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In multiple sclerosis, in which brain tissue becomes permeable to
blood proteins, extravascular fibrin deposition correlates with sites
of inflammatory demyelination and axonal damage. To examine
the role of fibrin in neuroinflammatory demyelination, we depleted fibrin in two tumor necrosis factor transgenic mouse models
of multiple sclerosis, transgenic lines TgK21 and Tg6074. In a
genetic analysis, we crossed TgK21 mice into a fibrin-deficient
background. TgK21fibⴚ/ⴚ mice had decreased inflammation and
expression of major histocompatibility complex class I antigens,
reduced demyelination, and a lengthened lifespan compared with
TgK21 mice. In a pharmacologic analysis, fibrin depletion, by using
the snake venom ancrod, in Tg6074 mice also delayed the onset of
inflammatory demyelination. Overall, these results indicate that
fibrin regulates the inflammatory response in neuroinflammatory
diseases. Design of therapeutic strategies based on fibrin depletion
could potentially benefit the clinical course of demyelinating
diseases such as multiple sclerosis.
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ibrin, as the final product of the coagulation cascade, plays a
major role in blood clotting. However, the role of fibrin is not
restricted to the blood, since components of the coagulation
cascade reside within tissues and can stimulate extravascular
fibrin formation (1). Studies of fibrin deposition in human
diseases (2–5), in combination with experiments from genetargeted mice deficient in fibrin (6), have shown that a wide
range of pathological conditions, such as glomerulonephritis,
lung ischemia, and rheumatoid arthritis, are exacerbated by
fibrin deposition.
Compromised vasculature in the nervous tissue is a pathogenic manifestation apparent in traumatic injuries, such as spinal
cord, optic nerve, and sciatic nerve injury, as well as in central
nervous system (CNS) diseases with autoimmune characteristics,
such as multiple sclerosis (MS) (7). Blood–brain barrier (BBB)
disruption precedes clinical symptoms in MS patients (8), and
fibrin is deposited in the lesions (9, 10), apparently before
cerebral tissue injury and demyelination (11). Fibrin deposition
also coincides with areas of demyelination (12), as well as with
areas of axonal damage (13). In addition, in experimental
autoimmune encephalomyelitis (EAE), an autoimmune animal
model of MS, there is increased coagulation activation before
symptom development (14). Pharmacologic depletion of fibrin in
EAE ameliorates clinical symptoms, suggesting that fibrin plays
a role in CNS inflammatory demyelination (15, 16). Furthermore, inhibition of fibrin formation by attenuation of thrombin
activity is protective in the injured optic nerve (17).
Although extravascular fibrin(ogen) is present at sites of
inflammatory demyelination in MS, and experiments in rodents
have established a deleterious role for fibrin in nervous system
pathogenesis (18), the cellular mechanisms of fibrin action in the
CNS have not been investigated. In this study we examined the
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effects of fibrin depletion in two tumor necrosis factor (TNF)transgenic animal models for MS (19). These animal models
have previously revealed aspects of TNF action in the CNS (20,
21), provided a mechanism for TNF-induced demyelination (22,
23), and provided mouse models for MS (24–26). The work
presented here, derived from experiments of genetic and pharmacologic depletion of fibrin in TNF transgenic mice, indicates
that fibrin stimulates the immune response in the CNS and is a
regulator of disease pathogenesis in neuroinflammatory demyelination.
Materials and Methods
Generation of TgK21fibⴚ/ⴚ Transgenic Mice. TgK21 mice die by 5

weeks of age (27) and cannot be used for breeding. TgK21 mice
heterozygous for the p55 TNF receptor (TgK21p55⫹/⫺) exhibit
clinical symptoms of paralysis by 8 months of age (28). In this
study we crossed 2-month-old TgK21p55⫹/⫺ mice with mice
deficient for the fibrinogen A␣ chain ( fib⫺/⫺) (29) and obt ained TgK21p55 ⫹/⫺ f ib ⫹/⫺ mice. We further crossed
TgK21p55 ⫹/⫺fib ⫹/⫺ mice with fib ⫹/⫺ mice and obtained
TgK21fib⫺/⫺, as well as TgK21fib⫹/⫹ littermates. In all experiments TgK21fib⫹/⫹ littermates were used as controls. To
determine the onset of disease and lifespan, mice were monitored daily and scored for clinical symptoms.
Systemic Defibrinogenation. For the pharmacological depletion of

