E), a marker for
angiogenic blood vessels in tumors, as is evident from the merged confocal image (F). G-I)
Some tips of PECAM-positive blood vessels (G) contain MT1-MMP (arrows in H), a marker
for migrating ECs, as shown in the merged confocal image (I).
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Table 1
Primary Antibodies used

Antigen Immunogen Manufacturer, species, type, catalog number Dilution used

ADAM8 last 30 amino acids of human C-terminus Chemicon/Millipore, affinity-purified polyclonal rabbit
IgG, AB19017

1:300

PECAM or CD31 mouse endothelial cell line tEnd.1 BD Pharmingen, affinity-purified monoclonal rat IgG,
550274

1:1,000

Ki-67 recombinant protein containing the so-called Ki-67
motif

Novocastra Laboratories, polyclonal rabbit IgG, NCL-
Ki67p

1:500

BrdU BrdU Chemicon/Millipore, culture supernatant monoclonal
mouse IgG, MAB3510

1:30,000

MT1-MMP or MMP14 human hemopexin-like domain peptide Chemicon/Millipore, affinity-purified polyclonal rabbit
IgG, AB8104

1:200

The immunization antigens and specificity of the antibodies are described in Materials and Methods.
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