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Summary

Remyelination is a critical step for functional nerve
regeneration. Here we show that fibrin deposition in
the peripheral nervous system after injury is a key
regulator of remyelination. After sciatic nerve crush,
fibrin is deposited and its clearance correlates with
remyelination. Fibrin induces phosphorylation of ERK1/2
and production of p75 NGF low-affinity receptor in
Schwann cells and maintains them in a nonmyelinating
state, suppresses fibronectin production, and pre-
vents synthesis of myelin proteins. In mice depleted
of fibrin(ogen), remyelination of myelinated axons is
accelerated due to the faster transition of the Schwann
cells to a myelinating state. Regulation of fibrin clear-
ance and/or deposition could be a key regulatory
mechanism for Schwann differentiation after nerve
damage.

Introduction

A fundamental question in cellular neurobiology is the
regulation of nerve regeneration after injury or disease.
Functional nerve regeneration requires not only axonal
sprouting and elongation, but also new myelin synthesis.
Remyelination is necessary for the restoration of normal
nerve conduction and for the protection of axons from
new neurodegenerative immunologic attacks (Horner
and Gage, 2000). Incomplete remyelination in the adult
human CNS together with axonal damage contributes
to clinical deficits in diseases such as multiple sclerosis
(MS) (Bjartmar and Trapp, 2001).

In mammals, there are two types of myelinating cells:
Schwann cells in the peripheral nervous system (PNS)
and oligodendrocytes in the central nervous system
(CNS). After a lesion within the PNS, Schwann cells re-
spond to injury by proliferation and further differentiation
to myelinating cells (Kioussi and Gruss, 1996). In the
CNS, adult oligodendrocyte precursors are recruited to
the sites of the lesion and exhibit a limited capacity for
remyelination (Blakemore and Keirstead, 1999). Following
demyelination, successful remyelination by both Schwann
cells and oligodendrocyte precursors depends on a com-
bination of signals that these cells receive from the inflam-
matory response and the demyelinated axons. These sig-
nals prompt them to first re-enter the cell cycle, and
then differentiate into myelinating cells (Levine et al.,
2001).

The molecular signals that drive the differentiation
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of Schwann cells toward myelin production are mainly
derived from adherence to an axon destined for myelina-
tion and the basal lamina (Jessen and Mirsky, 1999b).
Extracellular matrix (ECM) molecules of the basal lamina
and their receptors are involved not only in the process
of axonal elongation, via interactions with neurons/
axons (Reichardt and Tomaselli, 1991), but also in remy-
elination, via interactions with glial cells (Bunge et al.,
1986; Sobel, 1998). Laminin is a positive regulator of
neurite growth and Schwann cell migration (Anton et al.,
1994) and it also induces myelination in vitro (Eldridge
et al., 1989). In addition, receptors of ECM molecules,
such as B1 integrin, promote myelination by Schwann
cells (Feltri et al., 2002; Fernandez-Valle et al., 1994). The
sciatic nerve during regeneration upregulates laminin,
fibronectin, and specific integrins (Lefcort et al., 1992)
to resemble the constellation of ECM components and
integrins that are present during development (Chernou-
sov and Carey, 2000; Vogelezang et al., 1999). All of
these results indicate the importance of the ECM for
myelination.

The composition of the ECM can be altered after nerve
injury by leakage of fibrinogen from the vasculature
(Akassoglou et al., 2000). The tissue injury also causes
a procoagulant state (Friedmann et al., 1999) resulting
in conversion of fibrinogen to fibrin, which can be depos-
ited in the matrix (Bugge et al., 1996). In nervous tissue,
fibrin deposition has been reported in lesions of MS
patients (Claudio et al., 1995), as well as in experimental
models of CNS (Koh et al., 1993), and PNS demyelination
after injury (Akassoglou et al., 2000) accompanied by
leakage of the blood-nerve barrier. In these cases, there-
fore, fibrin becomes a new component of the ECM. How-
ever, a role for fibrin in nerve regeneration and new
myelin formation has not been investigated.

In a previous study, we examined the degeneration
phase of sciatic nerve injury (Akassoglou et al., 2000).
Mice deficient in the fibrinolytic components tissue plas-
minogen activator (tPA) or plasminogen exhibit exacer-
bated damage after sciatic nerve crush. This effect is
due to reduced fibrin clearance since fibrin depletion
rescued the exacerbation observed in tPA-deficient mice.
However, this work did not reveal any information on
the regenerating phase of the injury or on the cellular and
molecular mechanisms of fibrin action in the nervous
tissue.

In our current work, we have focused on sciatic nerve
remyelination and demonstrate a novel role for fibrin as
aregulator of Schwann cell differentiation. Sciatic nerve
crush in mice genetically (Suh et al., 1995) or pharmaco-
logically (Akassoglou et al., 2000) depleted of fibrin(ogen)
showed an acceleration in the formation of myelinated
axons after injury. Schwann cells in fibrin(ogen)-depleted
mice also had an earlier onset of myelin gene transcrip-
tion, downregulation of p75 NGF low-affinity receptor
(p75 NGFR), and elevated production of fibronectin, a
beneficial ECM component for Schwann cell maturation.
In vitro experiments demonstrated that fibrin induced
ERK1/2 phosphorylation and downregulated myelin
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gene expression in Schwann cells and maintained them
in a proliferating, nonmyelinating state.

These results identify the fibrin matrix as a critical
regulator of remyelination of peripheral nerves, and pro-
vide a mechanism for how a blood-derived protein can
affect the proliferation and differentiation of myelinating
cells after peripheral injury. Persistent fibrin deposition,
due to vascular leakage or inadequate clearance, might
provide the basis for neuropathologies characterized
by reduced myelin formation. If so, strategies aimed at
removing the fibrin matrix could be beneficial in enhanc-
ing remyelination in neurodegenerative and demyelinat-
ing diseases.

Results

Fibrin Clearance Correlates with Nerve Repair

In our previous work, we demonstrated a correlation of
fibrin deposition with sciatic nerve degeneration (Akas-
soglou et al., 2000). To examine how fibrin deposition
is regulated during nerve regeneration, we examined
the presence of fibrin at late time points after sciatic
nerve injury. Uninjured sciatic nerve shows normal axo-
nal morphology (Figure 1A) and no endoneurial staining
for fibrin(ogen) (Figure 1B, arrows in figure indicate vas-
cular staining). During degeneration after sciatic nerve
crush, there is collapse of the myelin sheaths and axonal
degeneration (Figure 1C). During the degeneration phase,
fibrin(ogen) immunoreactivity increases in the endoneu-
rium (Figure 1D). At late time points after injury, there
are myelinated axons in the nerve with smaller diameter
and thinner myelin sheath (Figure 1E), when compared
to the axons of the adult uninjured nerve (Figure 1A).
During the regeneration phase, fibrin(ogen) decreases
to uninjured levels (Figure 1F), presumably due to the
action of tPA, which is induced after crush (Akassoglou
et al., 2000).

To further evaluate fibrin deposition at different time
points after injury, we performed Western blot analysis
using an antibody against y- fibrin dimers, which are
formed by the action of the coagulation system on the
fibrinogen molecule (Chen and Doolittle, 1971; Lorand
et al., 1969). The uninjured sciatic nerve did not show
formation of y-y dimers, showing that there is no fibrin
present constitutively (Figure 1G). Four days after injury,
there was a dramatic increased formation of y-y dimers,
indicating that the tissue during its degeneration phase
has fibrin deposition (Figure 1G). Twenty-five days after
crush injury, during the regeneration phase of the nerve,
there were no y-y dimers present, demonstrating that the
fibrin formed during the degeneration phase has been
removed from the tissue (Figure 1G). Staining the mem-
brane with Ponseau S before immunoblotting showed
that equal amounts of total proteins were present in the
blot (Figure 1H).

Fibrin(ogen)-Deficient Mice Show Increased

Myelinated Axons after Sciatic Nerve Injury

To assess the involvement of fibrin in axonal remyelina-
tion in vivo, we examined the tissue morphology of the
sciatic nerve 1 mm distal of the crush site 8 days after
crush in wild-type mice and mice genetically or pharma-
cologically depleted of fibrinogen. In wild-type mice,

axonal remyelination was not significant 8 days after
crush, as evidenced by a small number of myelinated
axons (Figure 2A), and there was substantial fibrin depo-
sition evident (Figure 2D). However, at this time, there
were numerous myelinating axons in fib~'~ mice (Figure
2B), and as expected, no fibrin deposition (Figure 2E).
To complement this result, we examined nerve remyelin-
ation in mice in which fibrinogen had been depleted
pharmacologically. Administration of the Malayan pit
viper (Calloselasma rhodostoma) venom protein, an-
crod, leads to consumption of systemic fibrinogen and
drastically reduces plasma fibrinogen levels (Bell et al.,
1978). Therefore, under these conditions, fibrin deposi-
tion should be diminished. Ancrod was administered to
wild-type mice for 3 days before crush and then through-
out the experimental period, without any effects on sur-
vival. Consistent with experiments with genetic depletion
of fibrinogen, ancrod treatment significantly enhanced
the number of myelinating axons (Figure 2C), and pre-
vented fibrin deposition (Figure 2F). Quantification of
myelinating axons per 0.1 mm? showed: wild-type con-
trol, 5.9 = 0.8; fib/~, 22.7 + 4; wt + ancrod, 25.2 = 5.8
(Figure 2G; difference, p < 0.002). Overall, these results
demonstrate that fibrin deposition is an inhibitory factor
for the early phase of sciatic nerve remyelination.

