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Axonal damage in multiple sclerosis (MS) lesions is
associated with failure of fibrinolysis because of the
inhibition of the plasminogen activator system.
Plasma membrane receptors for tissue plasminogen
activator (tPA) and plasminogen concentrate proteolytic activity on the cell surface and provide protection from inhibitors that in turn may locally enhance
the fibrinolytic response. Therefore , we have investigated expression of two of these receptors in MS
lesions , annexin II tetramer (AIIt) and low-density
lipoprotein receptor-related protein (LRP). In acute
MS lesions both AIIt and LRP were immunolocalized
on macrophages and astrocytes while LRP was additionally found on neuronal cells in cortical gray matter. Western blot analysis confirmed a significant increase in AIIt in MS lesions and in a proportion of
normal-appearing white matter samples , with a
highly significant correlation between annexin II levels and factors associated with impeded fibrinolysis,
such as plasminogen activator inhibitor-1. Immunoblotting analysis of plasmin(ogen) revealed increased
levels of lysine-plasminogen in samples expressing
high AIIt protein levels. Our results suggest that limited availability of tPA in MS lesions because of formation of tPA-plasminogen activator inhibitor-1 complexes reduces capability of tPA receptors to generate
plasmin , which further diminishes fibrinolytic capacity in active MS lesions and possibly leads to axonal
damage. (Am J Pathol 2005, 166:1143–1151)

In neuroinflammatory disorders failure of fibrinolysis occurs because of inhibition of the plasminogen activator
system.1 A subsequent accumulation of fibrin, which correlates with disease severity,2 gives rise to axonal damage as elegantly shown in a recently reported study of

sciatic nerve crush in tPA-deficient animals in which fibrin
deposition was found to exacerbate axonal injury.3 An
approach to attenuate axonal damage would be to stimulate local pericellular fibrinolytic activity and/or to remove inhibitory influence of plasminogen activator inhibitors (PAIs) and anti-plasmins. Surface binding of tissue
plasminogen activator (tPA) and plasminogen to plasma
membrane proteins such as annexin II and low-density
lipoprotein receptor-related protein (LRP) is an intrinsic
mechanism that increases the catalytic efficiency of plasmin generation and provides protection from serpins.4 –7
Annexin II belongs to a family of calcium-dependent
phospholipid-binding proteins8 that are expressed at low
levels in the adult human brain9 but are abundant in
pathological conditions such as brain tumors.10 In endothelial cells and macrophages annexin II is expressed as
a plasma membrane-bound heterotetramer of two annexin II subunits that are dynamically linked by two p11
(annexin light chain, S100A10) subunits.11 The tetramer
(AIIt) provides a surface for tPA and plasminogen interaction resulting in an ⬃60-fold increase in plasmin generation12,13 but also promotes plasmin autodegradation14 and reduction15 thus creating short pulses of
plasminolytic activity.6 Through links with fibrin and the
extracellular matrix protein tenascin C, AIIt can direct
plasminolytic activity resulting in fibrinolysis, remodeling
of the extracellular matrix, and release of matrix-bound
angiogenic factors.16,17 This is particularly exploited by
macrophages and tumor cells through loss of focal adhesion contacts and an increase in invasive potential.18,19 In the central nervous system (CNS) annexin II
has been implicated in tPA-mediated activation of microglia20 and is required for assembly of glial fibrillary acidic
protein filaments in astrocytes.21
LRP is a scavenger receptor that binds a variety of
biologically diverse ligands including the broad spectrum
protease inhibitor ␣2-macroglobulin (␣2M) and free and
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Table 1.

