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Changes in the molecular and cellular composition of the CNS after
injury or disease result in the formation of an inhibitory environment that inhibits the regeneration of adult mammalian CNS
neurons. Although a dramatic change in the CNS environment after
traumatic injury or disease is hemorrhage because of vascular
rupture or leakage of the blood– brain barrier, the potential role for
blood proteins in repair processes remains unknown. Here we
show that the blood protein fibrinogen is an inhibitor of neurite
outgrowth that is massively deposited in the spinal cord after
injury. We show that fibrinogen acts as a ligand for ␤3 integrin and
induces the transactivation of EGF receptor (EGFR) in neurons.
Fibrinogen-mediated inhibition of neurite outgrowth is reversed
by blocking either ␤3 integrin or phoshorylation of EGFR. Inhibition
of Src family kinases that mediate the cross-talk between integrin
and growth factor receptors rescue the fibrinogen-induced phosphorylation of EGFR. These results identify fibrinogen as the
first blood-derived inhibitor of neurite outgrowth and suggest
fibrinogen-induced EGFR transactivation on neuronal cells as a
molecular link between vascular and neuronal damage in the CNS
after injury.
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T

he identification of common molecular mechanisms that
regulate vascular and neural development has expanded the
role of the CNS vasculature from nutrition to regulation of
axonal guidance, synaptic activity, metabolic trafficking, and
adult neurogenesis (1). Although there is a causal interaction
between the nervous system and the vasculature, a physical and
metabolic barrier between the brain and the systemic circulation,
namely the blood–brain barrier (BBB), prohibits the entry of
blood proteins from the vasculature into the nervous tissue (2).
Leakage of blood components in the CNS parenchyma is a
common denominator of several CNS diseases characterized by
edema formation and neuronal damage, such as stroke, HIV
encephalitis, Alzheimer’s disease (AD), multiple sclerosis (MS),
glioblastoma, and bacterial meningitis (2). After traumatic injury, such as spinal cord injury (SCI), the primary mechanical
injury results in pronounced hemorrhage into the spinal cord and
disruption of the blood vessel walls (3). Evidence in AD that
correlates microhemorrhages with amyloid plaque formation (4)
and in MS that identifies leakage of blood components in the
brain as one of the earliest histopathologic abnormalities (5) has
postulated a role for blood components in the onset and
progression of neurodegeneration. However, the cellular and
molecular mechanisms of action of blood proteins within the
CNS microenvironment and their contribution to disease pathogenesis remain poorly characterized. Given that inhibition of
regeneration in the CNS results in part from the presence of
inhibitory factors in the neuronal environment (6), investigating
the role of blood proteins as modulators of neuronal functions
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could be crucial for the identification of inhibitors of axonal
regeneration.
Fibrinogen is a 340-kDa protein secreted by hepatocytes in the
liver and present in the blood at 3 mg/ml (7). Fibrinogen is
cleaved by thrombin and, on conversion to fibrin, plays a major
role in blood clotting and circulation via interaction with platelets. However, the biological functions of fibrinogen extend
beyond blood coagulation. Fibrinogen is a classic acute-phase
reactant that extravasates into tissues, including the brain via
ruptured vasculature (for reviews, see refs. 7 and 8). Studies in
animal models have identified fibrinogen as a major player in
infection (9, 10), inflammation (11–13), and inhibition of tissue
repair processes in muscle regeneration (14) and wound healing
(15). The ability of fibrinogen to mediate a wide range of
biological effects is because of its unique structure that contains
multiple nonoverlapping binding motifs for different receptors,
such as integrins, intracellular adhesion molecule-1, and vascular
endothelial cadherin (7, 16). Depending on the cellular distribution of its receptors, fibrinogen acts as a ligand to induce
diverse signal transduction pathways, such as activation of Rho
GTPases and NF-B and mediate cellular functions ranging
from cytokine gene expression to cell adhesion, migration, and
survival (17). Our studies in the nervous system identified a
central role for fibrinogen as a regulator of peripheral nerve
remyelination (18). We have demonstrated that fibrinogen exacerbates sciatic nerve degeneration (19) and, by activating
ERK1/2 phosphorylation, arrests Schwann cell differentiation to
a nonmyelinating state (18). Moreover, we showed that fibrinogen via the CD11b/CD18 integrin receptor activates microglia
(20) and mediates inflammatory demyelination in animal models
of MS (20, 21). Given the potential of fibrinogen for signal
transduction via a wide range of cellular receptors and its
presence in the CNS microenvironment only after injury or
disease, we hypothesized that fibrinogen could be a component
in the blood that regulates functions of neurons during degenerative and repair processes in the CNS.
In this study, we identify fibrinogen as a blood component that
is deposited in the spinal cord after injury and inhibits neurite
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growth in two different neuronal cell types, cerebellar granule
neurons (CGNs) and superior cervical ganglia neurons (SCGs).
Fibrinogen is equally potent to known inhibitors, such as myelin
(22), to inhibit neurite outgrowth. Fibrinogen binding to its
neuronal receptor ␣v␤3 integrin induces transactivation of EGF
receptor (EGFR), resulting in inhibition of neurite outgrowth.
Moreover, fibrinogen is deposited in the CNS in three different
models of SCI, and its deposition spatially correlates with axonal
damage and phosphorylated EGFR. Identification of fibrinogen
as a blood-derived inducer of EGFR transactivation reveals an
inhibitory mechanism of neurite outgrowth and provides a
molecular link between vascular and neuronal damage in the
CNS after injury.
Results
Fibrinogen Is Deposited in the Spinal Cord After Injury and Correlates
with Axonal Damage. Several studies have shown the presence of