We additionally compared the status of regeneration
in wild-type and fib~~ mice at late time points after
sciatic nerve crush injury when there was clearance of
fibrin in the wild-type mice. We observed that 35 days
after crush, both wild-type and fib~'~ mice showed the
same extent of axonal regeneration and remyelination
(data not shown). Overall these results demonstrate that
fibrin deposition is an inhibitory factor for the onset and
early time points of sciatic nerve remyelination and that
its clearance is a physiological mechanism correlated
with nerve repair.

Fibrin Deposition Does Not Affect Axonal

Sprouting or Macrophage Infiltration

Functional nerve regeneration after injury is a multistep
process that requires axonal regrowth of the damaged
axons to their targets and remyelination. The analysis
reported above relied on the detection of myelin to iden-
tify regenerating nerves. Thus, the delayed regeneration
in the wild-type mice could be due to retardation of axon
elongation or remyelination.

To identify which aspect of regeneration was affected
by fibrin deposition, we first examined the progress of
axonal growth after injury. GAP-43 is expressed by de-
veloping or regenerating axons, and can thus serve as
a marker for axon sprouting and elongation (Benowitz
and Routtenberg, 1997). Axonal expression of GAP-43
appears as early as 4 days after sciatic nerve crush
injury (Woolf et al., 1990). Schwann cells can also ex-
press GAP-43 after injury, but that expression does not
begin until 12 days after injury (Scherer et al., 1994). To
examine whether fibrin depletion affected axonal regen-
eration, we stained longitudinal sections of sciatic nerve
8 days after crush injury. As expected, wild-type unin-
jured mice showed no staining for GAP-43 (Figure 3A).
Eight days after crush injury, both wild-type (Figure 3B)
and fibrin-depleted mice (Figure 3C) showed a similar
pattern of axonal staining of GAP-43 and similar extent of
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Figure 1. Fibrin Degradation Correlates with
Remyelination after Injury

Immunocytochemistry for fibrinogen showed

only vascular staining in the uninjured sciatic

nerve (B, arrows). Tolouidine blue-stained
semi-thin cross-sections of the sciatic nerve

showed normal histology as demonstrated

by numerous axons tightly packed and sur-
rounded by myelin sheaths (A). Two days

after crush, there was fibrin deposition in the

nerve (D), which correlated with degenera-

tion as detected by collapsed myelin sheaths

-] and axonal loss (C). During the remyelination
phase, 21 days after the crush injury, fibrin
deposition was cleared (F) and its immunore-

activity dropped to uninjured wild-type levels

o (B). At this time, regenerating axons with
ey small diameter and thin myelin sheath ap-
peared (E). (G) Immunoblot for fibrin on sciatic

nerve protein extracts showed absence of fi-

brin in the uninjured nerve, dramatic fibrin

deposition during degeneration (4 days after

crush injury), and clearance during regenera-

tion (25 days after crush injury). (H) Ponseau

staining demonstrated equal protein loading

_g Y between samples. Bar: 150 pm (B, D, and F);
g 20 um (A, C, and E).
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axonal elongation. To further verify the axonal pattern of
GAP-43 immunostaining, we stained longitudinal sections
of wild-type and fibrin-depleted mice for GAP-43 and neu-
rofilament, an axon-specific marker (Hsieh et al., 1994;
Shaw et al., 1985). The morphology of the GAP-43-posi-
tive axons (Figure 3K) was similar to the morphology of
the neurofilament-positive axons (Figure 3L), suggesting
that axons are the major source of GAP-43 expression
8 days after crush injury.

To quantitate if there was a difference in axon sprout-
ing and elongation, we also stained cross-sections of
the sciatic nerve 1 mm distal to the crush site. Eight
days after crush, sciatic nerves from control (Figure 3E)
and fibrin-depleted wild-type mice (Figure 3F) showed
a similar number of GAP-43-positive axons, suggesting
that axonal sprouting is not affected by fibrin depletion.
To examine whether the elongation rate differed be-
tween the two groups, GAP-43 staining was performed
on cross-sections of the sciatic nerve 8 mm distal to
the crush site 8 days after crush. No difference was

observed in the number of the axons that had reached
the distal tip of the nerve between wild-type (Figure
3H) and fibrin-depleted mice (Figure 3l). Quantitation
of GAP-43-positive axons showed that there was no
difference in the number of regenerating axons between
wild-type and ancrod-treated mice 8 days after crush
injury (Figure 3J). Similar results were obtained after
examination of fib’~ mice (not shown). To examine
whether there was a difference at earlier time points,
we examined GAP-43 immunoreactivity 3 and 5 days
after crush. In both earlier time points, there was no
difference between wild-type mice and wild-type mice
treated with ancrod in the number of GAP-43-positive
axons (data not shown). Overall, these results indicated
that the inhibitory effect of fibrin on regeneration after
sciatic nerve injury was not on axonal sprouting and
elongation.

We examined other possible mechanisms that fibrin
might affect during peripheral nerve injury. Macro-
phages are known to accumulate in the sciatic nerve
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after crush (Stoll et al., 1989) and enhance axonal regen-
eration (Richardson and Lu, 1994). A possible mecha-
nism therefore could be that fibrin inhibits macrophage
infiltration in the tissue. In this hypothesis, the number
of macrophages should be higher in fib~'~ mice, when
compared to wild-type mice. Immunostaining for Mac-1,
a macrophage-specific marker (Ho and Springer, 1982)
on longitudinal (Figure 4A) and cross-sections (Figure
4D) of wild-type nerve showed that there were no macro-
phages in the uninjured nerve. Four days after crush
injury, macrophages were increased in both wild-type
(Figure 4B) and fib~/~ mice (Figure 4C) on longitudinal
sciatic nerve sections. Cross-sections of wild-type and
fib~'~ mice 4 and 8 days after crush injury (Figures 4E,
4F, 4H, and 4l) showed infiltration of the injured nerve
by macrophages. To verify whether there was a differ-
ence in numbers of macrophages, we quantitated the
number of Mac-1-positive cells on cross-sections of
sciatic nerve (Figure 4G). There was no statistically sig-
nificant difference in the number of macrophages 4 or
8 days after crush injury in wild-type and fib'~ mice
(Figure 4G). Similar data were obtained using F4/80 (not
shown), as another macrophage marker (Austyn and
Gordon, 1981), indicating that there is no significant
difference in the number of macrophages in between
the two genotypes after crush injury. As shown in Figure
4G, 4 days after injury, the number of macrophages
increased in the nerve of both wild-type and fib~'~ mice,
as expected by results described in other studies (Perry
et al., 1987; Stoll et al., 1989). The number of macro-
phages 8 days after injury remained constant (Siebert

Figure 2. Fibrin Depletion Accelerates Ap-
pearance of Myelinated Axons after Injury
Eight days after crush injury, wild-type mice
showed sciatic nerve degeneration charac-
terized by axons with collapsed myelin sheaths
and a few myelinated axons (A). At the same
time point, fibrinogen-deficient mice (B) and
wild-type mice treated with ancrod (C) showed
numerous myelinated axons. Fibrinimmunore-
activity was present in wild-type mice (D),
with no staining in fib~’~ (E) and little staining
in ancrod-treated mice (F). (G) shows mor-
phometric analysis of myelinated axons 8
days after sciatic nerve crush. Data are ex-
pressed as means = SEM. Statistical com-
parisons between medians were made with
the Student’s t test. fib’~ mice (n = 4) and
ancrod-treated wild-type mice (n = 4) showed
significantly more myelinated axons com-
pared to control mice (n = 6) (p < 0.002). Bar:
20 pm.

et al., 2000), probably due to macrophage removal by
local apoptosis (Kuhimann et al., 2001). Overall, these
results suggest that fibrin is not the determining factor
for macrophage infiltration in the sciatic nerve.

Fibrin Affects Schwann Cell Proliferation

The observation that fibrin-depleted mice have more
newly myelinated axons after injury (Figure 2), but similar
axonal elongation and sprouting (Figure 3), suggested
that fibrin deposition might regulate nerve repair at the
level of myelination. Remyelination is a crucial step for
restoration of function since demyelinated axons may
maintain both their afferent and efferent connections
but have poor conduction due to loss of myelin (Horner
and Gage, 2000). Therefore, we examined the effect of
fibrin depletion on the myelinating cells of the sciatic
nerve, the Schwann cells. After sciatic nerve injury,
Schwann cells proliferate, establish contacts with the
newly formed axons, stop proliferating, and differentiate
into myelinating cells (Jessen and Mirsky, 1999a). To
examine whether fibrin affects Schwann cell differen-
tiation, we compared their proliferation in the presence
or absence of fibrin 4 days after crush, the peak of
Schwann cell proliferation after sciatic nerve injury
(Bradley and Asbury, 1970). Sciatic nerves of wild-type
and fib~'~ mice were crushed and 4 days after injury,
mice were injected intraperitoneally with BrdU, a thymi-
dine analog that is incorporated in the DNA of cells that
are in S phase of the cell cycle. Two hours after injection,
mice were sacrificed and BrdU* nuclei were detected
with a biotinylated antibody against BrdU. Fibrin-
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depleted mice (Figure 5B) had a dramatic decrease in
the number of proliferating cells compared to wild-type
mice (Figure 5A). In vivo BrdU labeling of wild-type unin-
jured sciatic nerve showed no proliferating cells (Fig-
ure 5C). To determine if the BrdU* nuclei were from
Schwann cells, we performed double staining using an
antibody against S100, a general Schwann cell marker
(Kioussi and Gruss, 1996). Almost all the cells with BrdU*
nuclei were stained for S100 (Figure 5D). Quantification
of the number of BrdU* nuclei showed that fibrin-
depleted mice had 50% fewer BrdU* cells compared
to wild-type mice (Figure 5E) and this difference was
statistically significant (p < 0.01). Eight days after crush,
when Schwann cell proliferation is still observed at the
injured compared to the uninjured nerve (Bradley and
Asbury, 1970), fib~ mice also had fewer BrdU" cells
compared to wild-type mice (data not shown). Overall,
these results suggest that fibrin regulates Schwann cell
proliferation.

