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ABSTRACT

Lnk is an intracellular adaptor protein reported as a nega-
tive regulator of proliferation in ¢-Kit positive, Sca-1 posi-
tive, lineage marker-negative (KSL) bone marrow cells.
The KSL fraction in mouse bone marrow is believed to rep-
resent a population of hematopoietic and endothelial pro-
genitor cells (EPCs). We report here that, in vitro, Lok~
KSL cells form more EPC colonies than Lnk*™'* KSL cells
and show higher expression levels of endothelial marker
genes, including CD10S, CD144, Tie-1, and Tie2, than their
wild-t;lpe counterparts. In vivo, the administration of
Lnk™* KSL cells to a mouse spinal cord injury model pro-
moted angiogenesis, astrogliosis, axon growth, and func-

tional recovery following injury, with Lnk™"~ KSL being
significantly more effective in inducing and promoting these
regenerative events. At day 3 following injury, large vessels
could be observed in spinal cords treated with KSL cells,
and reactive astrocytes were found to have migrated along
these large vessels. We could further show that the
enhancement of astrogliosis appears to be caused in con-
junction with the acceleration of angiogenesis. These find-
ings suggest that Lnk deletion reinforces the commitment
of KSL cells to EPCs, promoting subsequent repair of
injured spinal cord through the acceleration of angiogenesis
and astrogliosis. STEM CELLS 2010,28:365-375
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INTRODUCTION

The population of c-Kit-positive, Sca-1-positive, lineage
marker-negative (KSL) cells in mouse bone marrow is well
known 1o represent a fraction of hematopoietic stem/progen-
itor cells (HSCs) [1]. The KSL cell population is also
believed to be a good source for endothelial progenitor cells
(EPCs), with a portion of KSL cells able to differentiate
into the endothelial lineage and to contribute to vasculogen-

esis in vivo [2-4]. Previous studies reported that the trans-
plantation of human circulating CD34 positive cells
believed to contain HSCs and EPCs was effective in
enhancing repair and regeneration of the central nervous
system (CNS) [5-7]. Other previous studies have shown
that functional recovery of hindlimbs in mouse spinal cord
injury (SCI) models was improved by the transplantation of
mouse bone marrow KSL cells [8, 9]. However, the mecha-
nisms for spinal cord repair promoted by KSL cell trans-
plantation remain to be clarified.
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Lnk ™"~ Progenitors Promote Spinal Cord Repair

Lnk is an adaptor protein expressed in KSL cells and
believed to negatively regulate the key signaling pathways for
the proliferation of KSL cells such as stem cell factor (SCF)
signaling and thrombopoietin signaling [10-12]. In Lnk-defi-
cient mice, the proliferation of KSL cells is upregulated and
the number of KSL cells in bone marrow is increased com-
pared to that in wild-type mice [10]. We hypothesized that
the transplantation of Lnk-deficient KSL cells might be more
effective in promoting repair of injured spinal cord than wild-
type KSL cells. The purpose of this study was to assess the
effect of Lnk-deficient KSL cell transplantation on the regen-
eration of injured spinal cord and to clarify the mechanisms
of spinal cord repair promoted by the transplantation of KSL
cells.

MATERIALS AND METHODS

The Institutional Animal Care and Use Committees of RIKEN
Center for Developmental Biology approved all animal proce-
dures in this study.

Generation of Lnk-Deficient Mice

Lnk knockout mice were generated as reported previously [10,
13]. The mice used in this study were backcrossed with C57BL/6
> 10 times. They were bred and maintained at the animal facility
of RIKEN Center for Developmental Biology (Kobe, Japan,
http://www cdb.riken.jp/en/index.html).

Isolation of KSL Cells

KSL cells were purified from bone marrow cells by a modifica-
tion of the method reported previously [14]. Bone marrow cells
were obtained from C57BL/6 mice (wild-type mice) or Lnk
knockout mice. Lineage-positive cells were removed from bone
marrow cells using magnetic cell separation system (BD IMag
Hematopoietic Progenitor Cell Enrichment Set-DM; BD Bioscien-
ces, San Jose, CA, http://www.bdbiosciences.com). In brief, cells
isolated by centrifugation with low-density solution (<1.077 g/
ml) were stained with a mixture of biotinylated mouse lineage-
antibodies to CD3e, CDI11b, CD45R/B220, Ly-6G and Ly-6C
(Gr-1), and TER-119/erythroid cells (Ly-76). Lineage-positive
cells were depleted with streptavidin-magnetic beads and the use
of neodymium magnets (BD IMagnet; BD Biosciences). The
remaining cells were collected and further stained with phycoery-
thrin-conjugated anti-Sca-1 and allophycocyanin-conjugated anti-
c-Kit antibodies. All antibodies were purchased from BD Bio-
sciences. After washing, the cells were resuspended in staining
medium supplemented with 7-amino-actinomycin D (7-AAD).
Stained cells were analyzed by fluorescence activated cell sorting
(FACS) using BD FACSAria cell-sorting system (BD Bioscien-
ces), and KSL cells were sorted. Dead cells stained with 7-AAD
were excluded from analysis and sorting.

EPC Colony Forming Assay

An EPC colony forming assay established in our laboratory was
performed as reported previously [15]. The number of EPC colo-
nies was assessed after culturing single-KSL cells in a 96-well
plate for 12 days in methyl cellulose-containing medium M3236
(StemCell Technologies, Vancouver, BC, Canada, http://
www.stemcell.com) with 20 ng/ml SCF (Kirin, Tokyo, Japan,
http:/fwww kirin.co.jp/english), 50 ng/ml vascular endothelial
growth factor (VEGF) (R&D Systems, Minneapolis, MN, http://
www.rndsystems.com), 20 ng/ml interleukin-3 (Kirin), 50 ng/ml
basic fibroblastic growth factor (Wako, Osaka, Japan, http://
www.wako-chem.co.jp/english), 50 ng/ml epidermal growth fac-
tor (EGF) (Wako), 50 ng/ml insulin-like growth factor-1 (IGF-1)
(Wako), and 2U/ml heparin (Ajinomoto, Tokyo, Japan, http://
www.ajinomoto.com). Results were expressed as mean * SD.

Statistical analysis was performed using the Mann-Whitney U
test. The endothelial phenotype of the EPC colonies was con-
firmed by high uptake of Dil conjugated acetylated low-density
lipoprotein (Dil-Ac-LDL; Biomedical Technologies, Stoughton,
MA, http://www.btiinc.com), cytochemical positivity for Alexa
Fluor 488 conjugated Isolectin B4 (Molecular Probes, Carlsbad,
CA, http://probes.invitrogen.com), immunoreactivity for Flk-1
(Sigma, St. Louis, MO, http://www.sigmaaldrich.com), and eNOS
(Sigma).

SCI Model

All surgical procedures were performed using an operating micro-
scope (Zeiss, Oberkochen, Germany, http://www.zeiss.com). Male
C57BL/6 mice (12 weeks old, weighing 24-26g) were anesthe-
tized with an intraperitoneal injection of 400 mg/kg 2,2,2-tribro-
moethanol (Avertin; Sigma). After a laminectomy at the 10th tho-
racic spinal vertebrae, we exposed the dura mater. Spinal cord
crush injury was performed by compressing the cord laterally
from both sides with number 5 Dumont forceps (Fine Science
Tools, North Vancouver, BC, Canada, http://www.finescience.
com) as previously reported [16, 17]. In previous reports, the for-
ceps were modified with a spacer so that a 0.4 or 0.5 mm space
remained at maximal closure. These distances were selected for
moderately severe injury by comparing results achieved with for-
ceps that closed to a space of 1.0 or 0 mm. In the present study,
we selected forceps without a spacer in order to make severe and
reproducible injury models. Their bladders were emptied man-
ually once a day until restoration of autonomic bladder function.

Transplantation of KSL Cells

Transplantation was performed immediately after spinal cord
injury. KSL cells (1 x 10° cells in 200 ul of postburn serum
(PBS)) derived from wild-type mice (WT KSL group) or Lnk
knockout mice (Lnk KO KSL group) were injected intravenously.
In the other injured mice, only 200 ul of PBS was injected (PBS
group).

Behavioral Testing

The recovery of hindlimb motor function was assessed using the
BBB locomotor rating scale [18). Mice in each group (2 = 10-
12) were assessed before SCI and 1, 4, 7, 14, 21, 28, 35, and 42
days after injury. Mice were evaluated in an open field by two
observers blind to the experimental condition. Results were
expressed as mean * standard error. Statistical analysis was per-
formed using two-way repeated measures ANOVA for group x
time and Scheffe’s post hoc comparisons.

Electrophysiological Recording

Signal conduction in the motor pathway was assessed by motor
evoked potentials (MEPs) at 6 weeks after injury as described
previously [19]. Mice were anesthetized with an intraperitoneal
injection of 100 mg/kg of ketamine hydrochloride, which has lit-
tle effect on the MEP [20]. They were then fixed in a stereotaxic
apparatus. A pair of needle electrodes was placed subcutaneously
at 3 mm on each side of the vertex of the skull. The motor cortex
was stimulated transcranially with 0.2 ms square wave pulses
using a constant current of 50 mA. The electromuscular responses
were recorded from both hamstring muscles using a commercially
available system (Viking Quest; Nicolet Biomedical, Madison,
WI, hup://www.viasyshealthcare.com/). All signals were filtered
(bandpass 0.5-2,000 Hz). To ensure reproducibility, at least five
replicate responses were recorded and the recording with the
highest amplitude from onset to peak of the negative deflection
was used for analysis [21, 22]. Results were expressed as mean
* SD. Statistical analysis was performed using one-way ANOVA
followed by Scheffe’s post hoc comparisons.