fibrinogen in CNS neurodegenerative diseases, such as MS (23),
AD (24), and cerebral ischemia (25). The inability of CNS axons
to regenerate is exemplified in SCI (26). However, whether
fibrinogen is present in the CNS after traumatic injury is
unknown. Therefore, we examined the spatial and temporal
regulation of fibrinogen in the CNS in three different models of
SCI. In the presence of an intact BBB in the uninjured mouse
spinal cord, there was no fibrinogen deposition (Fig. 1A).
Strikingly, 2 days after dorsal hemisection (DH) in the mouse,
there was a massive deposition of fibrinogen (Fig. 1B). Composite images of the entire spinal cords are shown in supporting
information (SI) Fig. 6. In addition, fibrinogen deposition occurred in the rat after either dorsal column lesion (Fig. 1C) or
spinal cord contusion (Fig. 1D). Fibrinogen deposition occurred
as early as 1 day after injury, peaked at 7 days, and decreased in
the following weeks (SI Fig. 7). We further showed that fibrinogen deposition correlated with axonal damage in both the
murine DH model (SI Fig. 8) and the rat dorsal column lesion
(SI Fig. 9). Overall, these results suggest that fibrinogen deposition is a general feature after SCI that occurs in all three animal
models examined, demonstrating that fibrinogen is present in the
spinal cord after injury.
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Fig. 2. Fibrinogen inhibits neurite outgrowth. Representative micrographs
of mouse control CGNs (A) and SCGs (E) cultured for 24 h on poly-D-lysine, or
CGNs (B) and SCGs (F) cultured in the presence of 1.5 mg of fibrinogen. (C)
Quantification of neurite length of mouse control CGNs untreated or treated
with different concentrations of fibrinogen (0.1, 0.3, 0.9, 1.5 mg/ml) indicated
a concentration-dependent inhibition of neurite outgrowth. (D) Inhibition of
neurite length of mouse CGNs either treated with 1.5 mg/ml fibrinogen or
plated on the neurite outgrowth inhibitor myelin (1 g of total protein per
well). (G) Reduced number of neurite-bearing mouse SCGs on treatment with
1.5 mg/ml fibrinogen. (H) Quantification of branching points per cell in the
neurite-bearing SCGs. CGNs and SCGs were stained with a ␤-tubulin antibody
(red) and DAPI for nuclei (blue). Results are expressed as means ⫾ SEM of a
minimum of five different experiments. A minimum of 400 to 500 neurons per
condition were analyzed. Statistical comparisons between means were made
with one-way ANOVA (*, P ⬍ 0.001) (C and D) and Student’s t test (G and H).
(Scale bar: 75 m.)