Fibrin Induces ERK1/2 Phosphorylation
To examine if fibrin regulated a signaling pathway that
affects proliferation, we examined the two forms of the

extracellular signal-regulated kinase (ERK), p44 (ERK1)
and p42 (ERK2), using an antibody specific for the phos-
phorylated form of ERK1/2. The ERK1/2 signaling path-
way plays a critical role in the regulation of cell growth
and differentiation (Kolch, 2000). ERK1/2 phosphoryla-
tion is induced by the Ras oncogene and blocks cell
apoptosis. Since in the presence of fibrin, Schwann cells
showed increased proliferation (Figures 5A and 5E), we
examined if fibrin would affect ERK1/2 phosphorylation.
We compared Schwann cells cultured on laminin, a ma-
jor component of the ECM of the uninjured nerve, or on
fibrin. Schwann cells cultured 3 days on fibrin showed
a dramatic increase of phosphorylated ERK1/2 when
compared to cells cultured on laminin (Figure 6A). The
levels of total ERK1/2 were similar in both cells that
grow on laminin and fibrin (Figure 6A), showing that
the difference in phosphorylated ERK1/2 was due to
regulation of ERK1/2 at the level of phosphorylation and
not due to differences in total expression of ERK1/2.
We also examined the effect of fibrin on ERK1/2 phos-
phorylation at earlier time points in culture. We per-
formed immunoblot analysis from Schwann cell extracts
1 day after plating on fibrin or on laminin. Quantitation
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Figure 4. Fibrin Depletion Does Not Affect Macrophage Infiltration
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Immunostaining for the macrophage marker Mac-1 on longitudinal sections showed macrophages in both wild-type (B) and fib'~ (C) mice 4
days after crush injury. Cross-sections of sciatic nerves stained with Mac-1 of wild-type mice 4 days (E) and 8 days after injury (H) showed
no difference in macrophage infiltration when compared to fib’~ mice (F and I) at the same time points. Longitudinal (A) and cross-sections
(D) of uninjured sciatic nerves did not show any staining for Mac-1. (G) Quantification of Mac-1-positive macrophages on cross-sections did
not show any difference in the number of Mac-1-positive cells of fib '~ mice (n = 4) when compared to control mice (n = 4) 4 and 8 days
after sciatic nerve crush injury. Data are expressed as means = SEM. Bar: 100 pum.

showed a 19-fold increase of phosphorylated ERK1/2
of the cells grown on fibrin versus those on laminin for
1 day (Figure 6B). Longer culture times on fibrin for 3
days further increased the levels of ERK1/2 phosphory-
lation up to a 27-fold increase (Figure 6B). Schwann
cells grown on laminin for 3 days also showed a 4-fold
increase of ERK1/2 phosphorylation when compared to
Schwann cells grown on laminin for 1 day (Figure 6B).
These results show that fibrin is a potent inducer of
ERK1/2 phosphorylation and that phosphorylation of
ERK1/2 increases with cell culture time.

To examine whether inhibition of ERK1/2 phosphory-
lation affects Schwann cell proliferation on fibrin, we
cultured primary Schwann cells in the presence of
U0126, a specific inhibitor in the pathway that leads to
ERK1/2 phosphorylation (Favata et al., 1998). We per-
formed immunoblot analysis on extracts from Schwann
cell cultured in the presence of the inhibitor and ob-
served that U0126 completely inhibited ERK1/2 phos-
phorylation (Figure 6B). After 3 days in culture, the
Schwann cells grew more vigorously on a fibrin matrix
(Figure 6D), when compared to those cultured on laminin
(Figure 6C). Addition of U0126, the inhibitor of ERK1/2
phosphorylation, had no effect on cells growing on
laminin (Figure 6E). In contrast, addition of U0126 to
Schwann cell cultures growing on fibrin dramatically
reduced the number of cells (Figure 6F). Taken together,

these results suggest that one mechanism by which
fibrin maintains Schwann cells in a proliferating, nonmy-
elinating state is through induction of ERK1/2 phosphor-
ylation.

Fibrin Regulates Schwann Cell Differentiation

The earlier withdrawal of the Schwann cells from a prolif-
erating state in the absence of fibrin suggested their
early differentiation to myelinating cells. Myelinating
cells upregulate myelin genes and produce myelin pro-
teins, such as P, protein and myelin basic protein, in
contrast to the migrating-proliferating cells. Expression
of these myelin genes can serve as a marker for the
differentiated state. We investigated whether after in-
jury, sciatic nerves from fibrin-depleted mice expressed
myelin genes earlier than wild-type mice. In situ hybrid-
ization with a P, cRNA probe showed that 8 days after
crush, Schwann cells from wild-type mice had not yet
started P, mRNA expression (Figure 7A), whereas fib~/~
mice had significant P, mRNA synthesis (Figure 7B). In
addition, we examined P, mRNA expression in sciatic
nerve extracts using semi-quantitative RT-PCR analysis.
Using specific primers for P,, we performed RT-PCR
analysis on cDNA prepared from sciatic nerves of mice
in postnatal day 6, adult wild-type, and wild-type and
fib~'~ 8 days after crush injury, using different cycles for
amplification. RT-PCR for actin was performed on the
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same samples to determine cDNA integrity and amount
between samples. As expected, sciatic nerve from P6
showed a high level of P, expression (Figures 7C and
7D) since at this state, the nerve actively myelinates
(Jessen and Mirsky, 1999b). Consistent with our in situ
hybridization data, after injury, sciatic nerve from fib~/~
mice showed a 3-fold increase in P, mMRNA, when com-
pared to wild-type mice (Figures 7C and 7D). To examine
whether fibrin could also have an effect in the expression
of Py in vitro, we cultured Schwann cells in the presence
of forskolin, a cAMP analog that is known to induce myelin
gene expression (Lemke and Chao, 1988). We observed
a 2-fold increase of P, mRNA expression of Schwann cells
cultured on laminin versus those cultured on fibrin. These
results suggest that fibrin both in vivo and in vitro is a
downregulator of expression of P, myelin gene.

Since P, is a marker for differentiated myelinating
Schwann cells, we also examined the expression of the
p75 NGFR, a marker that identifies immature Schwann
cells. It is well established that p75 NGFR is strongly
activated by withdrawal of axons (Lemke and Chao,
1988) and its expression correlates with proliferating,
nonmyelin-producing Schwann cells (Zorick and Lemke,
1996). Western blot analysis demonstrated expression
of p75 NGFR in sciatic nerve extracts of postnatal day
6 (Figure 7E). Three or eight days after crush, expression
of p75 NGFR is observed in sciatic nerve extracts of

Figure 5. Fibrin Induces Schwann Cell Prolif-
eration

Four days after sciatic nerve crush, fib~’~ mice
showed fewer BrdU-positive nuclei (B) than
wild-type mice (A, inset shows a magnifica-
tion of a BrdU* nuclei). (C) Uninjured sciatic
nerve did not show BrdU-positive nuclei. (D)
In vivo BrdU labeling (brown) counterstained
with anti-S100 (blue) showed that the BrdU*
cells are also positive for the S100 Schwann
cel marker. (E) Quantification of BrdU* nuclei
4 days after sciatic nerve crush. Data are ex-
pressed as means = SEM. Statistical com-
parisons between medians were made with
the Student’s t test. fib /- mice (n = 4) showed
50% less BrdU™ nuclei compared to control
mice (n = 6) (*p < 0.01). Bar: 130 um (A, B,
and C); 25 um (D).

wild-type mice (Figure 7E). In contrast, fib~/~ mice show
a dramatic decrease in the production of p75 NGFR
(Figure 7E). Overall, these results show that fibrin pro-
motes the production of p75 NGFR after injury and provide
further evidence that Schwann cells in the absence of
fibrin are at a less immature state than in wild-type mice.

Our results that fib '~ mice show reduced cell prolifer-
ation raised the possibility that these mice might have
a reduced number of Schwann cells compared to wild-
type mice. To address this question, we counted total
nuclei of wild-type and fib~~ sciatic nerves at different
time points after the crush (Figure 7F). The total number
of nuclei remained constant between the two genotypes.
Our results suggest that wild-type and fib~'~ mice have
the same total number of cells, but the phenotype of
these cells differs. In wild-type mice, Schwann cells are
at a proliferating (Figure 5A), nonmyelinating state (Fig-
ure 7A), while in fib~'~ mice, they are at a low-proliferating
(Figure 5B), myelinating state (Figure 7B). Overall, these
data demonstrate that depletion of fibrin accelerates
Schwann cell differentiation to a myelinating, nonprolif-
erating state.