Immunohistochemistry

Mice were anesthetized and transcardially perfused with 4% para-
formaldehyde in PBS at day 1, 3, 14, and 42 after injury. Spinal
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cords were frozen and sagittally sectioned at 16 pm on a cryostat.
Sections were permeabilized with 0.3% TritonX-100 and non-spe-
cific binding sites were blocked with blocking solution (Protein
Block Serum-Free: Dako, Carpinteria, CA, http://www.dako.com).
Where anti-mouse [gG monoclonal antibodies were used, sections
were additionally incubated with mouse IgG blocking reagent
(Vector Laboratories, Burlingame, CA, http://www.vectorlabs.
com). Spinal cord sections were stained with the following pri-
mary antibodies: mouse anti-nestin (1:100; BD Biosciences), rab-
bit anti-GFAP (1:500; Dako), rabbit anti-collagen type IV (1:200;
LSL, Tokyo, Japan, http://www.cosmobio.co.jp/agency/z01.asp),
rabbit anti-tyrosine hydroxylase (TH; 1:500, Chemicon, Teme-
cula, CA, http://www.chemicon.com), rat anti-CD31 (1:100; Santa
Cruz Biotechnology, Santa Cruz, CA, http://www.scbt.com), goat
anti-serotonin transporter (SHT; 1:500; ImmunoStar, Hudson, WI,
http://www immunostar.com) and Alexa Fluor 488 conjugated
anti-green fluorescent protein (GFP) (1:500; Molecular Probes).
Secondary antibodies (1:500) used were as follows: Alexa Fluor
488 conjugated goat anti-mouse (Molecular Probes), Alexa Fluor
594 conjugated goat anti-mouse, Alexa Fluor 350 conjugated goat
anti-rabbit, Alexa Fluor 488 conjugated goat anti-rabbit, Alexa
Fluor 488 conjugated donkey anti-rabbit, Alexa Fluor 594 conju-
gated goat anti-rabbit, Alexa Fluor 594 conjugated donkey anti-
rat, and Alexa Fluor 594 donkey anti-goat. Finally, except for
those stained with Alexa Fluor 350 conjugated secondary anti-
body, the tissues were counterstained with DAPI. Immunostained
sections were observed under a fluorescence microscope
(BZ8000; Keyence, Osaka, Japan, http://www.keyence.com).

For the quantitative assessment of axons, the area of TH" or
SHT" axons at two levels (caudal region adjacent to the epicenter
and 5 mm caudal to the epicenter) was measured using Imagel
software as previously described [23, 24]. The diameter, number,
and area of CD31" vessels, the number of GFAP' cells, GFAP
negative area, and Collagen type IV" area were also measured by
Image)] for quantitative assessment [25, 26]. Results were
expressed as mean * SD. Statistical analysis was performed
using the Mann-Whitney U test (in the case of comparison
between only two groups) or one-way ANOVA followed by
Scheffe’s post hoc comparisons (in the case of multiple
comparisons).

Real-Time Polymerase Chain Reaction Analysis in
KSL Cells and Injured Spinal Cord Tissues

Total RNA was obtained from Lnk*"* KSL cells and Lok™"~
KSL cells using RNeasy Mini Kit (Qiagen KK, Tokyo, Japan,
http://www1.qiagen.com) according to the manufacturer’s proce-
dure. Total RNA from spinal cord tissues was also obtained as
previously described [27]. At day 3 after SCI, mice were anesthe-
tized and transcardially perfused with 15 ml of sterile RNase-free
PBS. Spinal cords were rapidly dissected, and a 5 mm segment
centered on the lesion was removed and homogenized in Trizol
(Invitrogen, Carlsbad CA, http://www.invitrogen.com). RNA was
isolated according to the manufacturer’s protocol. After the first-
strand ¢cDNA was synthesized with the use of PrimeScript RT re-
agent Kit (TaKaRa, Otsu, Japan, http://www.takara.co.jp), real-
time quantitative reverse transcription-polymerase chain reaction
(RT-PCR) was performed with ABI Prism 7,700 (Applied Biosys-
tems, Foster City, CA, http://www.appliedbiosystems.com) using
SYBR Green Master Mix reagent (Applied Biosystems) according
to the manufacturer’s protocol. The relative mRNA expression in
each gene was normalized to the expression level of glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH). In this method of
calculation, expression level of GAPDH was reduced to 10,000.
Results were expressed as mean * SD. Statistical analysis was
performed using the Mann-Whitney U fest (in the case of com-
parison between only two groups) or one-way ANOVA followed
by Scheffe’s post hoc comparisons (in the case of multiple
comparisons). Each primer sequence is shown in supporting
information Table 1.

www.StemCells.com

367

ResuLts

EPC Colony Forming Units from KSL Cells

Flow cytometric analysis revealed that the ratio of c-Kit™
and Sca-1" cells in the lineage™ bone marrow mononuclear
cell fraction isolated from Lnk knockout mice (21.8 *
2.0%) was significantly higher than in control wild-type
mice (7.7 * 3.1%), as already shown in our previous report
(Fig. 1A) [10]. To evaluate the ability of KSL cells to func-
tion as EPCs in vitro, KSL cells derived from wild-type as
well as Lnk knockout mice were analyzed by EPC colony-
forming assay (Fig. 1B, 1C) [15]. EPC colonies formed from
KSL cells exhibited endothelial properties, including uptake
of acetylated low-density lipoprotein conjugated with Dil
(Dil-acetyl LDL), chemical reactivity for Isolectin B4, and
immunoreactivity for vascular endothelial growth factor
(VEGF) receptor-2 (Flk-1) and endothelial nitroxide synthase
(eNOS) (Fig. 1B). To assess colony formation from a single
cell, KSL cells were cultured in 96-well plates (single cell
per well). The average number of EPC colonies per plate
. “/~ KSL cells was significantly greater than from
Lnk™* KSL cells (Fig. 1C). These findings suggest that Lnk
deletion increased the ability of KSL cells to function as
EPCs in vitro.

Gene Expression Profiles in KSL Cells

The mRNA expressions of endothelial lineage markers, stem/
progenitor cell mobilization factor receptors, growth factors,
and cytokines were analyzed using quantitative real-time PCR
(Fig. 2). The mRNA expression level in each gene was nor-
malized to the expression level of GAPDH. In the assessment
of endothelial lineage markers, the expression levels of endo-
glin (CD105), vascular endothelial-cadherin (VE-cadherin,
CD144), Tie-1, and Tie-2 in Lnk™" KSL cells were signifi-
cantly higher than in Lnk** KSL cells (Fig. 2A). In the
assessment of receptors for stem/progenitor cell mobilization
factors, c-Kit was highly expressed compared 1o VEGF recep-
tor-1 (Flt-1), Flk-1, and CXC chemokine receptor four, and
the expression level of c-Kit in Lnk ™/~ KSL cells was signifi-
cantly higher than in Lnk™* KSL cells (Fig. 2B). In the
assessment of growth factors and cytokines, comparatively
low level expressions of VEGF-C, placenta growth factor
(PIGF), insulin-like growth factor one (IGF1), IGF2, brain-
derived growth factor (BDNF), stem cell factor (SCF), and
stromal cell-derived factor one (SDF1) were observed, to-
gether with a high level of expression of angiopoietin one
(Angl). The expression level of Angl and SCF in Lnk ™~
KSL cells was significantly higher than in Lnk™* KSL cells
(Fig. 20C).

Functional Recovery Following Spinal Cord Injury

To assess the functional capacity of KSL cells for the treat-
ment of injured spinal cord, PBS, Lokt KSL cells, as well
as Lnk™/" KSL cells were administered intravenously to SCI
models of wild-type mice just after injury (PBS group, WT
KSL group, and Lnk KO KSL group). The recovery of hind-
limb function was assessed by using the BBB locomotor rat-
ing scale [18]. The sham control mice had scores of 21 in the
BBB locomotor rating scale. All mice in PBS group, WT
KSL group, and Lnk KO KSL group had a score of 21 (maxi-
mum score) before SCI, with the score being reduced to O at
I day after SCI (7 = 10-12 per group). Significant group
effects were identified with repeated measures ANOVA (p <
0001 group, time and group x time interaction). The BBB
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Figure 3. Assessment of functional re~
covery following spinal cord injury (n =
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score in the WT KSL group and Lnk KO KSL group was sig-
nificantly higher than in the PBS group at day 7 or later after
SCIL. In addition, the BBB score in the Lnk KO KSL group
was significantly higher than in the WT KSIL group at days
14, 28, or later after SCI (Fig. 3A). Hindlimb motor function
while walking at days 1 and 28 after injury is shown in sup-
porting information movies.