Fibrinogen Inhibits Neurite Outgrowth. We further sought to deter-

mine whether fibrinogen affects neuronal functions after injury as
they relate to axonal regeneration. In an established assay using
postnatal CGNs previously used to identify inhibitors of axonal
regeneration (27), fibrinogen induced a dramatic decrease of
neurite outgrowth (Fig. 2B), when compared with untreated CGNs
(Fig. 2 A). Fibrinogen-mediated neurite outgrowth inhibition was
concentration-dependent, as shown on treatment with increasing
concentrations of fibrinogen ranging from 0.1 to 1.5 mg/ml (Fig.
2C). Interestingly, concentrations as low as 0.3 mg/ml, which is
10-fold below the physiological 3 mg/ml concentration of fibrinogen, inhibited neurite outgrowth (Fig. 2C; P ⬍ 0.001). Fibrinogen
showed similar inhibition of neurite outgrowth when compared
with myelin (Fig. 2D). Fibrinogen did not induce apoptosis in CGNs
(SI Fig. 10), suggesting that the effects of fibrinogen were specific
on inhibition of neurite outgrowth. Similar to CGNs, SCGs showed
a dramatic reduction in neurite outgrowth in the presence of
fibrinogen (Fig. 2F), compared with untreated SCGs (Fig. 2E).
Quantification showed a 6-fold decrease of neurite-bearing SCGs
on fibrinogen treatment (Fig. 2G; 85.5 ⫾ 5.0% in control vs. 14.0 ⫾
1.7% of SCGs in the fibrinogen treated group; P ⬍ 0.0001).
Furthermore, the small percentage of fibrinogen-treated SCGs
bearing neurites exhibited a decrease in branching points (Fig. 2H).
Fibrinogen Inhibits Neurite Outgrowth via ␤3 Integrin. Fibrinogen
regulates cellular functions as a ligand for different integrins
(17). For example, binding of fibrinogen to the platelet ␣IIb␤3
integrin mediates platelet aggregation, whereas binding of fiPNAS 兩 July 10, 2007 兩 vol. 104 兩 no. 28 兩 11815
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Fig. 1. Fibrinogen is deposited in the spinal cord after traumatic injury. (A)
Immunolabeling longitudinal sections of uninjured control mouse spinal cord
for fibrinogen (red) revealed that fibrinogen is undetectable in the intact
spinal cord. (B) Fibrinogen deposition (red) at the lesion site of mouse spinal
cord longitudinal sections 2 days after DH. (C and D) The boundary of the
lesion site is indicated by dotted lines. Sagittal sections of rat dorsal column
lesion (C) and contusion model (D) show deposition of fibrinogen (red). Nuclei
are stained with DAPI (blue). Representative images of three independent
experiments of three animals per condition are shown. (Scale bar: 105 m.)

is involved in the fibrinogen-mediated inhibition of neurite
outgrowth.
Fibrinogen Induces Phosphorylation of EGFR on Neurons via ␤3
Integrin. An established signal transduction pathway initiated by

Fig. 3. Fibrinogen mediates inhibition of neurite outgrowth via ␤3 integrin.
(A and B) Blocking of ␤3 integrin using a mouse monoclonal antibody that
specifically inhibits rat ␤3 integrin significantly reduces the inhibitory effects
of fibrinogen on both the percentage of rat CGNs that bear neurites (A; P ⬍
0.001) and the neurite length of the CGNs (B; P ⬍ 0.001). Treatment with
mouse IgG does not affect the inhibitory effects of fibrinogen in rat CGNs (A
and B). (C–E) Representative images of rat CGNs stained with a ␤-tubulin
antibody (red) and DAPI (blue) show that treatment with 1.5 mg/ml fibrinogen
inhibits neurite outgrowth (D), when compared with untreated rat CGNs (C),
whereas its effects are reduced in the presence of 10 g/ml of a mouse anti-␤3
blocking antibody (E). (F) Rat CGNs treated with both fibrinogen and 10 g/ml
of mouse IgG are shown for control. Results are expressed as means ⫾ SEM of
a minimum of three different experiments. A minimum of 400 to 500 neurons
per condition were analyzed. Statistical comparisons between means were
made with one-way ANOVA. (Scale bar: 100 m.)