Fibrin Inhibits Fibronectin Expression

in the Sciatic Nerve

During nerve development and regeneration, the fibro-
nectin level increases, which promotes Schwann cell
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Figure 6. Fibrin-Induced Schwann Cell Pro-

liferation Is Mediated through ERK1/2 Phos-
phorylation
(A) Sciatic nerve protein extracts from
Schwann cells grown on laminin or on fibrin
for 3 days were immunoblotted with an anti-
body that recognizes phosphorylated ERK1/2.
Phosphorylated ERK1/2 was detected in
Schwann cells grown on laminin, but a dra-
matic increase was observed in cells that
grow on fibrin. Immunostatining for total
+& ERK1/2 showed equal levels between sam-
f ples. (B) Quantification of immunoblots of ex-
tracts of Schwann cells grown on fibrin for 1
day showed an 19-fold increase of ERK1/2
phosphorylation when compared to Schwann
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migration and correlates with their terminal differentia-
tion to a nonproliferative, myelinating state (Chernousov
and Carey, 2000). Since fibrin maintains Schwann cells
in a proliferative state, it was possible that part of this
effect might be mediated through inhibition of fibronec-
tin expression. To address this question, wild-type and
fib~'~ sciatic nerves were stained for fibrin, laminin, and
fibronectin 8 days after crush injury. Uninjured, wild-
type mice did not show any staining for fibrin (Figure
8A; Akassoglou et al., 2000), while there was a significant
deposit after crush (Figure 8B). Fib~/~ mice after injury
did not show any fibrin staining as expected (Figure 8C).
Immunostaining for laminin showed that uninjured wild-
type sciatic nerve had extracellular laminin (Figure 8D).
After crush, both wild-type (Figure 8E) and fib~'~ mice
(Figure 8F) showed similar levels of laminin immunoreac-
tivity, suggesting that fibrin deposition does not affect
the synthesis and deposition of laminin at the sciatic
nerve after injury. Immunostaining for fibronectin showed
that the uninjured, wild-type nerve expressed very little
fibronectin (Figure 8G). After injury, there was an in-
crease in fibronectin in wild-type nerves (Figure 8H),
and a much larger increase in fib~'~ nerves (Figure 8l).

cells grown on laminin. Addition of U0126, a
specific inhibitor of ERK1/2 phosphorylation,
did not allow phosphorylation of ERK1/2 to
occur. Schwann cells grown on laminin for
3 days showed a 4-fold increase compared
to cells grown on laminin for 1 day, while
Schwann cells grown on fibrin for 3 days
showed a 27-fold increase of ERK1/2 phos-
phorylation. (C) Schwann cells grew on lami-
nin after 3 days in culture and inhibition of
phosphorylation of ERK1/2 by addition of
U0126 does not inhibit their growth (E).
Schwann cells grew vigorously on fibrin (D),
while inhibition of ERK1/2 phosphorylationin-
hibited their growth on fibrin (F).

Western blot analysis for fibronectin on sciatic nerve
protein extracts also demonstrated increased produc-
tion of fibronectin in wild-type mice treated with ancrod
8 days after crush (Figure 8J). These results suggest
that fibrin deposition inhibits fibronectin production at
the sciatic nerve after crush.

To further define fibronectin expression in myelinating
and nonmyelinating nerve, we examined Western blots
from extracts of sciatic nerves from P6 and adult mice
with a fibronectin-specific antibody. Sciatic nerve pro-
tein extracts from mice at P6, when active myelination
is robust (Jessen and Mirsky, 1999b), showed strong
production of fibronectin, when compared to sciatic
nerve from adult mice, when myelination is largely com-
pleted (Figure 8K). This result further establishes that
an increase in fibronectin levels correlates with myelina-
tion. Fibronectin in the sciatic nerve is synthesized by
Schwann cells (Vogelezang et al., 1999). To examine
whether fibrin affects Schwann cell capacity to produce
fibronectin, we cultured Schwann cells on laminin or
on fibrin. After 4 days in culture, we prepared protein
extracts and examined fibronectin production by immu-
noblot. While Schwann cells cultured on laminin pro-
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Figure 7. Fibrin Delays Myelin Gene Transcription and Regulates Schwann Cell Differentiation

In situ hybridization for P, mRNA 8 days after crush showed minimal expression in the wild-type sciatic nerve (A), while P, mRNA is detected
in fib”~ mice (B, inset shows a high magnification of the P, positive cells). (C). Agarose gel of semi-quantitative RT PCR for P, and B-actin
on sciatic nerve cDNA from P6, wild-type; wild-type and fib~/~ 8 days after crush sciatic nerves. (D) Graphical representation of the quantified
autoradiography of the RT-PCR normalized for actin showed a 3-fold increase in P, transcript in the fib~~ mice 8 days after crush when
compared to wild-type mice. Quantitation of RT-PCR of forskolin-treated Schwann cells cultured on laminin showed a 2-fold increase of P,
expression, compared to cells cultured on fibrin. (E) Western blot analysis for p75 NGFR showed decreased expression in fib'~ mice 3 and
8 days after crush. (F) Counting of total DAPI-stained cell nuclei per 0.02 mm? showed the same number of cells between wild-type and fib~/~

mice at three different time points after the crush injury.

duce fibronectin, cells grown on fibrin produced unde-
tectable levels of fibronectin (Figure 8K).

To determine if the inhibition of fibronectin expression
by fibrin was at the mRNA or protein level, we performed
in situ hybridization with a cRNA probe for fibronectin.
Eight days after crush, wild-type mice treated with an-

crod had a dramatic increase in the number of cells that
synthesize the fibronectin transcript (Figure 8M), when
compared to wild-type mice (Figure 8L). These data sug-
gest that fibrin deposition after sciatic nerve crush injury
inhibits expression of fibronectin mRNA and therefore
fibronectin protein production by the Schwann cells.
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Figure 8. Fibrin Deposition Inhibits Fibronectin Production by Schwann Cells

Eight days after sciatic nerve crush immunostaining for fibrin showed increased deposition in wild-type sciatic nerve (B). Uninjured wild-type
sciatic nerve (A) and crushed fib'~ nerve (C) did not show fibrin immunoreactivity. Immunostaining for laminin showed the same levels of
laminin immunoreactivity in wild-type uninjured (D), wild-type crushed (E), and fib~/~ crushed (F) sciatic nerves. Immunostaining for fibronectin
showed no staining in uninjured sciatic nerve (G), minimal staining in wild-type crushed sciatic nerve (H), and a dramatic increase in staining
in fib~~ crushed nerve (l). (J) Immunoblot for fibronectin on sciatic nerve protein extracts showed increased fibronectin production in fibrin-
depleted mice 8 days after crush when compared to wild-type mice. (K) Immunoblot for fibronectin on sciatic nerve protein extracts showed
increased fibronectin production at postnatal day 6, while the adult mouse had minimal levels of fibronectin. Protein extracts from Schwann
cells cultured on laminin and on fibrin showed that there was fibronectin expression in the laminin cultures but not in fibrin cultures. In situ
hybridization for fibronectin mRNA on crushed sciatic nerves showed many more fibronectin-producing cells in the fibrin-depleted mice (M),

compared to wild-type mice (L). Bar: 30 pum (A to I); 150 pum (L and M).

Discussion

Fibrin and Peripheral Nerve Remyelination

Studies on the regulation of nerve regeneration have
focused on molecules made by glial cells and neurons.
Blood-derived fibrin, which is not present under physio-
logical conditions as a component of the ECM, but which
gains access to nervous tissue through disease or pa-

thology, can interfere with repair progression by inhib-
iting the differentiation of Schwann cells to a myelinating
state. Our results, and previous experiments, suggest
the following model for the role of fibrin in remyelination
after sciatic nerve injury (Figure 9). (1) Injury leads to a
breakdown of the blood-nerve barrier, and fibrinogen
can leak into the nerve where it is converted into fibrin
by an activated coagulation pathway (Friedmann et al.,
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Figure 9. Proposed Mechanism for the Effects of Fibrin in Peripheral
Nerve Remyelination

Myelinating Schwann cells in the adult normal sciatic nerve have
established axonal contacts and produce myelin that enwraps the
axons. After injury, axons degenerate, myelin gets degraded, and
fibrin is deposited. Fibrin deposition regulates Schwann cell num-
bers by affecting two major cell survival pathways: phosphorylation
of ERK1/2 and upregulation of p75 NGFR. A combined action of the
proliferating ERK1/2 pathway and the p75 NGFR apoptotic pathway
sustains the Schwann cells at a nonmyelinating state, as evidenced
by the shut down of myelin genes transcription, such as P, and the
downregulation of the fibronectin transcript. Downregulation of the
P, or the fibronectin gene could either be due to the increased ERK1/2
phosphorylation as observed in transformed cells (Brenner et al.,
2000), and/or by another mechanism. When fibrin is degraded during
regeneration, ERK1/2 becomes nonphosphorylated, p75 NGFR is
downregulated, fibronectin is produced and deposited in the nerve,
and Schwann cells transcribe myelin genes and remyelination is
initiated. Upregulation of P, associated with downregulation of p75
NGFR is a characteristic change associated with myelination (Mor-
gan et al., 1991).