Summary of Clinical Data for NC and MS Cases
Sample type

Age and sex (years)

PM time (hours)

MS duration (years)

Normal control, n ⫽ 15

64 (34–80)
M:F ⫽ 12:3

26 (10–52)

N/A

Multiple sclerosis, n ⫽ 20

57 (29–77)
M:F ⫽ 9:11

23 (4–64)

23 (8–43)

PAI-complexed plasminogen activators.22 Cell surfaceexpressed LRP protein consists of an extracellular ligand-binding heavy chain (515 kd) and a transmembrane light chain (85 kd) and in the adult brain is primarily
involved in lipoprotein metabolism23 as well as maintaining protease-inhibitor homeostasis.24 In the CNS LRP is
highly expressed by neuronal cells25 but is also found in
microglia and astrocytes26 and in a shed form in the
cerebrospinal fluid.27 LRP regulates extracellular proteolysis by internalizing proteases and/or protease-inhibitor
complexes thus decreasing the overall protease load in
the pericellular space.5,28 Receptor-associated protein
(RAP) is a chaperon that prevents a premature binding of
ligands to the newly synthesized LRP during its export to
the cell surface.29
Possible effects of plasminogen activation during the
inflammatory process in multiple sclerosis (MS) include
fibrinolysis, increase in migration/invasiveness of glial
and immune cells, remodeling of the extracellular matrix,
and damage to the blood-brain barrier (BBB) and myelin/
axon unit.30 The local concentration of plasminogen activators, inhibitors, and their receptors will be the factors
determining the final outcome. In two recent studies we
have shown that a marked increase in PAI-1 reduces
fibrinolytic activity in MS lesions hence contributing to
fibrin deposition and axonal injury.1,31 However, small
amounts of active tPA may remain in protected proteolytic pockets between macrophages and fibrin-coated
axons where AIIt and LRP could play a pivotal role in
enhancing fibrin dissolution or removal of enzyme-inhibitors complexes. The aims of the present study were to
identify potential targets for enhancing fibrinolysis in the
CNS by immunolocalizing and quantitating the expression of AIIt and LRP in normal and MS brain and spinal
cord and to establish their relationship to the tPA-plasmin
axis and fibrinolytic capacity in MS lesions.

Materials and Methods
Tissue
Snap-frozen CNS tissue samples from a histopathologically well-characterized cluster of 20 postmortem cases
of MS and 15 normal controls (NC, Table 1) were obtained from the NeuroResource Tissue Bank, Institute of

Cause of death
(number of cases)
Heart failure (6)
Myocardial infarction (4)
Bronchopneumonia (2)
Pulmonary embolism (1)
Liver carcinoma (1)
Renal failure (1)
Bronchopneumonia (14)
Septicemia (3)
Renal failure (1)
Heart failure (1)
Bowel carcinoma (1)

Neurology, London. All MS cases were classified as secondary progressive MS with characteristic relapsing-remitting course and increasing disability. A total of 58
snap-frozen blocks (0.5 to 1 cm3) of brain- and spinal
cord-containing lesions and/or macroscopically normalappearing white matter (NAWM) and gray matter from MS
cases and 19 blocks of white and gray matter from brain
and spinal cord of NC cases were homogenized for
protein extraction. MS lesions were classified into acute
(AL), subacute, and chronic on the basis of the numbers
and distribution of oil red-O-positive cells and cellularity
in the borders and parenchyma of lesions.32 Histological
criteria were supplemented by immunohistochemical
staining with specific antibody markers for glial, neuronal,
and inflammatory cells.33 Expression of plasminogen activators/inhibitors and fibrinolytic activity have been previously fully characterized in this set of samples.1,31

Antibodies and Immunohistochemistry
Methanol-fixed cryostat sections were stained using a
nickel-enhanced three-step peroxidase method as previously described.33 The primary antibodies used were
raised against annexin II (1:2000; Neomarkers, Fremont,
CA), p11 (1:1000; Transduction Laboratories, Lexington,
KY), LRP heavy chain (1:1000; Calbiochem, Nottingham,
UK), LRP light chain (1:100, Calbiochem), RAP (1:100;
Santa Cruz Biotechnology, Santa Cruz, CA) and plasminogen (1:1000; DAKO, Ely, UK). Routine immunohistochemical controls included omission of primary antibodies as well as the application of affinity-purified goat
(Sigma, Poole, UK) and mouse IgG (Sigma) at the same
protein concentrations as primary antibodies.