fibrinogen we used Tg6074 mice (30). Mice were depleted of
fibrinogen by delivering 3 units of ancrod per day by using mini
osmotic pumps (model 2002; Alza) filled with 250 units兾ml
ancrod (Sigma) as described (31, 32).
Histopathological Analysis. Dissection of brain and spinal cords,
embedding in paraffin and cryostat sectioning, hematoxylin and
luxol fast blue兾periodic acid–Schiff staining, and immunohistochemical staining were performed as described (28). The primary antibodies were goat anti-human fibrin(ogen) (Chemicon;
1兾500) and rat anti-mouse MHC class I (BMA Biomedicals;
1兾200). Bound antibody was visualized by using the avidin–
biotin–peroxidase complex (Vectastain Elite ABC kit; Vector
Laboratories) and 3-amino-9-ethylcarbazole (AEC) (Sigma) as a
chromogen. Staining specificity for the fibrin(ogen) antibody was
confirmed by using tissue from fib⫺/⫺ mice. Images were col-
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lected by using an Axiophot Zeiss microscope with an Axiocam
camera.

Cell Culture. RAW264.7 murine macrophage cell line (American
Type Culture Collection) was maintained in DMEM (Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen).
For 5-bromodeoxyuridine (BrdUrd) proliferation assay, cells
were cultured for 48 h either with addition of 1 g兾ml lipopolysaccharide (LPS) from Escherichia coli O55:B5 (Sigma catalog
no. L 6529) or on plates coated with 50 g兾ml plasminogen-free
fibrinogen (Calbiochem) or 50 g兾ml fibronectin (Sigma). Proliferation assay was performed by using the Cell Proliferation
BrdU colorimetric ELISA (Roche Diagnostics). For immunocytochemistry, cells were cultured on glass coverslips, fixed with
1:1 acetone兾methanol, blocked with 3% BSA (Sigma), and
incubated with FITC-conjugated anti-mouse CD11b (1:50, eBioscience, San Diego). Results represent the means of four independent experiments performed in triplicate. Statistical analysis
was performed by using Student’s t test.

Results
Fibrin Deposition Precedes Demyelination and Correlates with Demyelinating Plaques in TgK21 Mice. TgK21 mice show inflammatory

demyelinating lesions in the spinal cord (27, 28). To determine
whether fibrin was present in the CNS of TgK21 mice, we stained
cross sections of spinal cords with an antibody against fibrin(ogen). Wild-type (WT) mice showed normal spinal cord histology
(Fig. 1A) and no fibrin deposition (Fig. 1C). In contrast, TgK21
mice showed inflammation and demyelination in their spinal
cord (Fig. 1B) and fibrin deposition (Fig. 1D). Fibrin deposition
in the spinal cord of TgK21 mice was present in white matter
areas (Fig. 2A), whereas inflammatory cells were still confined
in the meninges and demyelination had not yet been initiated
(Fig. 2B). In addition, active demyelinating plaques (Fig. 2D)
were also immunoreactive for fibrin (Fig. 2C). This was not a
general effect of BBB disruption, because fibrin deposition
occurred within the white matter and was absent from the gray
matter (Fig. 2), where extensive IgG staining could be observed
(28). Overall, these results show that fibrin is present at white
matter areas before the onset of demyelination and colocalizes
with areas of active demyelination.

Fig. 1.
Inflammatory demyelinating lesions of TgK21 mice have fibrin
deposition but normal amounts of plasminogen activator activity. Luxol fast
blue staining counterstained with nuclear red shows normal histology in WT
mice (A), whereas TgK21 spinal cords have meningeal inflammation (arrows)
and myelin loss (asterisk) (B). Immunostaining for fibrin(ogen) shows that WT
mice do not have fibrinogen in their spinal cord (C), whereas TgK21 spinal
cords are immunoreactive for fibrin(ogen) (D). In situ zymography on spinal
cord sections shows proteolytic activity in both normal (E) and TgK21 (F) mice.
(Bar ⫽ 722 m for A–D, 1.6 mm for E and F.)