To assess functionality and recovery of descending path-
ways from the forebrain to the hindlimb motor neuron pool,
transcranial electric motor evoked potentials (MEPs) were
monitored in the hamstring muscles as previously reported
[19] Bdore SCI, MEPs were detected with an amplitude of
8.1 £ 2.0 mV (Pre-SCI; data not shown). At 6 weeks after
SCI, the amplitude of MEPs in the PBS group, WT KSL
group, and Lnk KO KSL group were 15.0 * 3.1%, 21.6 %
5.9%, and 27.7 * 6.5% of the Pre-SCI values, respectively.
The amplitude in the WT KSL group and Lnk KO KSL group
was significantly higher than in the PBS group. Additionally,
the amplitude in the Lnk KO KSL group was significantly
higher than in the WT KSL group (Fig. 3B, 3C). These data
indicate that transplantation of KSL cells facilitated the
improvement of spinal cord function and that Lnk deletion
enhanced the potential of KSL cells to improve the function
of injured spinal cord even further.
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motor rating scale. Significantly higher
than * PBS group and ** WT KSL group,
p < .05. (B). Representative motor evoked
potential (MEP) waves at 6 weeks after
injury. Amplitudes from onset to peak of
the negative deflection were measured. (C):
Relative ratio of MEP amplitudes to before
injury. *, Significant difference, p < .05.
Abbreviations: KO, knockout; KSL, c-Kit
positive, Sca-1 positive, lincage marker-
negative; PBS, postburn serum; SCI, spinal
cord injory; WT, wild-type.

Incorporation of Transplanted KSL Cells

To assess the incorporation of KSL cells systemically admin-
istered into mice with an injured spinal cord, KSL cells
derived from GFP transgenic wild-type as well as L.nk knock-
out mice were administered to SCI models (n = 6/group).
Spinal cord sections at 1, 3, and 14 days after SCI were ana-
lyzed under a fluorescence microscope (Fig. 4). At 1 day after
SCI, GFP positive cells were detected only at the edge of spi-
nal cord tissues around the injury site both in the WT KSL
(Fig. 4B) and the Lnk KO KSL groups (Fig. 4C), although no
cells were detected in the PBS group (Fig. 4A). At 3 days af-
ter SCI, GFP positive cells were detected in the spinal cord
parenchyma around the injury site. A large portion of GFP™
cells were incorporated into the platelet endothelial cell adhe-
sion molecule-1 (PECAM-1, CD31) positive vessels or
located along the CD31" vessels both in the WT KSL (Fig.
4D) and Lnk KO KSL groups (Fig. 4E). The number of
GFP* cells in the Ink KO KSL group was significantly
greater than in the WT KSL group (Fig. 4F). At 14 days after
SCI, no GFP" cells were observed in the spinal cord tissues
from any of the groups (data not shown). Assessment of
mRNA expression of stem/progenitor cell mobilization factors
in the spinal cord tissues at day 3 after SCI (n == 3 per group)
revealed that there was no significant difference in the
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Figure 4. Incorporation of transplanted GFP* KSL cells into spinal cord. (A~C): Spinal cord tissues immunostained with anti-green fluorescent
protein (GFP) antibodies at day 1 after injury in PBS group (A), WT KSL group (B), and Lnk KO KSL group (C). (D, E): Spinal cord tissues
immunostained with anti-GFP and anti-CD31 antibodies at day 3 after injury in WT KSL group (D) and Lnk KO KSL group (E). (F): Number
of GFP* cells incorporated into spinal cord at day 3 afier injury. (G): mRNA expressions of stem/progenitor cell mobilization factors, inclading
stem cell factor, vascular endothelial growth factor-A, and stromal cell-derived factor one in spinal cord tissues at day 3 after injury. *, Signifi-
cant difference, p < .05. Scale bar: (A~E): 50 yan. Abbreviations: GFP, green fluorescent protein; KO, knockout; KSL, c-Kit positive, Sca-1 pos-

itive, lineage marker-negative; PBS, postbum serom; WT, wild-type.

expression levels of SCF, VEGF, and SDF1 among the PBS,
WT KSL, and Lnk KO KSL groups (Fig. 4G).

Neovascularization and Astrogliosis in Injured
Spinal Cord

At day 3 after SCI, the diameter, number, and area of CD31"
vessels were analyzed in the region adjacent to the epicenter
of the injury site (dotted-line box in Fig. 4A). The mean di-
ameter, number, and area of vessels in the WT KSL and Lnk
KO KSL groups were significantly larger than in the PBS
group. Although the number of vessels in the Lnk KO KSL
group was similar to that in the WT KSL group, the mean di-
ameter and area of vessels in the Lnk KO KSL group were
significantly greater than those in the WT KSL group (Fig.
SA, 5B). At day 3 after SCI, reactive astrocytes were stained
with antibodies against glial fibrillary acidic protein (GFAP;
green in Fig. 5C) and nestin (red in Fig. 5C). Reactive astro-
cytes were detected around the injury site (dotted-line box in
Fig. 5C) both in WT KSL and Lnk KO KSL groups, whereas
they were rare in the PBS group (Fig. 5C). In Figure 5C,
some GFAP™ astrocytes in the sections are nestin negative.
Because nestin is a marker for immature cell, we speculate
that GFAP™ and nestin™ cells might involve remaining astro-
cytes after injury or matured reactive astrocytes. A large por-
tion of reactive astrocytes were distributed along large CD31"
vessels (Fig. 5D). The number of reactive astrocytes in the

WT KSL and Lnk KO KSL groups was significantly greater
than that in the PBS group. Additionally, the number of reac-
tive astrocytes in the Lnk KO KSL group was significantly
greater than that in the WT KSL group (Fig. 5E). These find-
ings suggest that transplantation of KSL cells promotes angio-
genesis and astrogliosis in the acute phase of spinal cord
injury and that Lnk deletion strengthens the function of KSL
cells in promoting these events.

At day 14 after injury, morphological changes of CD31"
vessels at the epicenter of the injury site (epicenter zone; area
1 in Fig. 5A) were different from ones of the laterally-dam-
aged region (Jateral zone; area 2 in Fig. 5A). Therefore, the
diameter, number, and area of CD31" vessels in these regions
were assessed separately (n = 6 per group). In the epicenter
zone, a chaotic vascular architecture with large vessels adja-
cent 10 small vessels was observed in the PBS group (Fig.
6C). In contrast, the diameter and distribution of vessels in
the WT KSL and Lnk KO KSL groups resembled the distri-
bution found in the gray matter of normal spinal cord (Fig.
6B, 6C). The mean diameter, number, and area of CD31"
vessels in the PBS gronp were significantly greater than in the
normal spinal cords, the WT KSL. and the Lnk KO KSL
groups (Fig. 6E-6G). Although there was no significant dif-
ference in the mean diameter of vessels between the WT KSL
and Lnk KO KSL groups, the mean diameter of vessels in the
WT KSL group was significantly larger than in the normal
spinal cord, whereas the mean diameter of vessels in the Lnk
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Figure 5. (A): Spinal cord sections at day 3 after injury immunostained with CDD31. Amrow indicates epicenter of injury site. (B): Assessment
of mean diameter, number, and area of CD31" vessels (n = 6). (C): Spinal cord tissues at day 3 after injury immunostained with GFAP (green)
and nestin (red). (D): Spinal cord section at day 3 after injury immunostained with GFAP (blue), nestin (green), and CD31 (red) in Lok KO KSL
group. (E): Number of GFAP* cells at day 3 after injury (n = 6). Significantly different from * non-injured spinal cord, ** PBS group, and

WT KSL group, p < .05. Scale bars: (A): Large picture, 300 pm, and small pictures, 100 um; (C): Large pictures,

300 pum, and small pictures,

50 pm; (D): 20 pm. Abbreviations: GFAP, glial fibrillary acidic protein; KO, knockout; KSL, c-Kit positive, Sca-1 positive, lineage marker-nega-

tive; PBS, postburn serum; WT, wild-type.

KO KSL group was not significantly different from that of
the normal spinal cord (Fig. 6E). In the lateral zone, there
were no obviously large vessels observed in the epicenter
zone (Fig. 6D). The mean diameter of vessels in the Lnk KO
KSL group was significantly larger than in the PBS group,
although not significantly different from the normal spinal
cord (Fig. 6E). The number of vessels in the WT KSL group
was significantly less than in normal spinal cords, while the
number of vessels in the Lnk KO KSL group was not signifi-
cantly different from the number found in the normal spinal
cords but was significantly greater than that in the WT KSL
group (Fig. 6F). The area of vessels in the PBS group was
significantly smaller than that in the normal spinal cord,
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where as the area of vessels in the Lnk KO KSL group was
significantly larger than that in the PBS group and the WT
KSL group (Fig. 6G). These findings suggest that the trans-
plantation of KSL cells contributes to vascular stabilization at
the epicenter of the injury site in the subacute phase of SCI
and that Lnk deletion enhances the function of KSL cells for
vascular stabilization in the epicenter zone even further, pro-
moting angiogenesis in the lateral zone during the subacute
phase of SCI.