Protein Extraction and Western Blotting
Protein extraction from snap-frozen blocks of brain and
spinal cord of MS and NC cases was performed as
previously described and protein concentrations determined by the Lowry method.31 For Western blot analysis
40 g of supernatant protein was resolved on (5%, 10%,
or 15%) sodium dodecyl sulfate-polyacrylamide gels and
transferred overnight to Immobilon-P polyvinylidene difluoride membrane.31 The blots were probed with annexin II
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(1:2000), p11 (1:1000), LRP heavy chain (1:1000), RAP
(1:100), or plasminogen (1:1000) antibody for 2 hours at
room temperature and developed by enhanced chemiluminescence. Extracts of THP-1 and endothelial cells were
used as protein standards for annexin II and p11 blots,
respectively. To ensure equal loading of protein membranes were stripped with Gelstrip (Chemicon, Aarhus,
Denmark) according to the manufacturers’ instructions
and probed with anti-␤-actin antibody (1:1000, Sigma).
Specificity of immunostaining was ensured by replacing
primary antibodies with appropriate species-specific affinity-purified IgG fraction. All blots were scanned using
the Gel-Pro analyzer (Media Cybernetics, Wokingham,
UK) and the results expressed in densitometry units.

Statistical Analysis
Statistical analysis was performed using Fisher’s exact
test suitable for a small sample size with 100% cumulative frequency of the control group as a cutoff point and
a significance level set at P ⬍ 0.05 (SPSS Software; SPSS
Inc., Chicago, IL). The nonparametric Spearman rank
correlation test was used for the regression analysis and
the effects of age and postmortem time were checked for
all data. Partial correlation correcting for these effects
was performed when indicated and the r value of the
Spearman rank test reported where appropriate.

Results
Distribution and Protein Levels of Annexin II and
p11 in Control and MS Brains
In normal control brains annexin II was immunolocalized
to endothelial cells in blood vessels whereas in acute MS
lesions (AL) annexin II was found on membranes of
foamy macrophages concentrated in lesion borders (Figure 1, C and E) and in the cytoplasm of a small number of
hypertrophic astrocytes in lesion parenchyma. A good
correlation was observed between the numbers of plasmin(ogen)-positive (Figure 1B) and annexin II-positive
macrophages (Figure 1C) on serially stained section. An
increase in astrocyte staining was found in subacute and
chronic lesion in parallel with an increase in glial fibrillary
acidic protein-positive cells (not shown). Adjacent and far
normal-appearing white and gray matter were characterized by strong expression of annexin II on blood vessel
endothelial cells and infiltrating mononuclear cells (Figure 1F) but glial cells and neurons were not stained.
Staining with anti-p11 antibody revealed similar distribution to that of annexin II with strongly positive membranes of foamy macrophage in acute MS lesions (Figure
1G) and absence of p11 on glia (Figure 1D) and neurones in normal-appearing white and gray matter, respectively. In actively demyelinating lesions p11 also
highlighted a subset of thickened axons apposed to annexin II/p11-positive foamy macrophages (Figure 1G)
and was immunolocalized to mononuclear cells in
perivascular inflammatory infiltrates in NAWM and acute
MS lesions.