1999). (2) Coincident with fibrin deposition, tPA is in-
duced in Schwann cells (Akassoglou et al., 2000; Clark et
al., 1991). (3) Injury stimulates generation of proliferative
Schwann cells, which do not produce myelin compo-
nents (Kioussi and Gruss, 1996). This proliferation phase
is necessary to allow Schwann cells to repopulate the
regenerating axon as it elongates. (4) Schwann cells
then establish axonal contacts and differentiate into a
nonproliferative state, and begin the production of new
myelin and ECM components. This transition is drama-
tically inhibited by fibrin. In the presence of fibrin,

Schwann cells increase ERK1/2 phosphorylation, con-
tinue to proliferate, express p75 NGFR, and produce
little fibronectin and P,. This combination of effects re-
tards the formation of new myelinated axons. In this
scheme, the dissolution of fibrin by the tPA/plasminogen
system allows the gradual return of the Schwann cell to
its final, myelinating state. Fibrin clearance would allow
remyelination to eventually occur in wild-type mice,
which would explain why at later time points after injury,
adifference is not observed between wild-type and fib '~
mice.

Although fibrin inhibits Schwann cell differentiation,
overall it could play a beneficial role in nervous system
repair. Interaction of Schwann cells with fibrin would
signal that an injury had taken place, and that prolifera-
tion was required for restoration of myelinated nerves.
As long as fibrin remained, indicating that the injury had
not been healed, the cells would maintain their prolifera-
tive, undifferentiated state. The disappearance of fibrin
would in turn signal that the composition of the ECM
had normalized and that myelination could begin. Given
the effect of fibrin on many other pathological situations
(described below), Schwann cells may be an example
of a general concept: that cells may be primed to detect
fibrin so that they can gauge tissue damage, upregulate
the production of proteins of the proteolytic pathway,
and delay repair processes until the tissue has healed
sufficiently to make it appropriate. In cases of chronic
injury and fibrin deposition, or inadequate fibrin clear-
ance, this beneficial mechanism could prove deleterious
due to retardation of repair.

Schwann Cell Proliferation, Myelination,

and Fibrin

The regulation of Schwann cell proliferation is critical for
myelination. For example, mutations in the NF-1 tumor
suppressor gene (Cichowski and Jacks, 2001); Krox-
20, a transcription factor present only in myelinating
Schwann cells (Zorick et al., 1999); or the PMP22 myelin
gene (Robertson et al., 1997) trigger abnormal Schwann
cell proliferation and hypomyelination. Alterations in
growth factor pathways can also lead to abnormalities
in proliferation and myelination. Neuregulin, a trophic
factor that promotes Schwann cell proliferation during
development (Dong et al., 1995), induces indefinite pro-
liferation in Schwann cells cultured in the absence of
hormones in low serum (Mathon et al., 2001), and inhibits
myelination in neuron-Schwann cell co-cultures (Za-
nazzi et al., 2001). Taken together, these studies suggest
areverse correlation between Schwann cell proliferation
and myelination. Our data demonstrate that in addition
to oncogenes, transcription, and growth factors, the
ECM protein fibrin can induce Schwann cell proliferation
and therefore become a negative regulator of myelin-
ation.

The effects of fibrin on Schwann cell proliferation ap-
pear to be mediated through the ras signal transduction
pathway via upregulation of ERK1/2 phosphorylation
(p44/42 MAPK). In many cellular systems, activation of
the MAPK pathway by trophic factors has been impli-
cated in the regulation of gene transcription (Treisman,
1996) associated with proliferation and differentiation
(Cowley et al., 1994). After deposition, fibrin degradation
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by the tPA/plasmin system could trigger dephosphoryla-
tion of ERK1/2 and the differentiation of the Schwann
cells to myelin-producing cells.

The effects of fibrin on Schwann cells may be regu-
lated via integrin signaling since activation of the MAP
kinase pathway is mediated by integrins (Aplin et al.,
2001; Chen et al., 1994). Fibrin could either mediate
ERK1/2 phosphorylation directly by binding to specific
integrins or indirectly by upregulation of other factors
that induce ERK1/2 phosphorylation and Schwann cell
proliferation. One such factor is interleukin-1, since fibrin
enhances transcription of interleukin-1 3 in blood mono-
nuclear cells (Perez et al., 1999; Perez and Roman, 1995).
In the sciatic nerve, interleukin-1 B is secreted by Schwann
cells (Rutkowski et al., 1999), fibroblasts, and macro-
phages and is one of the major cytokines that regulate
the inflammatory response. In addition, interleukin-1 8
induces ERK1/2 phosphorylation (Ng et al., 2001) and
promotes Schwann cell proliferation (Lisak et al., 1994).
A possible effect of fibrin on the cytokine profile of the
sciatic nerve could be envisaged and this might be an
additional mechanism that fibrin could utilize to affect
ERK1/2-mediated Schwann cell proliferation.

While Schwann cell proliferation is less in the absence
of fibrin, the total number of cells remains the same.
This raises the possibility that fibrin not only regulates
Schwann cell proliferation, but also affects Schwann
cell survival mechanisms. For example, fibrin induces
p75 NGFR expression, a receptor involved in Schwann
cell apoptosis (Soilu-Hanninen et al., 1999; Syroid et al.,
2000). Schwann cells proliferate less in fib~'~ mice, but
since the expression of p75 NGFR is also lower, they
would be less prone to apoptosis and therefore their
number would remain constant. A similar mechanism
for the regulation of Schwann cell number has been
proposed for krox-20~'~ mice (Zorick et al., 1999). During
early postnatal development, krox-20~'~ mice exhibit
both more proliferation and more apoptosis of Schwann
cells, and the Schwann cell number remains constant
between wild-type and krox-20~'~ mice. Therefore, fi-
brin, by inducing ERK1/2 phosphorylation and p75
NGFR expression, could regulate both proliferation and
apoptosis after sciatic nerve crush.

Since fibrin becomes a component of the ECM after
injury, it could compete with other components of the
ECM, such as fibronectin. Fibronectin signals primarily
through heterodimeric integrin receptors binding to arg-
gly-asp (RGD) and adjacent sequences in the central
binding domain (Pytela et al., 1985). Schwann cell migra-
tion on fibronectin is blocked by RGD peptides, sug-
gesting that migration is mediated by an RGD-depen-
dent integrin (Milner et al., 1997). Since each fibrin
molecule contains two RGD peptides (Thiagarajan et al.,
1996), fibrin might act as an antagonist of fibronectin
and possibly other members of the ECM that signal
through RGD-dependent integrins.

Fibrin induction of ERK1/2 phosphorylation could be
responsible for the downregulation of the fibronectin
gene. In Ras-transformed cells, increase of ERK phos-
phorylation blocks induction of fibronectin (Brenner et
al., 2000). In this view, as fibrin is cleared from the nerve
by the PA/plasminogen system, the cells would increase
production of fibronectin and differentiate. Therefore,
fibrin might affect Schwann cell differentiation by pre-

venting formation of the appropriate ECM that promotes
myelination. The establishment of an appropriate ECM
at later time points after crush when fibrin is cleared
would facilitate remyelination in wild-type mice.

Our results demonstrate an inhibitory role for fibrin in
remyelination in the PNS after traumatic injuries. Fibrino-
gen is not synthesized by nervous system cells, but it
can enter in the nervous tissue when there is a leakage
of the blood-nerve barrier (BNB). BNB disruption is con-
sidered a key mechanism of inflammatory demyelina-
tion in traumatic injuries and autoimmune peripheral ner-
vous system diseases, such as Guillain-Barré syndrome
(Hughes et al., 1998; Kieseier et al., 1999). Fibrin(ogen)
therefore could be one of the pathogenic components of
BNB disruption that could contribute to nerve damage. A
deleterious role for fibrin deposition has been shown
to contribute to degeneration in various pathologies in
other tissues (Busso et al., 1998; Drew et al., 1998; Kitch-
ing et al., 1997; Tang and Eaton, 1993), including the
central nervous system (Inoue et al., 1996; Paterson,
1976), and it can also delay wound healing (Bugge et
al., 1996). Given the effects of fibrin in the PNS, fibrin
might regulate ERK1/2 phosphorylation and cell survival
in other pathologies associated with fibrin deposition.

Our observations that defibrinogenated tPA~/~ mice
show enhanced regeneration efficiency (our unpub-
lished data) provide evidence that clearance of fibrin,
even in the absence of innate proteolytic activity, en-
hances regeneration capacity. This result suggests that
depletion of fibrinogen or prevention of fibrin deposition
might improve regeneration in peripheral and possibly
central nervous system injuries. The identification of fi-
brin deposition as a new inhibitory aspect of regenera-
tion may yield additional strategies to promote repair in
the nervous system.

Experimental Procedures

Animals and Sciatic Nerve Crush

Mice deficient for the fibrinogen Aa chain gene (fib’~; Suh et al.,
1995) were of mixed genetic background, and fib ™" littermates were
employed as controls in all studies. For the pharmacological deple-
tion of fibrinogen, we used C57BI/6J mice. No differences were
observed between C57BI/6J mice and fib™'* mice in the crush injury
model. All mice were 8-15 weeks old at the start of the experiment.
The genotype of all mice was confirmed at the end of the experi-
ments by PCR analysis of genomic DNA extracted from mice tails.
Sciatic nerve crush and systemic defibrinogenation with ancrod
delivery via subcutaneous implantation of mini-osmotic pumps were
performed as described (Akassoglou et al., 2000).