brinogen to the ␣M␤2 (CD11b/CD18) integrin on monocytes
mediates inflammatory responses (10, 20). Therefore, we hypothesized that the fibrinogen ␣v␤3 integrin receptor expressed
on neurons (28–30) could mediate the inhibition of neurite
outgrowth. Inhibition of ␤3 integrin was performed in rat CGNs;
because of species-specificity, the neutralizing antibody recognizes only the rat, but not the murine ␤3 integrin (31). Comparative species analysis of neurite inhibition showed that fibrinogen was a potent inhibitor of both rat and murine CGNs (SI Fig.
11). Neutralization of ␤3 integrin resulted in a statistically
significant 30% increase in both the number of rat CGNs
extending neurites (Fig. 3A; P ⬍ 0.001), as well as in neurite
length (Fig. 3B; P ⬍ 0.001) on fibrinogen treatment. In contrast,
IgG treatment did not affect the number of neurite-bearing
CGNs or neurite length (Fig. 1 A and B). Representative images
are shown in Fig. 3 C–F. These results suggest that ␤3 integrin
11816 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0704045104

integrins on their activation by an extracellular matrix (ECM)
ligand is transactivation of growth factor (GF) receptors (32, 33).
␤3 integrin in particular physically interacts and induces phosphorylation of EGFR in fibroblasts (34). Phosphorylation of
EGFR mediates the inhibitory effects of several inhibitors of
axonal regeneration, such as myelin, Nogo, and chondroitin
sulfate proteoglycans (35). Therefore, we hypothesized that
fibrinogen as a ligand for ␤3 integrin could be involved in the
activation of EGFR in neurons.
Pharmacological inhibition of EGFR phosphorylation using
the irreversible inhibitor PD168393 increased both the number
of mouse CGNs extending neurites (Fig. 4A; P ⬍ 0.001), as well
as their neurite length (Fig. 4B; P ⬍ 0.001) on fibrinogen
treatment. In contrast, PD168393 did not affect the number of
neurite-bearing CGNs or their neurite length on a control PDL
substrate (Fig. 4 A and B). To examine whether fibrinogen
induces EGFR phosphorylation on neurons, we incubated CGNs
with fibrinogen or EGF for positive control. Fibrinogen alone in
the absence of EGF was sufficient to induce a 5.1-fold increase
in phosphorylation of EGFR in neurons (Fig. 4C). Fibrinogen
also induced an ⬇1.5-fold increase in the total levels of EGFR
(Fig. 4C). Double immunofluorescence after SCI showed axons
positive for phosphorylated EGFR with abundant fibrinogen
deposition at the lesion site (Fig. 4D). High-magnification
images and individual channels are shown in SI Fig. 12. A
blocking antibody against ␤3 integrin reduced the fibrinogenmediated phosphorylation of EGFR (Fig. 4E), suggesting that
fibrinogen interactions with ␤3 integrin was mediating EGFR
phosphorylation. A common mechanism that regulates crosstalk between integrins and GFs receptors is activation of Src
family kinases (SFK) (33). Inhibition of SFK using the inhibitor
PP2 (36) reduced the fibrinogen-mediated EGFR phosphorylation (Fig. 4F). Moreover, endogenous coimmunoprecipitation in
primary neurons showed interaction between phosphorylated
EGFR with ␤3 integrin only on exposure to fibrinogen (Fig. 4G).
Overall, these results suggest that fibrinogen induces the crosstalk between ␤3 integrin and EGFR on neurons that results in
the transactivation of EGFR to mediate inhibition of neurite
outgrowth.
Discussion
Studies of the inhibition of axonal regeneration have mainly
focused on proteins of the nervous system, such as myelinderived neurite outgrowth inhibitors expressed by oligodendrocytes, guidance molecules expressed by neurons, and proteoglycans that are secreted by the glial scar (26). Our study identified
fibrinogen as a major inhibitor of neurite outgrowth that is not
synthesized within the CNS, but leaks from the bloodstream into
the CNS parenchyma after vascular damage or BBB disruption.
Our study suggests the following model for the role of fibrinogen
in axonal regeneration (Fig. 5). (i) Traumatic injury or other
neurodegenerative conditions associated with compromised
BBB allow the leakage of fibrinogen in the CNS. (ii) Fibrinogen
interaction with ␤3 integrin on neurons induces clustering of ␤3
integrin with EGF receptor, leading to EGF receptor autophosphorylation in the absence of EGF. (iii) Cross-talk of ␤3 integrin
and EGFR is mediated by SFK. (iv) Fibrinogen-mediated phosphorylation of the EGF receptor in neurons leads to inhibition
of neurite outgrowth. Because fibrinogen is essential for the
interaction between ␤3 and EGFR, the mechanism of EGFR
transactivation by integrins could be triggered in the CNS only
in pathological states associated with hemorrhage, vascular
Schachtrup et al.