At day 42 after SCI, spinal cord tissues were stained with
antibodies against GFAP and collagen type 1V for the assess-
ment of glial and fibrous scar formation (n == 6 per group,
Fig. 7). The GFAP negative area in the WT KSL group and
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Figare 6. Immunostaining for CD31 in non-injured spinal cord and injured spinal cord at day 14 after injury. (A): CD31" vessels were assessed
at the epicenter of the injury site (epicenter zone, Areal) and the laterally damaged region (lateral zone, Area2). (B): Gray matter in non-injured
spinal cord (Normal). (C): Areal in the injured spinal cord. (D): Area2 in the injured spinal cord. (E--G): Quantitative assessment of vessels,
including mean diameter (E), number (F), and area (G). Significantly different from * non-injured spinal cord, ** PBS group, and tWT KSL
group, p < .05. Scale bars: (A): 300 um; (B-D): 50 um. Abbreviations: KO, knockout; KSL, ¢-Kit positive, Sca-1 positive, lineage marker-nega-
tive; PBS, postbum serum; WT, wild-type.
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B Collagen type IV Rostral =+

Figure 7. (A, B): Spinal cord
sections immunostained with
GFAP (A) and collagen type IV

WT KSL Lnk KO KSL (B) at 6 w:e.clfs after injury. (C,

D): Quantitative assessment of
GFAP negative area (C) and

l * collagen type 1V* area (D). *
. € * " Significant difference, p < .05.
3 Scale bars: (A, B): 300 um.
% Abbreviations:  GFAP,  glial
g z fibrillary acidic protein; KO,
567 knockout; KSL, c-Kit positive,
8 . Sca-1 positive, lineage marker-
- - * oL MM . N ‘ negative; PBS, postbum serum;

Lok KOKSL PBS WTKSL Lok KOKSL WT, wild-type.

the Lnk KO KSL group was significantly smaller than that in WT KSL group (Fig. 7A, 7C). In the assessment of the colla-
the PBS group. Furthermore, the GFAP-negative area in the gen IV" area, a similar pattern compared to the GFAP-nega-
Lnk KO KSL group was significantly smaller than that in the tive area was observed (Fig. 7B, 7D).
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Immunohistochemical Assessment of Axons

To analyze defined subsets of descending axons, immunohis-
tochemistry for tyrosine hydroxylase (TH; a marker for de-
scending noradrenergic and dopaminergic axons as well as
sympathetic fibers) and serotonin transporter (SHT; a marker
for descending serotonergic axons) was performed as previ-
ously reported [28]. To evaluate axon growth into the injury
site, quantitative assessment of axons was performed by
measuring the area of immunostained axons in the caudal
region adjacent to the epicenter of the injury site (dotted-line
box in supporting information Fig. 1A, 1B). The area of TH"*
or SHT* axons in the WT KSL and Lnk KO KSL groups was
significantly greater than that in the PBS group. In addition,
the area of TH* or SHT" axons in the Lnk KO KSL group
was significantly greater than that in the WT KSL group (sup-
porting information Fig. 1C, 1D). A similar assessment of
axons was also performed in the far caudal region (5 mm cau-
dal to the epicenter). However, neither TH* axons nor SHT™
axons were detected in any of the groups analyzed (data not
shown).

DiscussIoN

Our findings demonstrate that the transplantation of KSL cells
promotes angiogenesis and astrogliogenesis in the acute phase
of SCI and vascular stabilization, reduction of fibrous scar
formation, axonal growth and functional recovery in the suba-
cute phase and later. Lnk deletion enhances the effect of KSL
cell transplantation even further, promoting regenerative
changes in the injured spinal cord.

Lnk Deletion Enhances the Potential of KSL Cells
As EPCs

Lnk was reporied to negatively regulate SCF/c-Kit signaling
in B cell progenitors, hematopoietic stem/progenitor cells, and
mast cells [10, 13, 29]. Lnk is furthermore considered to neg-
atively regulate endothelial cell derived hematopoiesis during
embryonic development [30]. In addition, Lnk is expressed in
endothelial cells and played a role in the regulation of vascu-
lar cell adhesion molecule-1 expression in response to tumor
necrosis factor-o through inhibition of the extracellular-related
kinase 1/2 pathway [31, 32]. On the basis of these data, we
speculate that Lnk might be involved in the differentiation
and functional regulation of endothelial cells as well as endo-
thelial progenitor cells [33]. In the present study, the mRNA
expression levels of several endothelial markers in Lnk™~
KSL cells were higher than in Lnk** KSL cells. In addition,
Lnk deletion enhanced the EPC colony forming potential of
KSL cells in vitro. In vivo, the transplantation of Lnk ™~
KSL cells further promoted angiogenesis compared to Lnk /"
KSL cells. These findings indicate that Lnk deletion intensi-
fied the ability of KSL cells to function as EPCs. L.Lnk might
negatively regulate the proliferation of EPCs or the commit-
ment of bone marrow stem cells to EPCs, although further
elucidation of the role of Lnk in EPCs is needed.

Recruitment of Transplanted KSL Cells into Injured
Spinal Cord

The mRNA expression level of c-Kit, which is a receptor for
SCF in Lnk™" KSL cells, was significantly higher than in
Lnk ™" KSL cells. We validated this observation by showing
that Lnk ™~ KSL cells contained a bigger ¢-Kit" fraction than
Lak™* KSL cells by flow cytometric assessment (Fig. 1A).
On the other hand, no significant difference in the mRNA
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expression levels of SCF, VEGF, and SDF1 were observed in
the injured spinal cord tissues of all three analyzed groups.
SCF is believed to play an important role not only for prolif-
eration and survival but also in the homing of hematopoietic
progenitor cells [34]. Lutz et al. reported that myocardial
administration of SCF-enhanced myocardial recruitment of
intravenously injected bone marrow c-Kit™ lineage™ cells
[35]. In analogy, the higher expression of c-Kit in Lnk™/~
KSL compared to Lnk™" KSL cells may explain the
observed high incorporation of administered Lnk™/~ KSL
cells into the injured spinal cord.

KSL Cells Enhance the Angiogenesis in the Acute
Phase of SCI

At day 3 after SCI, angiogenesis was enhanced by the trans-
plantation of KSL cells. The mRNA expressions of several
angiogenic factors, including VEGF-C, PIGF, Angl, IGF1,
IGF2, and BDNF, were observed in KSL cells. In particular,
the expression level of Angl was strikingly higher than any
of the other factors. A previous study showed that a balanced
expression of Angl and VEGF is required for successful
angiogenesis [36]. We therefore speculate that Angl might be
a key factor for the induction and enhancement of angiogene-
sis after KSL cell transplantation. In addition, the expression
level of Angl in Lnk™" KSL cells was significantly higher
than in Lnk*" KSL cells. Overall, the high incorporation of
Lnk™ KSL cells into injured spinal cord together with a
high expression of Angl in Lnk™ KSL cells might be the
cause for the strong induction of angiogenesis seen afier
Lok~ KSL cell transplantation.

KSL Cells Promote Astrogliosis Following SCI

Glial scars, formed in part by reactive astrocytes after SCI,
have long been considered detrimental to the repair of injured
spinal cord because glial scars or their products act as physi-
cal or chemical barriers to axonal regeneration [37-39]. How-
ever, recent studies have shown that reactive astrocytes are
also important in supporting the repair of injured spinal cord
[16, 25, 40]. They mentioned that reactive astrocytes are im-
portant for the repair of the blood-brain barrier and the
restriction of inflammation that leads to a reduction in second-
ary degeneration after SCL. In addition, it has been reported
that various growth factors such as nerve growth factor,
brain-derived growth factor (BDNF), hepatocyte growth fac-
tor, VEGF, and fibroblast growth factor-2, which promote
neuroprotection, axonal growth, and angiogenesis, are
expressed in reactive astrocyles [41]. On the basis of these
data from previous studies, reactive astrocytes, at least in the
acute and subacute phase of SCI, might be considered benefi-
cial 1o the repair of the injured spinal cord. In the present
study, the transplantation of KSL cells promoted the induction
of reactive astrocytes following SCI. Furthermore, Lnk dele-
tion enhanced the effect of KSL cell transplantation promot-
ing astrogliogenesis following SCI. Additionally, particular
localization of reactive astrocyles along large vessels was
observed. Recent previous studies have shown that the vascu-
lar niche is closely related to the commitment of slow-prolif-
erating neural stem cells to fast-proliferating transit-amplify-
ing precursors in the adult subventricular zone in homeostasis
as well as during regeneration, whereas molecular mecha-
nisms underlying this phenomenon have not been clarified
[42, 43]. We therefore speculate that the promotion of angio-
genesis caused by the transplantation of KSL cells enhanced
astrogliogenesis through the provision of a functional vascular
niche.
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KSL Cells Contribute to Vascular Stabilization in
the Subacute Phase of SCI

In the present study, morphological vascular abnormalities,
represented by an abnormally high number of vessels, many
of which were enlarged, were observed at the epicenter of the
injury site, which was devoid of astrocytes in the PBS group
at day 14 after SCI. This abnormal pattern of vascular struc-
tures resembled abnormal vessels usually seen in tumors,
CNS neurodegenerative diseases, or the injured brain, result-
ing in vascular hyperpermeability and blood-brain barrier
dysfunction [26, 44, 45]. In the CNS, not only pericytes but
also astrocytes are required for the formation of healthy blood
vessels [45]. In contrast, the number and diameter of vessels
in the spinal cord treated with KSL cells resembled the
appearance of normal gray matter found in non-injured spinal
cords. Angl is believed to play an important role not only in
angiogenesis but also in vascular stabilization [46]. Ang-1 has
also been shown to override VEGF-mediated effects on vas-
cular permeability [47, 48]. In addition, overexpression of
Angl stabilized tumor vessels and inhibited the growth of
cancer [49, 50]. Therefore, we speculate that transplanted
KSL cells contribute to vascular stabilization through Angl
signaling and that Lnk deletion enhances these functions.