Immunohistochemistry

Dissected nerves were embedded in Tissue-Tek OCT (Sakura, Tor-
rance, CA), then immediately frozen on dry-ice and stored at —70°C
until use. Sections were cut longitudinally on a motor-driven Leica
cryostat with a retraction microtome and a steel knife at a cabinet
temperature of —20°C. Immunohistochemical staining was per-
formed on cryostat sections (Akassoglou et al., 1998). Primary anti-
bodies were as follows: goat anti-human fibrin(ogen) (Chemicon,
Temecula, CA) (1/500); rabbit anti-human fibronectin (Dako, Carpint-
eria, CA) (1/500); rabbit anti-mouse laminin (Sigma, St. Louis, MO)
(1/1000); rabbit anti-GAP-43 (Chemicon) (1/5000); rat anti-mouse
Mac-1 (Boehringer-Mannheim) (1/500); rabbit anti-neurofilament H
(Chemicon) (1/500). Bound antibodies were visualized using the avi-
din-biotin-peroxidase complex (Vectastain Elite ABC kit; Vector Lab-
oratories, Burlingame, CA) and 3-amino-9-ethylcarbazole (AEC)
(Sigma) as a chromogen. Staining specificity for the fibrin(ogen)
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antibody was confirmed using tissue from fib~/~ mice. Staining spec-
ificity for the other antibodies was confirmed using rabbit IgG. Incu-
bation without the first antibody served as a negative control.

In Situ Hybridization for P, and Fibronectin

In situ hybridization was performed as described in Akassoglou et
al., 1998. For the P, probe, 5'-CACTATGCCAAGGGACAAC-3' sense
and 5'-CAGACATAGTGGGCAAGAC-3’ antisense oligonucleotides
were used to PCR amplify 175 bp of exon 3 of the P, gene. For the
fibronectin gene, 5'-AAACACTTGTCTTTCCACAG-3' sense and 5'-
TCTTATGGTTTGGTCTGG-3' antisense oligonucleotides were used
to PCR amplify 324 bp of the fibronectin gene. The PCR products
were cloned using the TA PCR-cloning system (Invitrogen, Carlsbad,
CA). Cloning was performed in both orientations and accordingly
sense and antisense mRNA probes were produced using the T7
promoter of the PCR 2.1 vector (Invitrogen).

Semi-Quantitative RT-PCR

Total RNA was extracted from sciatic nerves and Schwann cell
cultures using Trizol (Life Technologies, Rockville, MD). cDNA was
generated using Superscript Il reverse transcriptase (Life Technolo-
gies). Amplification of B-actin was performed using the 5'-GTC
CTGTATGCCTCTGGTC-3’ sense and the 5'-TCGTACTCCTGCTTG
CTGAT-3' antisense oligonucleotides. For Py, the primers described
above were used. PCR reactions were performed in different cycles
(15, 20, and 25). PCR products were run on agarose gels. Agarose
gels were transferred to nylon membranes and were processed
for hybridization. The 2P DNA probes used for hybridization were
prepared by amplification of genomic DNA with the oligonucleotides
for P, and B-actin described above. Hybridization was performed
in Rapid Hyb-Buffer (Amersham, UK). Autoradiographies were
scanned, analyzed using Scion Corporate Image Analysis Software,
and the P, levels were normalized against actin expression.

Quantification of Myelinated Axons and Total Nuclei

Eight days after injury, the crushed sciatic nerve was removed and
approximately 2.5 mm above and below the lesion was isolated and
prepared for semi-thin sectioning (Akassoglou et al., 2000). The
noninjured sciatic nerve (contralateral) served as a control. A mor-
phometric grid (100 mm? was adapted to the microscope and a
minimum of three grids per sample of myelinated axons was
counted. For counting the total number of cells, cross-sections were
stained for DAPI (Vector Laboratories) and were observed under a
Zeiss Axiophot microscope. A minimum of four areas per cross-
section was counted.

Cell Culture

Schwann cells were isolated as described (Milner et al., 1997).
Briefly, sciatic nerves from neonatal PO-P2 mice were minced and
incubated in 0.1% trypsin (Sigma) and 0.03% collagenase (Sigma)
at 37°C, 5% CO, for 30 min. The enzymatic reaction was blocked
by trituration in blocking solution (3 mg/ml BSA, Sigma; 10 pg/
ml DNase, Sigma; 0.5 mg/ml trypsin inhibitor, Sigma; all in Hanks’
buffered solution, Life Technologies, Rockville, MD). After centrifu-
gation, the cells were resuspended in DMEM containing 10% FCS
and penicillin and streptomycin (Life Technologies), and grown at
37°C, 5% CO,. The cells were left on bacteriological plastic dish
plates for 3 hr to allow fibroblast adhesion, following which nonad-
herent cells were shaken off and plated onto poly-D-lysine-coated
dishes in DMEM (Life Technologies) containing 10% FCS. After 1
day, the cells were trypsinized briefly to remove Schwann cells while
leaving contaminating fibroblasts on the dish. The cells were used
within 3 to 5 days. For the induction of expression of myelin genes,
cultures were treated for with forskolin as described (Lemke and
Chao, 1988). For the inhibition of ERK1/2 phosphorylation, U0126
(Cell Signaling Technology, Beverly, MA) was used at 1.5 pM in the
tissue culture medium and was replaced every 24 hr. Control cul-
tures received equal amounts of DMSO (Sigma).

Immunoblots

Coating with fibrin was prepared as described (Lansink et al., 1998).
Briefly, 2 mg of murine fibrinogen (Sigma), 0.1 U/ml thrombin, 2.5
U factor XIll were added to 1 ml of DMEM and 300 .l added per 1

cm? of plate. Plates were placed in the incubator for 2 hr and the
formation of gel was detected macroscopically. Schwann cells were
cultured as described above. After 3 days in culture they were plated
on 6-well plates that were covered either with laminin or fibrin. Cells
were cultured for 1 or 3 days and protein extracts were prepared
with tissue homogenization in SDS lysis buffer. Protein concentra-
tion was determined using the Bradford protein assay and equal
amounts of protein were loaded on an SDS-PAGE gel. Electrophore-
sis was performed according to standard procedures and the pro-
teins were transferred to a nylon membrane which was incubated
with an antibody against fibronectin (DAKO, 1/5,000), rabbit anti-
mouse fibrin(ogen) (kind gift of Jay Degen, Children’s Hospital, Cin-
cinnati, OH), phosphorylated ERK1/2 (Cell Signaling Technology,
1/1,000), or rabbit anti-p75 NGFR (Chemicon, 1/1,000) followed
by incubation with anti-rabbit HRP (Cell Signaling Technology,
1/10,000). All membranes were stained with Ponsau to assess equal
loading and transfer for all samples. Detection of HRP was per-
formed using SuperSignal West Pico Chemiluminescent Substrate
(Pierce, Rockford, IL). Autoradiographies were scanned, analyzed
using Scion Corporate Image Analysis Software, and normalized
levels were used for the calculation of the differences between
different extracts.

In Vivo and In Vitro BrdU Labeling

BrdU (Roche, Indianapolis, IN) was dissolved in water and injected
intraperitoneally at a concentration of 100 mg/kg. Mice were sacri-
ficed 2 hr after injection. Sciatic nerves were isolated and cryostat
blocks were prepared. BrdU* nuclei were detected using the BrdU
labeling kit (Oncogene Research Products, San Diego, CA). BrdU/
S$100 double staining was performed as described (Gaiano et al.,
2000) with the following alterations. Briefly, PFA-fixed cryostat sec-
tions of BrdU-injected mice were incubated with an antibody against
$100 (1:500, Sigma). Immunoreactivity was detected using the alka-
line phosphatase ABC kit (Vector) and developed with the Blue
Alkaline phosphatase substrate (Vector). Sections were then pro-
cessed with the BrdU labeling kit, with the modification that instead
of acid denaturation, sections were treated with 5 ng/ml DNase |
(Sigma) in TBS with 10 nM MgCl, and 10 nM MnCl, for 30 min
at 37°C. BrdU-positive nuclei were detected with DAB (Oncogene
Research Products).

Acknowledgments

We are indebted to Jay Degen for providing us with the fibrinogen-
deficient mice and the polyclonal rabbit anti-mouse fibrinogen anti-
body, and for helpful discussions and genuine interest in this work.
We are very grateful to Stella Tsirka for the generous use of the Nikon
tissue culture microscope and her lab members Andrew Rogove and
Mustafa Siddiq for their advice on tissue culture techniques and
image capturing. We are grateful to Arnold Levine, his lab members,
and especially Angie Teresky for the generous use of their tissue
culture facility. We thank Barry Coller and Marketa Jirouskova for
helpful discussions. We thank Alexander Tarakhovsky and his lab
members for generous supply of scientific advice and reagents. We
thank Lynne Corrigan, George Spenzsouris, and Peter Mercado for
expert technical assistance in animal maintenance and genotyping
and Wen Hui and Alison S. Rini for histology techniques. This work
was supported by NIH grants to S.S., a Women and Science Gradu-
ate Fellowship to P.A., and a Human Frontier Science Program
(HFSP) Postdoctoral Fellowship to K.A.