Fig. 4. Fibrinogen induces transactivation of EGFR via ␤3 integrin to inhibit
neurite outgrowth. (A and B) Treatment with the EGFR phosphorylation inhibitor
PD168393 (50 nM) on 1.5 mg/ml fibrinogen treatment results in a statistically
significant increase in the percentage of mouse CGNs bearing neurites (A; P ⬍
0.001) and the length of neurite outgrowth (B; P ⬍ 0.05). Results are expressed as
means ⫾ SEM of a minimum of four different experiments. A minimum of 400 to
500 neurons per condition were analyzed. Statistical comparisons between
means were made with one-way ANOVA. Error bars indicate SEM. (C) Fibrinogen
induces phosphorylation of EGFR. Serum-starved mouse CGNs were treated with
1.5 mg/ml fibrinogen for the indicated time points, and the levels of pTyr1173
EGFR (p-EGFR) and total EGFR were analyzed by Western blotting. GAPDH was
used as loading control. (D) Fibrinogen (red) and p-EGFR (green) immunostaining
of longitudinal sections of mouse spinal cord 2 days after DH revealed axonal
colocalization of fibrinogen and p-EGFR (yellow) at the lesion area (Right).
Fibrinogen and p-EGFR are undetectable in the uninjured mouse spinal cord
(Left). Nuclei are stained with DAPI (blue). Representative images of three independent experiments of three animals per condition are shown. (Scale bar: 95
m.) (E) Fibrinogen induces EGFR phosphorylation via ␤3 integrin. Rat CGNs
untreated, pretreated with 10 g/ml mouse anti-rat ␤3 blocking antibody or 10
g/ml control mouse IgG for 1 h, and treated with 1.5 mg/ml fibrinogen, and the
levels of pTyr1173 EGFR (p-EGFR) and total EGFR were analyzed by Western
blotting. GAPDH was used as loading control. (F) Fibrinogen induces EGFR phosphorylation via SFK. Mouse CGNs were untreated or pretreated with 10 M of the
general Src inhibitor PP2 for 1 h and treated with 1.5 mg/ml fibrinogen, and the
levels of pTyr1173 EGFR (p-EGFR) and total EGFR were analyzed by Western
blotting. GAPDH was used as loading control. (G) Fibrinogen induced the endogenous coimmunoprecipitation of phosphorylated EGFR with ␤3 integrin in primary neurons. Serum-starved mouse CGNs were treated with 1.5 mg/ml of
fibrinogen for 10 min, and cell extracts were immunoprecipitated (IP) with an
antibody against ␤3 integrin (anti-␤3). Immunoblotting was performed with
antibodies against p-EGFR and ␤3 integrin. Immunoblots were performed at least
five times, and representative blots are shown. Blots were quantitated by densitometry and normalized to GAPDH.

damage, or BBB disruption. Interestingly, in the peripheral
nervous system, EGFR is not expressed by axons distal to the site
of injury (37), which is the site of fibrinogen deposition (18, 19).
Schachtrup et al.