KSL Cells Reduce Fibrous Scar Formation and
Promote Axonal Regeneration

In this study, fibrous scar tissue in the injury site was immu-
nostained with collagen type IV, which is a major structural
component of basement membrane deposits of fibrous scars in
the injured CNS [51]. At 6 weeks after SCI, the area of the
collagen type IV* fibrous scar was reduced by the transplan-
tation of KSL cells. In addition, these areas in the Lnk KO
KSL group were smaller than those in the WT KSL group.
On the basis of these data, we speculate that restricted infiltra-
tion of inflammatory cells caused by rapid migration of reac-
tive astrocytes and vascular stabilization in the spinal cord
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The nature of the in vivo cellular events underlying thrombus formation mediated by platelet activation
remains unclear because of the absence of 2 modality for analysis. Lymphocyte adaptor protein (Lnk; also
known as Sh2b3) is an adaptor protein that inhibits thrombopoietin-mediated signaling, and as a result,
megakaryocyte and platelet counts are elevated in Lnk~~ mice. Here we describe an unanticipated role for Lnk
in stabilizing thrombus formation and clarify the activities of Lnk in platelets transduced through integrin
allbp3-mediated outside-in signaling. We equalized platelet counts in wild-type and Lnk~- mice by using
genetic depletion of Lnk and BM transplantation. Using FeCls- or laser-induced injury and in vivo imaging that
enabled observation of single platelet behavior and the multiple steps in thrombus formation, we determined
that Lnk is an essential contributor to the stabilization of developing thrombi within vessels. Lnk~~ platelets
exhibited a reduced ability to fully spread on fibrinogen and mediate clot retraction, reduced tyrosine phos-
phorylation of the (33 integrin subunit, and reduced binding of Fyn to integrin oIIbp3. These results provide
new insight into the mechanism of alIbf3-based outside-in signaling, which appears to be coordinated in
platelets by Lnk, Fyn, and integrins. Outside-in signaling modulators could represent new therapeutic targets

for the prevention of cardiovascular events.

Introduction

Platelet activation is controlled through a series of highly regu-
lated processes and is critical for maintaining normal homeostasis
(1). The nature of hemostasis and thrombosis mediated in vivo by
activated platelets and its contribution to cardiovascular events
remains unclear, however. Particularly challenging has been the
characterization of the multicellular network of interactions
among platelets, endothelial cells, leukocytes, and erythrocytes
that occur during thrombus formation in pathological settings
and analysis of the kinetics of platelet activity. Injury to vascular
endothelial cells exposes matrix proteins, which induce platelets
to adhere to the vessel wall, where they subsequently spread and
become activated. At the high shear rates found within the circu-
lation, vWF immobilized on the vessel wall binds to the platelet
receptor glycoprotein Ib-V-IX complex (GPIb-V-IX), facilitating
platelet adhesion to injured sites, where collagen and/or laminin
are exposed (2, 3). Once activated, the adhering platelets secrete
soluble mediators to recruit additional circulating platelets, and,
through their aggregation, bleeding is stopped. Platelet activation
is mediated via several signaling pathways, including the integrin
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ollbB3 pathway (1). Other receptor-ligand interactions, including
the binding of GPVI-collagen, P2Y,/P2Y,,-ADP, and protease-acti-
vated G protein-coupled receptor-thrombin (PAR-thrombin), syn-
ergistically promote integrin allbf3 activation (inside-out signal-
ing) and the subsequent binding of fibrinogen or viWF to integrin
alIbp3. This binding triggers signaling that promotes cytoskeletal
changes thatlead to the spread and stabilization of platelet thrombi
through a process termed outside-in signaling (1, 2).

Itis also known that allb3 physically interacts with non-recep-
tor tyrosine kinases such as Src and Syk (4, §) and that activation
of these kinases upon engagement of integrin with fibrinogen
contributes to the stability of thrombi in vivo (6). The kinases and
adaptors involved in the assembly of the oIIbp3-based signaling
complexare believed to include Syk, lymphocyte cytosolic protein 2
(Lep2, also known as SH2 domain-containing leukocyte pro-
tein of 76 kDa [SLP-76]), Vav, and Fyn-binding protein (Fyb, also
known as adhesion and degranulation promoting adaptor pro-
tein [ADAP]) (4, 5). Tyrosine phosphorylation of the cytoplasmic
domain of the integrin 3 subunit, at least on Tyr747, is required
for stable platelet aggregation and the interaction of myosin with
the B3 subunit in platelets (7), which is believed to be necessary for
full clot retraction (8~10).

Lok (SH2B adaptor protein 3 [Sh2b3]) belongs to the Src-homol-
ogy 2 (SH2) adapror family, which also includes SH2-B (Sh2b1)
and adaptor protein with PH and SH2 domains (APS; Sh2b2) (11).

hrep://www.jci.org 1
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Lnk-deficient (Lnk~) mouse strains exhibit excessive accumula-
tion of ¢-Kit*Sca-1*lineage  (KSL) CD34-/% HSCs, B cell precursors,
erythroblasts, megakaryocytes, and platelets but do not exhibit
thrombogenesis and have normal longevity (11-14). The observed
phenotypes of Lnk~~ mice are caused by a loss of negative regula-
tion by Lnk signaling transduced through several growth factor
and cytokine receptors, including the stem cell factor receptor
c-Kit, the erythropoietin receptor, and the thrombopoietin recep-
tor ¢-Mpl (11, 12, 14-17). In the present study, we used an FeCl;-
induced injury model and our high-resolution imaging system,
which enables observation of single platelet behavior in vivo (18),
to examine the function of Lnk in platelets with the aim of clarify-
ing its role in thrombosis. Our results suggest that Lok promotes
stabilization of the developed thrombus, mainly through integrin
allbp3-mediated actin cytoskeletal reorganization, and suggest
this molecule may represent a new therapeutic target for the treat-
ment and/or prevention of cardiovascular disease.

Results

Thrombus stability is impaired in Lnk~~ mice in different mouse models
of thrombosis. Lnk is expressed by megakaryocytes, where it acts
through integrin signaling to regulate their growth and matu-
ration (14, 19). To determine whether platelets retain Lnk after
their release from megakaryocytes and, if so, what its function
is, we first used immunoblotting to assess Lnk levels in platelets
obtained from WT C57BL/6 mice. This analysis confirmed that
substantial amounts of Lnk are retained by WT platelets, and
similar results were obtained in humans (Figure 1A). Accordingly,
we next investigated the function of Lnk in platelets by examin-
ing the effect of Lnk deficiency. As reported previously (14, 19),
Lnk~/- mice showed a 5-fold increase in platelet number (Figure
1B), though flow cytometry revealed platelet size to be unaffected
by the absence of Lnk (data not shown). Moreover, transmission
electron microscopic examination revealed that the intracellular
structures of resting WT and Lnk~~ platelets, including the
a- and dense granules, were indistinguishable (Supplemental Fig-
ure 1A; supplemental material available online with this article;
doi:10.1172/JCI39503DS1). Likewise, the expression levels of the
major integrin subunits, allb, .2, $3, and B1, as well as GPIba, (the
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Figure 1

Increased numbers of platelets circulate in Lnk-- mice, but re-bleed-
ing events are increased, while bleeding times are comparable. (A)
Lnk levels in platelets. Washed platelets from WT and Lnk"- mice or
human platelets were lysed and were subjected to immunoblotting
with anti-Lnk and anti-actin Abs. (B) Platelet counts in EDTA-treated
peripheral blood (mean + SD, n = 15 each). (C) Tails of WT (n = 18)
and Lnk--mice (n = 15) were warmed and then transected, immersed
in PBS at 37°C, and then monitored for 60 seconds so that any re-
bleeding would be detected (detection was positive or negative). Hori-
zontal bars in the left panel show mean in each group.

vWE receptor) and GPVI (the collagen receptor), were also similar
in WT and Lnk~- platelets (Supplemental Figure 1B).

To examine the functional consequences of Lnk deficiency in
mice, we inflicted tail wounds on the mice, after which Lk~ mice
exhibited bleeding times that were comparable to those in WT
mice. But whereas 23% of WT mice showed re-bleeding, 60% of
Lnk~/- mice re-bled (P < 0.01 in a %2 test, Figure 1C; re-bleeding
times did not differ significantly: WT, 58 + 8 seconds vs. Lnk~-,
62 + 6 seconds), suggesting that thrombi formed in Lnk~- mice are
more fragile than those formed in WT mice (1, 8, 20).