Received: April 25, 2001
Revised: December 3, 2001

References

Akassoglou, K., Bauer, J., Kassiotis, G., Pasparakis, M., Lassmann,
H., Kollias, G., and Probert, L. (1998). Oligodendrocyte apoptosis
and primary demyelination induced by local TNF/p55TNF receptor
signaling in the central nervous system of transgenic mice: models
for multiple sclerosis with primary oligodendrogliopathy. Am. J. Pa-
thol. 153, 801-813.

Akassoglou, K., Kombrinck, K.W., Degen, J.L., and Strickland, S.



Neuron
874

(2000). Tissue plasminogen activator-mediated fibrinolysis protects
against axonal degeneration and demyelination after sciatic nerve
injury. J. Cell Biol. 149, 1157-1166.

Anton, E.S., Sandrock, A.W., Jr., and Matthew, W.D. (1994). Merosin
promotes neurite growth and Schwann cell migration in vitro and
nerve regeneration in vivo: evidence using an antibody to merosin,
ARM- 1. Dev. Biol. 164, 133-146.

Aplin, A.E., Stewart, S.A., Assoian, R.K., and Juliano, R.L. (2001).
Integrin-mediated adhesion regulates ERK nuclear translocation
and phosphorylation of Elk-1. J. Cell Biol. 153, 273-282.

Austyn, J.M., and Gordon, S. (1981). F4/80, a monoclonal antibody
directed specifically against the mouse macrophage. Eur. J. Immu-
nol. 11, 805-815.

Bell, W.R., Shapiro, S.S., Martinez, J., and Nossel, H.L. (1978). The
effects of ancrod, the coagulating enzyme from the venom of Ma-
layan pit viper (A. rhodostoma) on prothrombin and fibrinogen me-
tabolism and fibrinopeptide A release in man. J. Lab. Clin. Med. 91,
592-604.

Benowitz, L.l., and Routtenberg, A. (1997). GAP-43: an intrinsic de-
terminant of neuronal development and plasticity. Trends Neurosci.
20, 84-91.

Bjartmar, C., and Trapp, B.D. (2001). Axonal and neuronal degen-
eration in multiple sclerosis: mechanisms and functional conse-
quences. Curr. Opin. Neurol. 714, 271-278.

Blakemore, W.F., and Keirstead, H.S. (1999). The origin of remy-
elinating cells in the central nervous system. J. Neuroimmunol. 98,
69-76.

Bradley, W.G., and Asbury, A.K. (1970). Duration of synthesis phase
in neuilemma cells in mouse sciatic nerve during degeneration. Exp.
Neurol. 26, 275-282.

Brenner, K.A., Corbett, S.A., and Schwarzbauer, J.E. (2000). Regula-
tion of fibronectin matrix assembly by activated Ras in transformed
cells. Oncogene 19, 3156-3163.

Bugge, T.H., Kombrinck, K.W., Flick, M.J., Daugherty, C.C., Danton,
M.J., and Degen, J.L. (1996). Loss of fibrinogen rescues mice from
the pleiotropic effects of plasminogen deficiency. Cell 87, 709-719.

Bunge, R.P., Bunge, M.B., and Eldridge, C.F. (1986). Linkage
between axonal ensheathment and basal lamina production by
Schwann cells. Annu. Rev. Neurosci. 9, 305-328.

Busso, N., Peclat, V., Van Ness, K., Kolodziesczyk, E., Degen, J.,
Bugge, T., and So, A. (1998). Exacerbation of antigen-induced arthri-
tis in urokinase-deficient mice. J. Clin. Invest. 102, 41-50.

Chen, R., and Doolittle, R.F. (1971). - cross-linking sites in human
and bovine fibrin. Biochemistry 70, 4487-4491.

Chen, Q., Kinch, M.S,, Lin, T.H., Burridge, K., and Juliano, R.L. (1994).
Integrin-mediated cell adhesion activates mitogen-activated protein
kinases. J. Biol. Chem. 269, 26602-26605.

Chernousov, M.A., and Carey, D.J. (2000). Schwann cell extracellular
matrix molecules and their receptors. Histol. Histopathol. 75,
593-601.

Cichowski, K., and Jacks, T. (2001). NF1 tumor suppressor gene
function: narrowing the GAP. Cell 104, 593-604.

Clark, M.B., Zeheb, R., White, T.K., and Bunge, R.P. (1991). Schwann
cell plasminogen activator is regulated by neurons. Glia 4, 514-528.
Claudio, L., Raine, C.S., and Brosnan, C.F. (1995). Evidence of per-
sistent blood-brain barrier abnormalities in chronic-progressive mul-
tiple sclerosis. Acta Neuropathol. 90, 228-238.

Cowley, S., Paterson, H., Kemp, P., and Marshall, C.J. (1994). Activa-
tion of MAP kinase kinase is necessary and sufficient for PC12
differentiation and for transformation of NIH 3T3 cells. Cell 77,
841-852.

Dong, Z., Brennan, A, Liu, N., Yarden, Y., Lefkowitz, G., Mirsky, R.,
and Jessen, K.R. (1995). Neu differentiation factor is a neuron-glia
signal and regulates survival, proliferation, and maturation of rat
Schwann cell precursors. Neuron 15, 585-596.

Drew, A.F., Kaufman, A.H., Kombrinck, K.W., Danton, M.J., Daugh-
erty, C.C., Degen, J.L., and Bugge, T.H. (1998). Ligneous conjunctivi-
tis in plasminogen-deficient mice. Blood 97, 1616-1624.

Eldridge, C.F., Bunge, M.B., and Bunge, R.P. (1989). Differentiation
of axon-related Schwann cells in vitro: Il. Control of myelin formation
by basal lamina. J. Neurosci. 9, 625-638.

Favata, M.F., Horiuchi, K.Y., Manos, E.J., Daulerio, A.J., Stradley,
D.A., Feeser, W.S., Van Dyk, D.E., Pitts, W.J., Earl, R.A., Hobbs, F.,
et al. (1998). Identification of a novel inhibitor of mitogen-activated
protein kinase kinase. J. Biol. Chem. 273, 18623-18632.

Feltri, M.L., Porta, D.G., Previtali, S.C., Nodari, A., Migliavacca, B.,
Cassetti, A., Littlewood-Evans, A., Reichardt, L.F., Messing, A.,
Quattrini, A., et al. (2002). Conditional disruption of 31 integrin in
Schwann cells impedes interactions with axons. J. Cell Biol. 156,
199-210.

Fernandez-Valle, C., Gwynn, L., Wood, P.M., Carbonetto, S., and
Bunge, M.B. (1994). Anti-beta 1 integrin antibody inhibits Schwann
cell myelination. J. Neurobiol. 25, 1207-1226.

Friedmann, |., Faber-Elman, A., Yoles, E., and Schwartz, M. (1999).
Injury-induced gelatinase and thrombin-like activities in regenerat-
ing and nonregenerating nervous systems. FASEB J. 13, 533-543.
Gaiano, N., Nye, J.S., and Fishell, G. (2000). Radial glial identity is
promoted by Notch1 signaling in the murine forebrain. Neuron 26,
395-404.

Ho, M.K., and Springer, T.A. (1982). Mac-1 antigen: quantitative
expression in macrophage populations and tissues, and immunoflu-
orescent localization in spleen. J. Immunol. 7128, 2281-2286.

Horner, P.J., and Gage, F.H. (2000). Regenerating the damaged
central nervous system. Nature 407, 963-970.

Hsieh, S.T., Kidd, G.J., Crawford, T.O., Xu, Z., Lin, W.M., Trapp, B.D.,
Cleveland, D.W., and Griffin, J.W. (1994). Regional modulation of
neurofilament organization by myelination in normal axons. J. Neu-
rosci. 14, 6392-6401.

Hughes, P.M., Wells, G.M., Clements, J.M., Gearing, A.J., Redford,
E.J., Davies, M., Smith, K.J., Hughes, R.A., Brown, M.C., and Miller,
K.M. (1998). Matrix metalloproteinase expression during experimen-
tal autoimmune neuritis. Brain 121, 481-494.

Inoue, A., Koh, C.S., Shimada, K., Yanagisawa, N., and Yoshimura,
K. (1996). Suppression of cell-transferred experimental autoimmune
encephalomyelitis in defibrinated Lewis rats. J. Neuroimmunol. 77,
131-137.

Jessen, K.R., and Mirsky, R. (1999a). Developmental regulation in
the Schwann cell lineage. Adv. Exp. Med. Biol. 468, 3-12.

Jessen, K.R., and Mirsky, R. (1999b). Schwann cells and their precur-
sors emerge as major regulators of nerve development. Trends Neu-
rosci. 22, 402-410.

Kieseier, B.C., Seifert, T., Giovannoni, G., and Hartung, H.P. (1999).
Matrix metalloproteinases in inflammatory demyelination: targets
for treatment. Neurology 53, 20-25.

Kioussi, C., and Gruss, P. (1996). Making of a Schwann. Trends
Genet. 12, 84-86.

Kitching, A.R., Holdsworth, S.R., Ploplis, V.A., Plow, E.F., Collen, D.,
Carmeliet, P., and Tipping, P.G. (1997). Plasminogen and plasmino-
gen activators protect against renal injury in crescentic glomerulo-
nephritis. J. Exp. Med. 185, 963-968.