generated TgK21fib⫺/⫺ mice. TgK21fib⫺/⫺ demonstrated a 1.6fold lifespan increase (6.4 ⫾ 0.4 weeks; n ⫽ 11) compared with
TgK21fib⫹/⫹ littermate mice (4.2 ⫾ 0.3 weeks; n ⫽ 9, P ⬍ 0.01)
(Fig. 1 A). TgK21 mice showed paralysis at 3 weeks, whereas
TgK21fib⫺/⫺ mice did not develop paralysis until 5 weeks. Both

Inflammatory Demyelinating Lesions of TgK21 Mice Do Not Show
Up-Regulation of Plasminogen Activator Activity. Fibrin deposited in

tissues can be cleared by the plasminogen activator兾plasmin
fibrinolytic system. We therefore examined the fibrinolytic capacity of the CNS tissue of the TgK21 mice. In situ zymography
on spinal cord sections of WT (Fig. 1E) and TgK21 (Fig. 1F)
mice and gel zymography experiments on spinal cord extracts
(not shown) revealed no up-regulation in the plasminogen
activator activity in TgK21 mice compared with WT.
Genetic Depletion of Fibrin(ogen) Increases the Lifespan and Delays
the Clinical Symptoms of the TgK21 Mice. To determine whether

fibrin depletion could affect inflammatory demyelination, we
crossed TgK21 mice into a fibrin-deficient background and
Akassoglou et al.

Fig. 2. Fibrin deposition precedes demyelination and correlates with demyelinating plaques in TgK21 mice. Immunohistochemistry for fibrin(ogen)
shows deposition of fibrin (A) at areas of meningeal inflammation before the
onset of demyelination (B). In addition, fibrin immunoreactivity (C) is detected
at areas the spinal cord associated with inflammation and loss of myelin (D).
A and C and B and D represent high-magnification images of Fig. 1 D and B,
respectively. (Bar ⫽ 125 m.)
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In Situ Zymography. For in situ zymographies (33), 10-m unfixed
cryostat spinal cord sections were prepared. Sections were
covered by a casein overlay containing 1% low-melting-point
agarose and 25 g兾ml plasminogen, and then covered with a
coverslip. Plasminogen was prepared from human plasma (34).
Control experiments were performed with overlay mixtures
lacking plasminogen. Conversion of plasminogen into plasmin,
which in turn lysed the insoluble casein, resulted in the appearance of lytic zones within 6 h. Zones of plasmin-dependent
caseinolysis appeared as black areas when photographed under
dark-field illumination on a Nikon microscope.

TgK21 and TgK21fib⫺/⫺ mice show no clinical symptoms until
the development of paralysis, and they both live for 1 week after
the onset of paralysis. Overall, the phenotypic differences between TgK21 and TgK21fib⫺/⫺ mice suggest that fibrin affects
the onset and not the severity of the disease in TNF-induced
inflammatory demyelination.
Genetic or Pharmacologic Depletion of Fibrin(ogen) Decreases Inflammation and Delays the Onset of Demyelination in TNF Transgenic
Mouse Models of MS. We next performed histopathological anal-