To accurately interpret the results summarized above, 2 charac-
teristics of the system had to be taken into account: (a) the num-
bers of circulating platelets in Lnk~~ mice were 5-fold higher than
in WT mice (Figure 1B); and (b) Lnk is expressed in endothelial
cells as well as platelets (21). In order to exclude the influence of
endothelial cells and platelet number, we performed BM transplan-
tation using WT or Lnk~~ BM cells. Because it is well established
that Lnk deficiency increases stem cell number and enhances the
engraftment efficiency upon transplantation (22), we transplanted
1 x 107 BM cells from LyS.1 WT mice or 2 x 10% or 5 x 105 BM cells
from LyS.1 Lnk~/~ mice into irradiated 8-week-old Ly5.2 recipient
mice, which are hereafter referred to as WT-chimeras and Lnk-chi-
meras, respectively (Figure 2A). We confirmed that with successful
BM replacement (all mice used showed greater than 98% chime-
rism at Ly5.1/LyS.2 on myeloid-lineage cells) and with platelets
lacking Lnk expression from Lnk-chimeras, the platelet counts
in 16-week-old WT-chimeras (8 weeks after transplantation) were
comparable to those in 12-week-old Lnk-chimeras (4 weeks after
transplantation). By 8 weeks after transplantation, the Lnk-chime-
ras showed higher platelet counts (Figure 2B). Correspondingly,
when compared with WT-chimeras at 8 weeks after transplanta-
tion, bleeding times were significantly prolonged in Lnk-chimeras
at 4 weeks but not at 8 weeks (P < 0.01, Figure 2B). WT-chimeras
at 8 weeks, Lnk-chimeras at 4 weeks, and Lnk-chimeras at 8 weeks
showed re-bleeding times of 59 seconds (3 of 14 mice), 246 seconds
(7 of 14 mice), and 57 seconds (5 of 11 mice), respectively. This sug-
gests that the Lnk deficiency itself contributes to the increased tail
bleeding and re-bleeding times. Although there was a high inverse
correlation between bleeding times and platelet counts in both

heep://www.jci.org
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WT- and Lnk-chimeras, irrespective of platelet age or circulating
platelet counts (Supplemental Figure 2), the results again suggest
that the impaired thrombosis reflects the Lnk deficiency.

We then evaluated occlusion times in carotid arteries exposed to
FeCl; (10% solution on the adventitial side) to induce endothelial
injury for assessing thrombus formation in vivo (23). We found
that in WT- and Lok-chimeras with comparable platelet counts,
occlusion times were significantly longer in the Lnk-chimeras,
which is also indicative of a functional defect in Lnk~- platelets
(WT-chimera, n = 10; Lnk-chimera, » = 10; P = 0.01, Figure 2C).
When we analyzed for the relationship between occlusion times
and platelet counts in the chimeras 2, 4, 6, and 8 weeks after trans-
plantation, there was a high inverse correlation between occlusion
times and platelet counts. Of note, however, Lnk-chimeras exhib-
ited longer occlusion times than WT-chimeras with similar plate-
let counts (Figure 2D), further confirming that Lok deficiency
impairs thrombus formation.

To assess the functionality of Lnk~~ platelets in more detail, we
used a direct visual technique that enabled us to evaluate in vivo
thrombus stability with much greater temporal and spatial reso-
lution and to characterize the kinetics of Lnk~~ platelet activity
involved in thrombus formation. This method is based on con-
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Figure 2

Adjustment of platelet counts through BM transplantation showed
prolonged bleeding and occlusion times in a FeCls-induced thrombo-
sis model. (A) The protocol for BM transplantation. (B) The left panel
shows the platelet counts after transplantation (n = 11-14); data repre-
sentmean + SD. The right panel shows the duration of tail bleeding at
the indicated time points; horizontal bars show mean in each group. (C)
Platelet counts in BM-transplanted mice. WT-chimeras at 8 weeks and
Lnk-chimeras at 4 weeks after transplantation were utilized to measure
occlusion times during FeCls-induced thrombosis in carotid arteries
(WT-chimera, n = 10; Lnk-chimera, n = 10; P = 0.01). (D) Relationship
between occlusion times with FeCla-induced thrombosis and plate-
let counts in WT- and Lnk-chimeras measured 2, 4, 6, and 8 weeks
after transplantation (n = 12 animals in each group). Black symbols
denote Lnk-chimeras, while gray ones denote WT-chimeras; the black
(v =-0.96x + 55.0) and gray lines (y = ~3.94x + 58.6) are fitted to the
data from the Lnk- and WT-chimeras, respectively.

focal laser microscopy and permits high spatiotemporal resolu-
tion of individual platelets under flow conditions in mesenteric
capillaries and arterioles (24). With this system, laser irradiation
produces ROS, which cause injury to the endothelial layer of the
vessels (18). Because laser-induced thrombosis reportedly differs
from the FeCls-induced injury model in terms of the mechanism
of thrombus formation (25, 26), we again used WT-chimeras
8 weeks after transplantation and Lnk-chimeras 4 weeks after
transplantation, as we did in the experiments shown in Fig-
ure 2C. We found that WT- and Lnk-chimeras showed similar
single platelet kinetics in the absence of injury, including tran-
sient interactions with the endothelium (data not shown). After
laser-induced injury, however, thrombus formation was severely
diminished in the Lnk-chimeras.

After laser-induced injury to mesenteric capillaries, platelets
adhered to the vessel walls at similar rates in the WT- and Lnk-
chimeras (WT-chimeras, 1.59 + 0.18 platelets/ms/um vs. Lnk-chi-
meras, 1.48 + 0.19 platelets/ms/pm; n = 30 vessels from 5 animals,
P = 0.44). In the WT-chimeras, the adherent platelets caused plate-
lets in the flowing blood to acutely pile up, and the resultant throm-
bus reduced the vessel lumen diameter and blood flow velocity.
Ultimately, the blood vessel was completely occluded by plugged
erythrocytes and/or leukocytes. By contrast, in the Lnk-chimeras,
platelets adhered to the vessel wall more loosely than in WT-chime-
ras, so that they were frequently washed away by the blood flow. As
a consequence, the number of platelets that piled up and the size of
the resultant thrombus were smaller than in WT-chimeras (Figure
3A and Supplemental Videos 1 and 2). More intriguingly, in both
Lnk- and WT-chimeras 2, 4, 6, and 8 weeks after transplantation,
the number of platelets adhering to the vessel walls during throm-
bus formation appeared to be well correlated with the circulating
platelet count. However, when we compared thrombus formation
in Lnk- and WT-chimeras with similar platelet counts, there was a
tendency for animals with Lnk~ platelets (Lnk-chimeras) to show
impaired thrombus formation, as compared with WT-chimeras.
Moreover, the greatly increased platelet numbers in Lnk~~ animals
did not enhance thrombus formation to levels similar to those seen
in WT-chimeras (Figure 3B), which suggests that Lok deficiency
is itself a factor that contributes to the impaired stabilization of
developing thrombi in our laser-induced injury model.

We also applied the laser-induced injury model to compare
thrombosis in mesenteric capillaries and arterioles of 12-week-old

heep://www.jcl.org 3



2

research article

A Before After B
© - WT-chimera (2, 4, 6 & 8 wk)
@ 0.3 | :
£
B
2
€
E % 0.2 |
© b Lnk-chimera (2, 4, 6 & 8 wk)
oM 2
£ ©
= T 0.1 { +
< 1.
5 I ot
1] T T T T
0 10 20 30 40
Platelet counts (x10%/ml)
-0
0.3 | 0
?g; 8 | |
0.2 - o .
[ o a
3 F
o | ]
Q 01 - ) =.5
L & X 3 D Before Atter
0s 10s 20s 0s 10s 20s
WT-chimera 8 wk Lnk-chimera 4 wk
C Before After E
1
B3
=
~d
Flow -=» Flow = e
e P<0.01=y
= P<0.01 ===
0.4 o Flow=> Flow => s
N 3 | = P <001 ===
0 1 [ ]
g 0.3 0 & B
~ E
a 2 L2 . = 2 g .
® i o s = ) .
© 0.2 o Fa @ & ‘E’
& & . 2,
o 0.1 © )
e —Lé} r@ i i.- o g O a3 -+
0 —_— N 0 . ! L) - 2 :
0s 10s 20s 0s 10s 20s 0s 10s 20s 0s 10s 20s
WT Lnk™* WT Lnk™*

Figure 3
In vivo thrombus formation was impaired in Lnk-chimeras and Lnk~- mice in a laser-induced injury model. (A, C, and D) Video stills of mesenteric

capillaries (A and C) and arterioles (D) obtained using intravital fluorescence microscopy before and 20 seconds after laser-induced injury. The
numbers of platelets in developing thrombi after laser injury to capillaries (A and C, lower panel) and arterioles (D, lower panel) were calculated.
In A, C, and D, y axes represent the numbers of platelets per micrometer of observed vessel length. In A, results from WT-chimeras 8 weeks after
transplantation (16 weeks old) and Lnk-chimeras 4 weeks after transplantation (12 weeks old) are shown (n = 5 each). (B) Relationship between
platelet counts and laser-induced thrombosis. All recipient mice were studied 2, 4, 6, or 8 weeks after transplantation (n = 17 animals for each
groups). For each mouse, the numbers of platelets per micrometer contributing to thrombi after 20-second injuries to 10 mesenteric capillaries are
shown as mean + SEM along with platelet count. Black and gray dotted lines are fitted to the data from the Lnk- and WT-chimeras, respectively. (C
and D) Results from 12-week-old WT and Lnk+- mice (n =5 each). See Supplemental Videos 1-6 for original movies. Note the impaired thrombus
formation in Lnk™- mice in both capillaries and arterioles. Scale bars: 10 um. Horizontal lines indicate the median values in A, C, and D.

to the vessel wall was observed; however, stable thrombus forma-
tion, including the piling up of platelets, was diminished in manner
similar to that seen in the Lnk-chimeras. As a result, the numbers
of platelets making up the thrombi were significantly reduced in