The spatial expression of EGFR is in accordance with the role
of fibrinogen in peripheral nerve repair as an inhibitor of
Schwann cell myelination, but not axonal elongation (18). Because fibrinogen functions in tissues depend on receptormediated signal transduction (10, 20, 38, 39), it is possible that
the spatial and temporal distribution of the fibrinogen receptors
in the nervous system would determine its role in the regenerative process.
The molecular interaction between integrin and GF receptors
regulates GF receptor functions in response to changes in the
extracellular environmental (32). Our study demonstrates that
GF receptor transactivation by integrins occurs in neurons.
Moreover, we show that EGF-independent, ␤3 integrinmediated phosphorylation of EGFR produces the unique biological effect of inhibition of neurite outgrowth, which is a
central impediment for CNS repair. In that respect, fibrinogen,
which is present in the CNS only on injury or disease, could serve
as the ‘‘signal,’’ and ␤3 integrin might function as a ‘‘sensor’’ to
changes in the CNS microenvironment, such as hemorrhage, to
modulate neuronal responses by inducing activation of EGFR.
The small, rapid 1.5-fold increase in the total levels of EGFR
expression on fibrinogen induction might reflect pathways of
integrin–GF cross-talk, such as modulation of EGFR recycling
(40, 41), which may function in parallel with phosphorylation to
potentiate the biological effects of EGFR activation (42). The
fibrinogen-induced transactivation of EGFR by ␤3 integrin
could therefore synchronize EGFR functions with changes in the
tissue environment that are dictated by vascular rupture. Upregulation of cAMP (22) or inhibition of EGFR phosphorylation
rescues myelin-mediated inhibition of neurite outgrowth (35).
Myelin/NgR1 signaling induces phosphorylation of the EGFR in
a calcium-dependent manner to inhibit neurite outgrowth (35).
On myelin stimulation, NgR1 does not form a complex with
EGFR (35). By contrast, on fibrinogen stimulation, ␤3 integrin
forms a complex with EGFR as shown by endogenous coimmunoprecipitation in primary neurons (data not shown). Future
studies will determine the individual contributions and potential
synergistic effects of fibrinogen and myelin signal transduction
pathways in the regulation of neurite outgrowth.
Although other blood proteins such as thrombin exert apoptotic effects on neurons via protease-activated receptors (43),
fibrinogen might be unique in its ability to transactivate EGFR
and inhibit neurite outgrowth because of its unique structure
that induces ␤3 integrin signaling. ␤3 integrin acts as a mediator
of the maturation of excitatory synapses in hippocampal neurons
PNAS 兩 July 10, 2007 兩 vol. 104 兩 no. 28 兩 11817
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Fig. 5. Proposed model of fibrinogen-mediated inhibition of neurite outgrowth. Traumatic injury or other neurodegenerative conditions associated
with compromised BBB or vascular damage allow the leakage of fibrinogen in
the CNS. Fibrinogen binding to ␤3 integrin on neurons induces coclustering of
␤3 integrin with EGFR, leading to EGFR phosphorylation and subsequent
inhibition of neurite outgrowth.

(30) and regulates formation of focal adhesion in astrocytes (44).
Our study provides inhibition of neurite outgrowth as a biological function for ␤3 integrin signaling in the CNS. In addition to
␤3 integrin, fibrinogen binds to CD11b/CD18 integrin receptor
and induces activation of microglia to phagocytes in the CNS
(20). Therefore, it is possible that fibrinogen signal transduction
via different cellular receptors might regulate both inflammatory and repair processes in the CNS after injury or disease
associated with BBB disruption or vascular damage.
Although cerebrovascular dysregulation was originally considered a feature of CNS pathologies, such as ischemia and stroke,
vascular abnormalities and hemorrhage have emerged as major
players in a wide range of neurodegenerative diseases (45). In AD,
amyloid plaques represent the sites of microhemorrhages (4),
vascular disease correlates with cognitive impairment (46), and
fibrinogen deposition is persistent in the AD brain (24). In MS,
fibrinogen deposition is sustained and correlates with axonal damage and demyelination (47, 48), and pharmacological or genetic
depletion of fibrinogen ameliorates disease pathogenesis in MS
animal models (7). In SCI, traumatic injury severs both axons and
the vasculature, leading to prominent intraparenchymal hemorrhage (49) and results in dramatic fibrinogen deposition (data not
shown). Our study identifies a functional role for fibrinogen at the
neurovascular interface as a molecular link between the blood and
the CNS in neurodegenerative disease. The inhibitory functions of
fibrinogen on neurite outgrowth could therefore be relevant in a
variety of neurodegenerative diseases. Depletion of fibrinogen
either by anticoagulants such as ancrod (18) or inhibition of ␤3
integrin could be tested alone or in combination with other
therapeutic strategies for their efficacy in the promotion of axonal
regeneration in the CNS. In that respect, identification of fibrinogen
as a new inhibitor of neurite outgrowth may yield additional
strategies to promote axonal regeneration in CNS after trauma or
neurodegenerative disease.
Methods
SCI in Mice and Rats. The surgical procedures for mouse DH, rat

dorsal column lesion, and contusion on adult female C57BL/6
mice or Fischer 344 rats (The Jackson Laboratory, Bar Harbor,
ME) were performed as described (50, 51).
Histopathology. Analysis of the spinal cord tissue was performed

as described (50). Primary antibodies used were sheep antifibrin(ogen) (1:100; U.S. Biological, Swampscott, MA), mouse
anti-SMI-32 (1:2,000; Sternberger Monoclonals, Lutherville,
MD), and rabbit anti-P-EGFR1173 (Abcam, Cambridge, MA).
Sections were counterstained with DAPI (Invitrogen, Carlsbad,
CA), and images were collected by using an Axioplan 2 Zeiss
microscope (Carl Zeiss, Thornwood, NY) with an Axiocam HRc
camera or were processed for confocal microscopy using Olympus (Tokyo, Japan) and Zeiss confocal microscopes.