ysis to investigate the effects of fibrin depletion on the onset and
progress of inflammatory demyelination. At 4 weeks, when
TgK21fib⫹/⫹ mice were paralyzed and TgK21fib⫺/⫺ were phenotypically normal, mice were killed and histopathological analysis of spinal cord sections was performed. TgK21fib⫹/⫹ mice
showed fibrin deposition (Fig. 3B), whereas as expected
TgK21fib⫺/⫺ mice showed no immunoreactivity for fibrin (Fig.
3C). Hematoxylin兾eosin staining showed inf lammation in
TgK21fib⫹/⫹ mice (Fig. 3D), whereas TgK21fib⫺/⫺ mice showed
only very mild meningeal inflammation (Fig. 3E).
Fibrin(ogen) regulates the survival (35, 36) and migration
capacity of neutrophils in vitro (37) and the production of
cytokines (38) and chemokines (39). To investigate whether
fibrin could affect the cytotoxic properties of the immune
response, we examined the expression of MHC class I as a
marker for lymphocyte and macrophage activation (40, 41).
TgK21fib⫹/⫹ mice showed expression of MHC class I (Fig. 3F),
whereas TgK21fib⫺/⫺ mice were negative for MHC class I
expression (Fig. 3G). TgK21fib⫹/⫹ mice showed active demyelination (Fig. 3H), whereas TgK21fib⫺/⫺ showed no signs of myelin
loss (Fig. 3I). Overall, these results suggest that fibrin deposition
in the CNS, which occurs after disruption of the BBB, is a
facilitator for the development of inflammation.
To complement our genetic experiments, we examined demyelination after pharmacologic depletion of fibrin. Administration of ancrod, a Malayan pit viper (Calloselasma rhodostoma)
venom protein, drastically reduces plasma fibrinogen levels and
fibrin deposition (42). Ancrod is administrated by mini osmotic
pumps (31), which because of size limitations cannot be inserted
in mice less than 4 weeks of age. Because TgK21 mice die at 4.2
weeks of age, we chose Tg6074 TNF transgenic mice (28, 30), a
model of inflammatory demyelination with onset of disease at 6
weeks. Immunostaining for fibrin(ogen) showed that similarly to
TgK21 demyelinating lesions, Tg6074 lesions also exhibited
fibrin deposition (data not shown). Ancrod was administered to
4-week-old Tg6074 mice for 2 weeks. At 6 weeks, mice were
killed together with littermate controls and histopathological
analysis was performed. Six-week-old Tg6074 mice showed
myelin vacuolation and demyelination in the cerebellum (Fig. 4A
arrows). In contrast, fibrin-depleted Tg6074 mice showed no
signs of demyelination (Fig. 4B). Examination of MHC class I
immunoreactivity, as a marker of cytotoxic activity in the
cerebellum, showed that while there was an up-regulation of
MHC class I in Tg6074 mice (Fig. 4C), MHC class I gene
expression was not detected in fibrin-depleted Tg6074 mice (Fig.
4D). Therefore, consistent with experiments with genetic depletion of fibrinogen, pharmacological depletion also delayed the
onset of inflammatory demyelination and down-regulated the
immune response.
Fibrinogen Induces Macrophage Activation. Because genetic or

pharmacologic depletion of fibrin delayed the onset of inflammation in the CNS, we sought to investigate the effects of fibrin
on macrophages, the major cell type that contributes to both
TNF-induced (43) and autoimmune-induced (44) inflammatory
demyelination. To investigate the effects of fibrin in macrophages we used the murine macrophage cell line RAW 264.7,
which acquires an activated dendritic morphology upon LPS
6700 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0303859101

Fig. 3. Fibrin(ogen) facilitates inflammatory demyelination. (A) TgK21fib⫺/⫺
demonstrate a 1.6-fold lifespan increase (6.4 ⫾ 0.4 weeks; n ⫽ 11) compared
with TgK21fib⫹/⫹ littermate mice (4.2 ⫾ 0.3 weeks; n ⫽ 9, P ⬍ 0.01). Immunohistochemistry for fibrin shows fibrin deposition in TgK21 spinal cord (B),
but fibrin is absent from TgK21fib⫺/⫺ spinal cord (C). Hematoxylin兾eosin
staining shows accumulation of inflammatory cells in TgK21 spinal cord (D),
whereas there is minor inflammation in TgK21fib⫺/⫺ spinal cord (E). Immunohistochemistry for MHC class I shows the presence of cytotoxic cells in TgK21
(F), which are absent from TgK21fib⫺/⫺ (G). Myelin staining with luxol fast blue
(blue) counterstained with periodic acid–Schiff stain (phagocytic macrophages, purple) shows active demyelination in TgK21 (H), whereas there are
no lesions in TgK21fib⫺/⫺ (I). (Bar ⫽ 170 m.)

induction (45). Immunofluorescence using an antibody against
CD11b, a macrophage cell marker, shows that RAW cells
acquire distinct dendritic-like morphology after 24 h in culture
in the presence of LPS (Fig. 5B), compared with unstimulated
RAW cells cultured on plastic (Fig. 5A). RAW cells cultured on
fibrinogen-coated surface exhibit morphologic changes similar
to those of the LPS-treated cells (Fig. 5C). Phase-contrast
microscopy shows that the fibrinogen-induced morphologic alterations of macrophages (Fig. 5F) resemble the morphologic
alterations induced by LPS (Fig. 5E), characterized by a dramatic
Akassoglou et al.