Immunohistochemical findings were reflected in Western blots of annexin II and p11 with both proteins barely
detectable in extracts of control brain (Figure 2, A and B)
and spinal cord. A significant increase in annexin II
[NAWM versus normal control white matter (NCWM) and
AL versus NCWM, P ⬍ 0.001] and p11 (AL versus
NCWM, P ⬍ 0.01) content by densitometry was observed
in MS tissue samples with comparable protein levels
between lesions of differing stages of development (Figure 2, D and E). However, variable levels of expression
were found in NAWM samples with values ranging from
low, similar to control samples, to high values comparable to those observed in acute MS lesions. Comparison
with the protein levels of fibrinolytic agents and clot lysis
time reflecting fibrinolytic capacity of this set of samples31
revealed a statistically significant correlation of high annexin
II protein with factors associated with impeded fibrinolysis,
high PAI-1 protein levels (r ⫽ 0.54, P ⬍ 0.001) and prolonged clot lysis time (r ⫽ 0.54, P ⬍ 0.001) as well as low
tPA protein levels (r ⫽ ⫺0.33, P ⫽ 0.015).
To examine whether there was a link between annexin
II protein concentrations and plasmin(ogen) content and
processing in control and MS, tissue samples with high
and low annexin II content were resolved on sodium
dodecyl sulfate-polyacrylamide gel electrophoresis gel
and stained with an antibody against human plasminogen. Samples with high annexin II content showed higher
levels of the 85-kd cell surface-bound form of plasminogen (lysine-plasminogen)34,35 compared to those with
low annexin II (Figure 3; A to C). Plasmin fragments
migrated as a larger 50-kd band and two smaller bands
between 30 to 40 kd predominantly visible in acute MS
lesions (Figure 3, A and B). There were no indications of
increased plasminogen turnover in samples expressing
high annexin II levels because the relative amounts of
plasmin fragments were comparable between two sets of
samples.

Distribution and Protein Levels of LRP and RAP
in Control and MS Brains
In contrast to annexin II, LRP was ubiquitously expressed
on glial cells and neurones in both control and MS brains.
In normal periventricular white matter LRP heavy and light
chains were immunolocalized in resting microglia (Figure
4A) and astrocyte end-feet-surrounding blood vessels
whereas an antibody against RAP showed punctuate
staining of glial cell cytoplasm. In control gray matter
strong LRP (Figure 4B) and RAP (Figure 4B, inset) staining was visualized in cytoplasm of cortical neurons.
NAWM was characterized by a higher expression of LRP
on activated microglia (Figure 4C) especially those located in the vicinity of blood vessels (Figure 4D). In the
borders of acute MS lesions activated microglia, foamy
macrophages, and hypertrophic astrocyte cell bodies
were strongly LRP-positive whereas in the lesion center
macrophages were predominantly stained (Figure 4, E
and F). There were minor differences in distribution and
intensity of RAP staining between control and MS tissue
although RAP was primarily found in hypertrophic astro-
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Figure 1. Immunohistochemistry of annexin II in MS lesions. Low-power photomicrograph of lesion parenchyma and adjacent NAWM stained with EBM-11, a
microglia/macrophage marker (A), anti-plasminogen antibody (B), anti-annexin II antibody (C), and anti-p11 antibody (D). E: Plasma membrane of foamy
macrophages in an acute MS lesion stained with anti-annexin II antibody. F: Perivascular inflammatory infiltrate stained with annexin II antibody showing positive
mononuclear cells. G: Foamy macrophages and thickened axons (arrowheads) in an acute MS lesion stained with anti-p11 antibody. Scale bars: 320 m (A–D);
20 m (E–G).

cytes in acute MS lesions (data not shown). Immunohistochemical controls, including omission of the primary
antibody or application of affinity-purified goat and
mouse IgG, were negative. Western blots showed slight
variations in LRP and RAP protein levels between control
white matter, NAWM, and MS lesions at different stages
of development (Figure 5, A and B). However, markedly
higher expression of LRP heavy chain was found in control gray matter with further increases in normal-appearing gray matter (Figure 5D).

Discussion
Our results showed that AIIt was highly expressed in
acute MS lesions on macrophages and astrocytes
whereas LRP was prominent on neuronal cells in cortical
gray matter. Both proteins were immunolocalized either
on BBB endothelium and infiltrating mononuclear cells or
surrounding glial cells. Western blot analysis confirmed a
significant increase in AIIt in MS lesions and a proportion of
NAWM samples as well as increased lysine-plasmin(ogen)
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Figure 3. Plasminogen/plasmin content in control and MS samples. Equivalent amount of tissue protein extracts (40 g) from samples expressing high
levels (A) and low levels (B) of annexin II were subjected to nonreducing
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and stained
with anti-plasminogen antibody. Four major bands are visible: lysine-plasminogen (85 kd), binding fragment of plasmin (⬃50 kd), and two smaller
plasmin fragments between 30 kd and 40 kd. C: Densitometric analysis of the
plasminogen immunoblots. Black and white bars represent high and low
annexin II-expressing samples, respectively. n ⫽ 4 for all sample groups.