BD Biosciences, San Diego, CA) or mouse IgG (10 g/ml; BD
Biosciences) as control. Myelin from mouse spinal cord was prepared as decribed (53). For myelin membranes, mouse CNS myelin
at 1 g total protein per well was dried overnight and used as
substrate (54). Neurons extended processes for 24 h on different
treatments and were then fixed in 4% paraformaldehyde and
stained for ␤-tubulin. Quantification was performed as described
(27, 50, 55). For SCGs, the number of neurite-bearing cells and
branching points per cell, and for CGNs, the number of neuritebearing cells and the neurite length, were measured from 400 to 500
neurons per condition. All experiments were repeated four times
and were performed in triplicate.
Apoptosis Assay. Mouse CGNs were isolated and 5 ⫻ 104 neurons
were plated per well of a poly-D-lysine-coated 96-well plate. CGNs
were treated for 20 h using the indicated fibrinogen concentrations
or 1 M Staurosporine (Sigma–Aldrich, St Louis, MO) as positive
control, and apoptosis was quantified by using the Cell Death
Detection Elisa Kit (Roche Diagnostics, Indianapolis, IN). Apoptotic assays were performed three times in triplicate.
Immunoblots and Immunoprecipitation. CGNs were serum-starved
for 2 h and treated with 1.5 mg/ml of fibrinogen for the indicated
time points. Cells were extracted on ice for 30 min in lysis buffer
[20 mM Tris䡠HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Triton X-100, protease and phosphatase inhibitor].
For EGFR, immunoblot samples were incubated with agarosebound Concanavalin-A (Vector Laboratories, Burlingame, CA)
for 4 h at 4°C as described (56). For endogenous coimmunoprecipitation, cell lysates were incubated with rabbit anti-mouse
integrin ␤3 antibody (1:100; Cell Signaling, Beverly, MA) bound
to A-agarose beads for 4 h at 4°C. After washing three times, the
beads were resuspended in sample buffer, boiled for 10 min, and
centrifuged. Supernatants were electrophoresed on SDS/4–12%
PAGE gels and probed with the following antibodies: phosphoEGFR (Tyr-1173), total-EGFR, and integrin ␤3 antibodies
(1:1,000; Cell Signaling). For the inhibition of ␤3 integrin,
neurons were pretreated with a mouse monoclonal anti-rat ␤3
neutralizing antibody (10 g/ml; BD Biosciences) or mouse IgG
(10 g/ml; BD Biosciences) for 1 h before the addition of 1.5
mg/ml fibrinogen. For the inhibition of SFK, neurons were
pretreated for 1 h with the inhibitor PP2 (10 g/ml; Biomol,
Plymouth Meeting, PA) before the addition of 1.5 mg/ml fibrinogen. Cell lysate was electrophoresed on SDS/4–12% PAGE gels
and probed for GAPDH (Abcam) as loading control. Immunoblots were performed as described (18) at least five times, and
representative blots are shown. Densitometry analysis using NIH
Scion Imaging Software was performed on all blots, and the
average values are shown.

Neurite Outgrowth Assays. CGNs and SCGs were isolated as described (27, 52). We plated 7.5 ⫻ 104 mouse CGNs, 2.5 ⫻ 104 rat
CGNs, and 2 ⫻ 104 mouse SCG neurons per well of poly-D-lysinecoated eight-well Nunc plates. Neurons were treated with human
fibrinogen (Calbiochem, San Diego, CA) at concentrations ranging
from 0.1 mg/ml to 1.5 mg/ml for 24 h. To inhibit EGFR phosphorylation, neurons were treated with 50 nM of PD168393 (Calbiochem) for 24 h. To inhibit ␤3 integrin, neurons were treated with
a mouse monoclonal anti-rat ␤3 neutralizing antibody (10 g/ml;
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