WT and Lnk~- mice (Figure 3, C and D, for capillaries and arteri-
oles, respectively). Upon laser-induced injury, the platelet kinetics
in Lnk~- mice were similar to those seen in the Lnk-chimeric mice
4 weeks after transplantation. Initial attachment of the platelets

4 The Journal of Clinical Investigation  hrep://www.jci.org
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Figure 4

Lnk+-platelets show defective allbp3-dependent spreading on fibrinogen and fibrin clot retraction. (A) Washed platelets from WT and Lnk=- mice
were plated on fibrinogen-coated coverslips for 45 minutes. In some preparations, 100 uM ADP or 0.1 or 1 mM PAR4 receptor-activating peptide
was present. Cells were fixed, permeabilized, and stained with rhodamine-phalloidin to visualize F-actin (red) and with anti-phosphotyrosine mAb
(green). Scale bars: 10 um (white); 4 um (insets, orange). (B) Platelet spreading was quantified by computer analysis of their surface areas. Each
bar in B represents the value (mean + SD) from at least 250 platelets. (C) Percentages of platelets exhibiting filopodia or lamellipodia. Twenty
sections (2030 cells/section) were analyzed, and mean = SD is shown. (D and E) Fibrin clot retraction was assessed at 1 and 2 hours after
addition of thrombin, fibrinogen, and CaCl; to washed platelets from WT or Lnk-- mice. The images show representative results at 1 (D) and
2 hours (E). The graphs show the summarized results at 1 (D) and 2 hours (E) (mean + SD, n = 10 each).

both mesenteric capillaries (Figure 3C and Supplemental Videos 3
and 4) and arterioles (Figure 3D and Supplemental Videos 5 and 6).
Taken together, the results indicate that the observed phenotype for
thrombus formation caused by the Lnk deficiency is attributable to
platelet function, per se, and does not reflect changes in endothelial
cell function. This is noteworthy, as it suggests that there could be
less thrombus formation in the Lnk-chimeras than in Lnk~~ mice,
as the higher platelet counts in the latter might slightly compensate
for their diminished functionality (Figure 3, A-C).

Lnk promotes integrin allbP3-mediated actin cytoskeletal reorganiza-
tion but not agonist-dependent integrin activation. To determine the
basis for the instability of thrombi formed by Lnk~- platelets, we
examined their ability to adhere to fibrinogen-coated plates and
their morphology after spreading, both of which are dependent
on outside-in alIIbf3 signaling (1, 8, 27). The initial adhesion of
Lnk~- platelets to fibrinogen-coated plates in the absence of ago-
nistic stimuli appeared normal, as did formation of filopodial pro-
jections (data not shown). On the other hand, their subsequent
spreading (after 15 minutes) was impaired, and formation of a
lamellipodial edge was incomplete (shown at 45 minutes, Figure
4A, “No agonist”) (28, 29). The mean area covered by the adhering
platelets and the percentage of platelets showing filopodia and/
or lamellipodia (percentage of spreading) were both significantly
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reduced in the absence of Lok (at 45 minutes, Figure 4, B and C;
time-dependent change in mean area withour agonist, Supplemen-
tal Figure 3A). This suboptimal spreading of Lnk~/- platelets was
not observed when they were stimulated with a high concentration
of a G protein-coupled receptor agonist such as 100 uM ADP or
1 mM PAR4-activating peptide (sequence: AYPGKF) (Figure 4, A
and B), although lower concentrations of agonists, such as 0.1 mM
PAR4-activating peptide (Figure 4B) or 0.05 U/ml thrombin (Sup-
plemental Figure 3B), did not completely restore the spreading on
immobilized fibrinogen impaired by Lnk deficiency, even when the
secretion of effectors from platelet granules was blocked (Supple-
mental Figure 3B). In addition, there was no significant difference
in the reduction in the spread areas of platelets from Lnk-chime-
ras 4 weeks and 8 weeks after transplantation (data not shown),
indicating that the impaired spreading caused by Lnk deficiency
is independent of platelet age after myelosuppression. Thus, Lnk
appears to continuously participate in a subset of aIIbf3- and
actin-dependent morphological responses triggered by platelet
adhesion to fibrinogen (1) independently of its negative impact
on proliferation in HSCs and megakaryocytes (12, 14, 19).
Another platelet response that is dependent on aIlbf3 and the
actin cytoskeleton is fibrin clot retraction (8, 9, 27), which we
examined using equal numbers of Lnk~~ and WT washed platelets
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in the presence of fibrinogen, CaCl,, and thrombin (Figure 4, D
and E). Under these conditions, the clot retraction seen with Lunk-~
platelets was slower and less effective than that seen with WT
platelets, which is consistent with the idea that platelet responses
are dependent on ollbf3-mediated actin cytoskeletal signaling
and that Lnk is involved. To further study the role of oIIbp3 acti-
vation in Lnk~~ platelets, we also used flow cytometry to quantify
the specific binding of Alexa Fluor 488-conjugated fibrinogen to
washed platelets upon stimulation with various concentrations
of ADP, epinephrine, PAR4 peptide, phorbol myristate acetate,
or convulxin (CVX), which selectively stimulates GPVI (Supple-
mental Figure 4A). We found that Lnk~- and WT platelets showed
similar fibrinogen binding, irrespective of the agonist inducing
the inside-out signaling. In addition, levels of P-selectin expres-
sion were indistinguishable (Supplemental Figure 4B), suggesting
that Lnk is not involved in a-granule secretion.

Lnk recruitment to the aIlbf3-based signaling complex is dependent on
outside-in signaling and c-Src activation. To understand the mecha-
nism by which Lnk regulates outside-in signaling, we sought the
molecule(s) that associates with Lnk in platelets. One prominent
cellular event required for integrin-dependent responses is tyro-
sine phosphorylation of several cytosolic proteins (Figure 5A) (1,
4, 27). Incubation of WT platelets on fibrinogen induced tyrosine
phosphorylation of cellular proteins with molecular weights of 60,
65-75,90-110, and 120-130 kDa, but much less post-engagement
tyrosine-phosphorylation was seen in Lnk~~ platelets. In addition,
immunoprecipitation assays revealed that several phosphopro-
teins associate with Lnk (the 68-kDa protein was likely Lnk itself).
A variety of proteins, including Syk, LCP2, and Fyb, are known
to be tyrosine phosphorylated in an Src-dependent manner in
fibrinogen-adherent platelets (29, 30). In the present study, both
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corresponding to Fyb, Lnk, and ¢-Src. Results
shown are representative of 3 independent
experiments. The 2 panels on the right show
the quantification of Western blot bands from 3
experiments (mean + SD). Maximal band den-
sity was defined as 100%.

¢-Srcand Fyb co-immunoprecipitated with Lnk from WT platelets
adhering to fibrinogen but not from unstimulated ones; Syk was
only weakly detectable, and LCP2 was barely so (Figure $B). It has
alsobeen proposed that Fyn, an Src-family protein, may contribute
to integrin alIbf3 signaling (9, 20), and we found that, like ¢-Src,
Fyn associated with Lok in stimulated platelets (Figure SB).

c-Src and Fyn are known to associate with the cytoplasmic tail
of the integrin 3 subunit in vitro (20, 31), which suggests that
after platelets bind to fibrinogen, Lnk regulates the assembly of an
alIbp3-based signaling complex (5). We therefore asked whether
the observed association of ¢-Src and/or Fyb with Lnk is depen-
dent on Src kinase activity. When platelets were incubated with
5 uM PP2 (to block Src kinase activity) or PP3 (an inactive conge-
ner of PP2), PP2 but not PP3 diminished tyrosine phosphorylation
of cellular proteins and the association of ¢-Src and Fyb with Lnk
in platelets adhering to fibrinogen (Figure 5C). To then confirm
that the phosphorylation of Lnk and its association with c-Src are
dependent on c-Src activation, we used a COS7 cell expression sys-
tem to evaluate the interaction in more detail (Supplemental Fig-
ure 5A). Flag-tagged WT Lnk (WT-Lnk) or a mutant form lacking
the C-terminal portion containing Tyr536 (AC-Lnk) was expressed
in COS7 cells in the presence and absence of a constitutively active
form of human c-Src (YS30F, CA-Src). Whereas WT-Lnk became
tyrosine phosphorylated when coexpressed with CA-Src, AC-Lnk
showed little or no phosphorylation, indicating that Tyr536 is a
key target site for phosphorylation by ¢-Src (Supplemental Figure
5A). On the other hand, a constitutively active form of Fyn did not
phosphorylate WT-Lnk (data not shown). We then evaluated the
consequences of the loss of c-Src-mediated Lnk phosphorylation
using CHO cells, which constitutively express human alIbp3 (29,
32) and were previously shown to spread on immobilized fibrino-
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Figure 6