increase in size, larger nuclei, prominent nucleoli, extended
processes, and cytoplasm with increased granularity, compared
with untreated RAW cells (Fig. 5D). Quantitation reveals 62.1 ⫾
9.8% of cells with activated morphology upon LPS induction,
24.5 ⫾ 3.2% upon fibrinogen stimulation, and 4.2 ⫾ 0.8% of
untreated cells (Fig. 5G). Activation of macrophages and their
differentiation to dendritic cells is associated with a decrease in
proliferation (46). LPS, a potent activator of macrophages, is
known to inhibit their proliferation (47). To examine whether
fibrin affects macrophage proliferation, we compared BrdUrd
incorporation into cells grown on plastic, LPS-coated, or fibrinogen-coated plates. We observed that fibrin decreased macrophage proliferation by 37% compared with proliferation of
macrophages on uncoated surface (Fig. 5H). Fibronectin did not
have any effect on altering macrophage morphology (Fig. 5G) or
proliferation (Fig. 5H), suggesting that fibrinogen specifically
affects macrophage functions. Our results, taken together with
the stimulatory effects of fibrinogen on secretion of proinflammatory cytokines, such as IL-1␤ (38, 48) and TNF (49), and
secretion of chemokines, such as macrophage inflammatory
protein-1 ␣ (MIP-1␣), MIP-1␤, and MIP-2 (39) by macrophage
cells suggest that fibrinogen is a potent mediator of macrophage
activation.
Discussion
In this study we investigated the effects of fibrin during inflammatory demyelination in the CNS. Our data show that fibrin
deposition precedes and regulates the onset of inflammatory
demyelination, and they demonstrate that genetic or pharmacologic fibrin depletion ameliorates both clinical symptoms and
the severity of the inflammatory response in the nervous system.
Vascular pathology, which allows the leakage of blood proteins
in the brain parenchyma, has been considered to participate in
the development of MS lesions (50). Use of magnetic resonance
imaging (MRI) has established that disruption of the vasculature
integrity precedes clinical symptoms in MS patients (8). Fibrin
Akassoglou et al.

deposition is associated with a variety of vascular abnormalities
in MS lesions, including vessel wall disruption that renders the
nervous system permeable to cells and proteins derived from the
blood (11). Our data identify fibrin as a major blood-derived
component that regulates the induction of the inflammatory
response and demyelination in the nervous system.
The recognition of fibrinogen by members of three major
families of integrins, ␤1 (␣5␤1), ␤2 (CD11b兾CD18 and CD11c兾
CD18) and ␤3 (␣v␤3), expressed on leukocytes, macrophages,
and monocytes, points out the importance of this molecule in
adhesion, migration, and activation of the major cellular players
of inflammation (51). Fibrin-depleted mice showed a dramatic
reduction in MHC class I expression and inflammatory cell
number at the spinal cord, suggesting a decrease in the number
of activated immune cells. Our in vitro findings indicate that
fibrin induces macrophage activation and inhibits their proliferation. Previous studies have demonstrated that fibrinogen and
fibrin induce macrophage secretion of proinflammatory cytokines (38, 48, 49) and chemokines (37). Activated macrophages,
proinflammatory cytokines, and chemokines are known participants in the pathogenesis of MS by orchestrating the cytotoxic
immune response and contributing to myelin degradation (52).
Because fibrin deposition in the CNS of the TNF transgenic mice
is an early event that precedes the development of demyelinated
plaques, its role in the induction of the inflammatory response
in CNS could be envisaged. In cell-transferred EAE, where
lymphoid cells are already activated before transfer, there is no
difference in inflammation after prophylactic fibrin depletion
(16). This result further supports a role for fibrin in CNS
inflammation primarily in the induction and not the effector
phase of inflammatory demyelination, because it indicates that
fibrin does not affect inflammation when inflammatory cells are
activated ex vivo. Comparative analysis of EAE induced by active
immunization using myelin peptides or adoptive transfer using
activated immune cells, would determine the effects of fibrin in
the induction and effector phases of autoimmune-driven demyPNAS 兩 April 27, 2004 兩 vol. 101 兩 no. 17 兩 6701
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Fig. 4. Pharmacologic depletion of fibrin(ogen) delays the onset of inflammatory demyelination. Tg6074 transgenic mice show myelin loss at the cerebellum
by 6 weeks of age (A, arrows), whereas Tg6074 mice pretreated with ancrod for 2 weeks show no myelin alteration by 6 weeks of age (B). Tg6074 mice show
up-regulation of MHC class I genes in the cerebellum (C), whereas fibrin-depleted Tg6074 do not show any signs of inflammatory cells or expression of
immunologic markers characteristic of cytotoxic immune response (D). (Bar ⫽ 200 m.)