Koh, C.S., Gausas, J., and Paterson, P.Y. (1993). Neurovascular
permeability and fibrin deposition in the central neuraxis of Lewis
rats with cell-transferred experimental allergic encephalomyelitis in
relationship to clinical and histopathological features of the disease.
J. Neuroimmunol. 47, 141-145.

Kolch, W. (2000). Meaningful relationships: the regulation of the Ras/
Raf/MEK/ERK pathway by protein interactions. Biochem. J. 357,
289-305.

Kuhlmann, T., Bitsch, A., Stadelmann, C., Siebert, H., and Bruck,
W. (2001). Macrophages are eliminated from the injured peripheral
nerve via local apoptosis and circulation to regional lymph nodes
and the spleen. J. Neurosci. 21, 3401-3408.

Lansink, M., Koolwijk, P., van Hinsbergh, V., and Kooistra, T. (1998).
Effect of steroid hormones and retinoids on the formation of capil-
lary-like tubular structures of human microvascular endothelial cells
in fibrin matrices is related to urokinase expression. Blood 92,
927-938.



Fibrin Is a Negative Regulator of Remyelination
875

Lefcort, F., Venstrom, K., McDonald, J.A., and Reichardt, L.F. (1992).
Regulation of expression of fibronectin and its receptor, alpha 5
beta 1, during development and regeneration of peripheral nerve.
Development 116, 767-782.

Lemke, G., and Chao, M. (1988). Axons regulate Schwann cell ex-
pression of the major myelin and NGF receptor genes. Development
102, 499-504.

Levine, J.M., Reynolds, R., and Fawcett, J.W. (2001). The oligoden-
drocyte precursor cell in health and disease. Trends Neurosci. 24,
39-47.

Lisak, R.P., Bealmear, B., and Ragheb, S. (1994). Interleukin-1 alpha,
but not interleukin-1 beta, is a co-mitogen for neonatal rat Schwann
cells in vitro and acts via interleukin-1 receptors. J. Neuroimmunol.
55, 171-177.

Lorand, L., Chenoweth, D., and Domanik, R.A. (1969). Chain pairs
in the crosslinking of fibrin. Biochem. Biophys. Res. Commun. 37,
219-224.

Mathon, N.F., Malcolm, D.S., Harrisingh, M.C., Cheng, L., and Lloyd,
A.C. (2001). Lack of replicative senescence in normal rodent glia.
Science 291, 872-875.

Milner, R., Wilby, M., Nishimura, S., Boylen, K., Edwards, G., Fawcett,
J., Streuli, C., Pytela, R., and ffrench-Constant, C. (1997). Division
of labor of Schwann cell integrins during migration on peripheral
nerve extracellular matrix ligands. Dev. Biol. 185, 215-228.
Morgan, L., Jessen, K.R., and Mirsky, R. (1991). The effects of cAMP
on differentiation of cultured Schwann cells: progression from an
early phenotype (04 +) to a myelin phenotype (P0+, GFAP-, N-CAM-,
NGF-receptor-) depends on growth inhibition. J. Cell Biol. 7112,
457-467.

Ng, D.C., Long, C.S., and Bogoyevitch, M.A. (2001). A role for the
ERK and p38 MAPKs in Interleukin-1beta-stimulated delayed STAT3
activation, ANF expression and cardiac myocyte morphology. J.
Biol. Chem. 276, 29490-29498.

Paterson, P.Y. (1976). Experimental allergic encephalomyelitis: role
of fibrin deposition in immunopathogenesis of inflammation in rats.
Fed. Proc. 35, 2428-2434.

Perez, R.L., and Roman, J. (1995). Fibrin enhances the expression
of IL-1 beta by human peripheral blood mononuclear cells. Implica-
tions in pulmonary inflammation. J. Immunol. 154, 1879-1887.
Perez, R.L., Ritzenthaler, J.D., and Roman, J. (1999). Transcriptional
regulation of the interleukin-1beta promoter via fibrinogen engage-
ment of the CD18 integrin receptor. Am. J. Respir. Cell Mol. Biol.
20, 1059-1066.

Perry, V.H., Brown, M.C., and Gordon, S. (1987). The macrophage
response to central and peripheral nerve injury. A possible role for
macrophages in regeneration. J. Exp. Med. 165, 1218-1223.
Pytela, R., Pierschbacher, M.D., and Ruoslahti, E. (1985). Identifica-
tion and isolation of a 140 kd cell surface glycoprotein with proper-
ties expected of a fibronectin receptor. Cell 40, 191-198.
Reichardt, L.F., and Tomaselli, K.J. (1991). Extracellular matrix mole-
cules and their receptors: functions in neural development. Annu.
Rev. Neurosci. 14, 531-570.

Richardson, P.M., and Lu, X. (1994). Inflammation and axonal regen-
eration. J. Neurol. 242, S57-S60.

Robertson, A.M., King, R.H., Muddle, J.R., and Thomas, P.K. (1997).
Abnormal Schwann cell/axon interactions in the Trembler-J mouse.
J. Anat. 190, 423-432.

Rutkowski, J.L., Tuite, G.F., Lincoln, P.M., Boyer, P.J., Tennekoon,
G.l., and Kunkel, S.L. (1999). Signals for proinflammatory cytokine
secretion by human Schwann cells. J. Neuroimmunol. 707, 47-60.
Scherer, S.S., Xu, Y.T., Roling, D., Wrabetz, L., Feltri, M.L., and
Kambholz, J. (1994). Expression of growth-associated protein-43 kD
in Schwann cells is regulated by axon-Schwann cell interactions
and cAMP. J. Neurosci. Res. 38, 575-589.

Shaw, G., Banker, G.A., and Weber, K. (1985). An immunofluores-
cence study of neurofilament protein expression by developing hip-
pocampal neurons in tissue culture. Eur. J. Cell Biol. 39, 205-216.
Siebert, H., Sachse, A., Kuziel, W.A., Maeda, N., and Bruck, W.
(2000). The chemokine receptor CCR2 is involved in macrophage

recruitment to the injured peripheral nervous system. J. Neuroimmu-
nol. 110, 177-185.

Sobel, R.A. (1998). The extracellular matrix in multiple sclerosis le-
sions. J. Neuropathol. Exp. Neurol. 57, 205-217.

Soilu-Hanninen, M., Ekert, P., Bucci, T., Syroid, D., Bartlett, P.F.,
and Kilpatrick, T.J. (1999). Nerve growth factor signaling through
p75 induces apoptosis in Schwann cells via a Bcl-2-independent
pathway. J. Neurosci. 19, 4828-4838.

Stoll, G., Griffin, J.W., Li, C.Y., and Trapp, B.D. (1989). Wallerian
degeneration in the peripheral nervous system: participation of both
Schwann cells and macrophages in myelin degradation. J. Neuro-
cytol. 18, 671-683.

Suh, T.T., Holmback, K., Jensen, N.J., Daugherty, C.C., Small, K.,
Simon, D.l., Potter, S., and Degen, J.L. (1995). Resolution of sponta-
neous bleeding events but failure of pregnancy in fibrinogen-defi-
cient mice. Genes Dev. 9, 2020-2033.

Syroid, D.E., Maycox, P.J., Soilu-Hanninen, M., Petratos, S., Bucci,
T., Burrola, P., Murray, S., Cheema, S., Lee, K.F., Lemke, G., and
Kilpatrick, T.J. (2000). Induction of postnatal Schwann cell death by
the low-affinity neurotrophin receptor in vitro and after axotomy. J.
Neurosci. 20, 5741-5747.

Tang, L., and Eaton, J.W. (1993). Fibrin(ogen) mediates acute inflam-
matory responses to biomaterials. J. Exp. Med. 178, 2147-2156.
Thiagarajan, P., Rippon, A.J., and Farrell, D.H. (1996). Alternative
adhesion sites in human fibrinogen for vascular endothelial cells.
Biochemistry 35, 4169-4175.

Treisman, R. (1996). Regulation of transcription by MAP kinase cas-
cades. Curr. Opin. Cell Biol. 8, 205-215.

Vogelezang, M.G., Scherer, S.S., Fawcett, J.W., and ffrench-Con-
stant, C. (1999). Regulation of fibronectin alternative splicing during
peripheral nerve repair. J. Neurosci. Res. 56, 323-333.

Woolf, C.J., Reynolds, M.L., Molander, C., O’Brien, C., Lindsay, R.M.,
and Benowitz, L.I. (1990). The growth-associated protein GAP-43
appears in dorsal root ganglion cells and in the dorsal horn of the
rat spinal cord following peripheral nerve injury. Neuroscience 34,
465-478.

Zanazzi, G., Einheber, S., Westreich, R., Hannocks, M.J., Bedell-
Hogan, D., Marchionni, M.A., and Salzer, J.L. (2001). Glial growth
factor/neuregulin inhibits schwann cell myelination and induces de-
myelination. J. Cell Biol. 152, 1289-1300.

Zorick, T.S., and Lemke, G. (1996). Schwann cell differentiation.
Curr. Opin. Cell Biol. 8, 870-876.

Zorick, T.S., Syroid, D.E., Brown, A., Gridley, T., and Lemke, G.
(1999). Krox-20 controls SCIP expression, cell cycle exit and suscep-
tibility to apoptosis in developing myelinating Schwann cells. Devel-
opment 726, 1397-1406.