Lnk deficiency in platelets leads to reduced binding of Fyn to ullbp3 and reduced tyrosine phosphorylation of the cytoplasmic domain of the p3
integrin subunit. (A) WT and Lnk-- platelets plated or maintained in suspension as in Figure 5A were lysed and analyzed by immunoblotting
using anti-B3 integrin or anti~B3/p-Tyr747. In other sets, immunoprecipitation was elicited with anti-Fyn or anti-allb Ab. Each immunoblot panel
is representative of 3 or 4 independent experiments, and estimated band densities are shown in the graphs. Band densities for WT samples from
adherent platelets on fibrinogen were defined as 100%. Lys, lysates. (B) Washed platelets from WT and Fyn~- mice were plated on fibrinogen
for 45 minutes or maintained in suspension in a BSA-coated dish, lysed, and analyzed. The error bars in A and B indicate mean  SD. (C) Left
panels show the features of WT or Fyn-- platelets allowed to spread on fibrinogen-coated coverslips for 45 minutes in the absence of agonist.
The cells were fixed, permeabilized, and stained with Alexa 488 Fluor-phalloidin to visualize F-actin. Scale bars: 10 um. The graph shows
spreading quantified by computer analysis of their surface areas (mean x SD).

gen in an Src kinase-dependent manner (32). When WT-Lnk or
AC-Lnk was expressed as a GFP fusion protein, CHO cells express-
ing AC-Lnk showed fewer lamellipodia on fibrinogen than those
expressing WT-Lnk (Supplemental Figure 5B). Thus, the absence
of its C terminus again disrupted Lnk’s ability to mediate forma-
tion of lamellipodia (Supplemental Figure $B). Apparently, the
C-terminal portion of Lnk and phosphorylation of Tyr536, which
is likely regulated by c-Src, are key contributors to formation of
lamellipodia and cell spreading mediated via integrin aIIbf3.
Adberent Lnk=/- platelets show reduced tyrosine phosphorylation of the 3
integrin subunit and reduced association of Fyn with olIbf3. The impor-
tance of Srcactivation to outside-in aIIbf3 signaling is well docu-
mented (4, 5, 31). Because Lnk appears to co-immunoprecipitate
with both ¢-Src and Fyn (Figure 5SB), we next asked whether Lnk
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might regulate the function of these kinases in platelets. During
platelet aggregation or adhesion to fibrinogen, 2 conserved tyro-
sine residues in the 3 subunit, Tyr747 and Tyr759, are putatively
targeted by Fyn, which is reportedly indispensable for clot retrac-
tion and prevention of re-bleeding from tail wounds (1, 8,9). More-
over, Tyr747 is reportedly required for the binding of talin, filamin,
c-Src, and other proteins essential for normal integrin signaling in
platelets (33). We previously observed prominent phosphorylation
of Tyr747 in WT platelets upon adherence to fibrinogen (10), but
this response was severely impaired in Lnk~- platelets (Figure 6A).
Because it is likely that Fyn phosphorylates Tyr747 through direct
interaction with the 3 cytoplasmic tail (9, 20, 31), we examined
the extent to which Lnk deficiency affected (a) the association of
Fyn with 3 and (b) the phosphorylation status of Tyr747 in plate-
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Model for outside-in signaling through allbp3, c-Src, Fyn, and Lnk.
Based on the present study, we propose that when activated, allbp3
binds to fibrinogen, and a pool of ¢-Src constitutively bound to the
cytoplasmic domain of the integrin B3 subunit initiates outside-in
allbp3 integrin signaling, which includes phosphorylation of Syk
and its recruitment to allbp3 independent of Lnk (5). The activated
c-Src phosphorylates Tyr536 in a C-terminal portion of Lnk, where
Lnk forms a dimeric or multimeric structure via the N-terminal domain
(34). Lnk strongly facilitates Fyn recruitment to its binding site, resi-
dues 721-725 (IHDRK) in the B3 integrin tail, which may lead to phos-
phorylation of Tyr747 (P-Tyr747) within the B3 cytoplasmic domain of
integrin allbp3. Thereafter, phosphorylation of Tyr747 may facilitate
thrombus stabilization in vitro and in vivo through a platelet contrac-
tion mechanism (7, 9, 40).

lets. We found that in WT platelets, Fyn co-immunoprecipitated
with phosphorylated 3 and that this response was dependent
upon fibrinogen ligation (Figure 6A, IP: Fyn). Furthermore, Fyn
was bound to allbB3 complexes immunoprecipitated 0 and 45
minutes after fibrinogen binding (Figure 6A, IP: aIlb, lanes BSA
and Fbg, respectively), but this interaction was markedly dimin-
ished in Lunk~- platelets at the same time point. The association of
Fyn with Fyb was augmented by fibrinogen binding independently
of Lnk (Figure 6A, IP: Fyn), and the activation of ¢-Src bound to
aIIbB3 (assessed based on phosphorylation of Tyr418) was com-
parable (Figure 6A, IP: allb). That Fyn is constitutively associated
with the 3 integrin subunit (20) suggests that Lnk contributes to
the maintenance or strength of Fyn binding to the allbp3-based
signaling complex without affecting c-Src activation.

Finally, we assessed the effect of Fyn deficiency on tyrosine
phosphorylation of the $3 subunit and the morphology of plate-
lets spread on fibrinogen. Fyn~~ platelets showed reduced phos-
phorylation of at least Tyr747 when bound to fibrinogen for 15
or 45 minutes (shown at 45 minutes, Figure 6B). In addition, in
the absence of an agonist, Fyn~~ platelets exhibited delayed and
impaired spreading and somewhat reduced formation of lamel-
lipodia on fibrinogen, even after 45 minutes (Figure 6C). Fyn~/~
platelets began spreading at about 20 minutes, by which time the
spreading of WT platelets had already reached a plateau (data not
shown). These results are consistent with the idea that Lnk sus-
tains Fyn kinase activation of aIIbf3, thereby regulating tyrosine
phosphorylation of the 3 subunit.

Fyn-deficient mice exhibit a defect in thrombus formation similar to that
seen in Lnk-deficient mice. To further examine the role of Fyn dur-
ing thrombus formation in vivo, we assessed thrombus formation
within mesenteric capillaries and arteries as we did for Lnk in the
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experiments shown in Figure 3, C and D. We found that Fyn~/-
mice exhibited impaired thrombus formation that was very similar
to that seen in Lnk~~ mice (Supplemental Figure 6 and Supple-
mental Videos 7 and 8). They also showed increased re-bleeding,
but not prolonged initia] bleeding times (data not shown), which
is consistent with the results of Reddy et al. (20). Thus, Lnk and
Fyn may act in concert to regulate allbp3-based actin cytoskeletal
reorganization leading to thrombus stabilization.

Discussion
Lnk is known to be a negative modulator of cytokine/growth
factor receptor-mediated signaling (22) and to, perhaps, influ-
ence the motility of HSCs and progenitor cells, including their
homing to (or lodging within) niches within the BM (16, 34). In
addition, the proven importance of integrins and actin reorga-
nization in HSC migration and homing (34, 35) and in mega-
karyocyte function (19) raises the possibility that Lnk modulates
integrin signaling, but this idea has yet to be tested. In this report,
we revealed a formerly unrecognized mechanism by which Lnk
adaptor protein regulates integrin signaling in platelets and sta-
bilizes developing thrombi in vivo. Using an in vivo FeCls-induced
vessel occlusion model and direct imaging of platelet behavior,
we showed that Lnk deficiency in platelets impairs stabilization
of the developing thrombus under flow conditions, which may
lead to an increase in re-bleeding events in Lnk~~ (Figure 1C) and
Lnk-chimeric (Supplemental Figure 2, right) mice. Through these
mechanistic studies, we have been able to demonstrate that Lnk is
required for platelets to fully spread on fibrinogen (Figure 4 and
Supplemental Figure 3), for efficient fibrin clot retraction (Figure
4C), for platelet aggregation in the presence of lower concentra-
tions of an agonist (Figure 4D), and for thrombus stability under
flow conditions in vivo (Figures 2 and 3). Furthermore, the find-
ings show that all of these effects of Lnk are mediated largely by
allbp3-dependent outside-in signaling, which is likely associated
with tyrosine phosphorylation of the 33 integrin subunit (8) or
Fyn tyrosine kinase (20). We also found that ligand binding to
aIIbB3 in platelets induces the formation of a protein complex
that includes allb3, c-Src, Fyn, Fyb, and Lok (Figure 5). Forma-
tion of this complex required Src kinase activity, which targeted
the C-terminal portion of Lnk (Supplemental Figure 5). Finally,
we showed that Lnk supports activation of Fyn within the alIbf3
complex, that Fyn in turn tyrosine phosphorylates the $3 subunit
(Figure 6), and that the consequences of Lnk deficiency are mir-
rored by Fyn deficiency (Supplemental Figure 6). In contrast to
the previously described constitutive association of ¢-Src or Fyn
with B3 (4, 31), our results indicate that the efficient binding of
Fyn, but not ¢-Src, to the allbf3 complex requires the presence of
Lnk (Figure 6). When situated in close proximity to alIbp3, Fyn
may function as a positive regulator of 3 tyrosine phosphoryla-
tion (Figure 6B) (10, 28), which would contribute to the stabiliza-
tion of the thrombus (Supplemental Figure 6) (9, 20), perhaps
through association of Fyn with EphA4 (7) or Bcl-3 (36). Lok thus
appears to play a previously unappreciated role in facilitating
integrin aIIb3 outside-in signaling by acting in concert with Fyn
to phosphorylate the B3 subunit on Tyr747, thereby optimizing
platelet cytoskeletal reorganization for stabilization of thrombi in
vivo. We therefore conclude that Lok may selectively promote Fyn
kinase regulation of allbf3 outside-in signaling in platelets.

One limitation of comparing thrombus formation in Lnk- and
WT-chimeras is the need to compare platelets in mice of differ-
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