Fig. 5. Fibrinogen induces differentiation in macrophages. Untreated CD11b-immunostained RAW 264.7 macrophage cells (A) show undifferentiated,
macrophage-like morphology. LPS- (1 g兾ml; B) or fibrinogen- (50 g兾ml; C) stimulated RAW264.7 cells show a morphological transformation to dendritic-like
cells. LPS-stimulated cells (E) show morphologic alterations similar to those of fibrinogen-stimulated cells (F). Untreated cells (D) are round and smaller. (G)
Quantitation of cells with activated morphology shows a statistically significant increase in activation upon fibrinogen stimulation, compared with untreated
or fibronectin-stimulated cells. (H) Proliferation assay shows a statistically significant decrease of macrophage proliferation upon fibrinogen induction, compared
with untreated or fibronectin-stimulated cells. Results are presented as means ⫾ SE. Statistical analysis was performed by using Student’s t test. (Scale bar ⫽ 45
m for A–C, 25 m for D–F.)

elination. Overall, these results could be of potential interest for
MS, because fibrin deposition occurs before cerebral parenchymal inflammation and demyelination (11) and could therefore
be a potential regulator of the cytotoxic response responsible for
the initiation of the immunologic attack against myelin.
Demyelinating lesions in MS are initially perivascular and
inflammatory in nature (40, 53). Both in our animal model and
in MS, fibrin deposition correlates with areas of demyelination
(12) as well as areas of axonal damage (13). In addition to the
presence of fibrin in MS plaques of active demyelination, fibrin
deposition persists even in inactive lesions (10), suggesting an
inability of the CNS to degrade fibrin. Impaired fibrinolysis,
attributed to impaired activity of tissue plasminogen activator
(tPA), has recently been reported in MS (54). In EAE mice
deficient for tPA show increased severity and delayed recovery
from the neurological dysfunction (55). Interestingly, the gliotic
white matter shows no fibrinolytic activity, suggesting that the
MS plaque has a decreased innate capacity to degrade fibrin
(56). Similarly, fibrin deposition persists in the spinal cord of
TgK21 mice and there is no increase in fibrinolytic activity
compared with the uninjured spinal cord. Our previous evidence
from the peripheral nervous system (PNS), which spontaneously
regenerates after injury, showed that the fibrinolytic activity is
up-regulated after injury (32) and fibrin degradation correlates
with nerve regeneration (57). The innate inability of the demy6702 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0303859101

elinated CNS to degrade fibrin within the plaques could represent a mechanism contributing to decreased repair and regeneration in the injured CNS. Because fibrin depletion positively
affects EAE even in the presence of inflammation, such additional mechanisms could considerably contribute to the progression and clinical severity of inflammatory demyelination. Taken
together, these results suggest that the differential regulation of
fibrinolytic activity between the PNS and CNS might be a factor
that determines the regeneration capacity of the nervous tissue
after injury or disease associated with BBB leakage.
Our data suggest that fibrin could be a potential therapeutic
target in MS. Fibrinolytic therapies aiming directly at the
dissolution of the fibrin clot might be a safer approach than the
exogenous administration of proteases, such as tPA, because
there is evidence that tPA, through laminin degradation (58),
contributes to neuronal death in models of excitotoxic neuronal
death (59) and cerebral ischemia (60). MS is a disease with a
profound heterogeneity in its clinical course, neuroradiological
appearance of the lesions, and involvement of susceptibility gene
loci. For these reasons, response to therapy is varied (61). In
general, therapeutic intervention in demyelinating diseases depends greatly on the etiology of demyelination. The positive
effect of prophylactic fibrin depletion in models of inflammatory
demyelination with diverse etiology and histopathologic characteristics (reviewed in ref. 62) indicates the potential for
Akassoglou et al.
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