Figure 2. Immunoblots of annexin II (A) and p11 (B) in brain tissue extracts
from control and MS cases. C: Blot shown in A was reprobed with the
anti-␤-actin antibody to ensure equal loading of the gel. D and E: Densitometric analysis of the annexin II (D) and p11 (E) immunoblots. Statistically
significant differences between groups are indicated where appropriate. ***,
P ⬍ 0.001; **, P ⬍ 0.01; n ⫽ 7 for all sample groups. STD, protein standard;
NCGM, normal control gray matter; NAGM, normal-appearing gray matter;
SAL, subacute lesion; and CL, chronic lesion.

concentrations in samples expressing high annexin II levels. Moreover, statistically significant correlation was found
between AIIt levels and markers of impeded fibrinolysis,
PAI-1 concentration, and prolonged clot lysis time.
The highly significant increase in AIIt in acute MS
lesions suggests that plasmin generation should be enhanced. This can be extrapolated from patients with leukemia that were more prone to bleeding because of
increased plasminolytic and fibrinolytic activity resulting
from annexin II overexpression.36 However, we have pre-

viously shown that the fibrinolytic capacity of acute MS
lesions is minimal because of a marked increase in PAI-1
and inhibition of tPA.31 It is evident from the immunoblots
that in high annexin II-expressing samples there was an
accumulation of membrane-bound lysine-plasminogen
(85-kd preactivation intermediate) but plasmin(ogen)
turnover was not enhanced in comparison with samples
having low annexin II content. In the absence of tPA,
plasminogen bound to macrophage plasma membrane
undergoes autoproteolysis generating a 48-kd inactive
fragment with surface-binding capacity and small soluble
fragments with catalytic capacity37 that are rapidly inhibited in the fluid phase by anti-plasmins (Figure 6).38,39
The timing of AIIt involvement in fibrin degradation is also
a crucial factor in promoting or inhibiting fibrinolysis because the presence of AIIt during fibrin polymerization
inhibits fibrinolysis.40 Therefore, limited availability of tPA
in MS lesions because of formation of tPA-PAI-1 complexes as previously shown by nonreducing immunoblots
of the same set of samples31,41 reduces the ability of AIIt
to generate plasmin and further diminishes the fibrinolytic
capacity possibly resulting in increased axonal fibrin
deposition and neurodegeneration. Localization of LRP
on foamy macrophages in MS lesions can further decrease the protease load in the pericellular space by
removing plasminogen activator-inhibitor complexes
(Figure 6).
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Figure 4. Immunolocalization of LRP in control and MS brains. Staining of control white matter showing positive microglia (A) and control gray matter showing
positive neuronal perikarya (B). Inset in B shows RAP-positive neurons in control gray matter. C and D: LRP-positive activated microglia in NAWM parenchyma
(C) and clustered around a blood vessel (D) in NAWM. E: Low-power photomicrograph of an AL and adjacent NAWM stained with anti-LRP antibody. F: High
magnification of the lesion border showing staining of foamy macrophages. Scale bars: 20 m (A–C, F); 320 m (E); 50 m (D).

The overall outcome of AIIt and LRP ligation in MS
tissue may be directed more toward enhancing cell migration and invasiveness rather than fibrinolysis. Binding
of annexin II to tenascin C and proteolytic modification of
the latter results in mitogenesis, loss of focal adhesions,
and cell migration.42 Tenascin C, which is found in
NAWM, forms an inhibitory barrier that surrounds acute
MS lesions.43 Breaking the tenascin barrier would allow
annexin II/plasminogen-expressing macrophages in the
lesion border to migrate into adjacent NAWM thus contributing to the radial extension of the active lesion. Likewise, LRP may further support macrophage and immune

cell invasion of the NAWM by acting as a motogenic
receptor for PAI-144 and by scavenging uPA-PAI-1 complexes that facilitates faster recycling of chemotactic
urokinase receptor.5,45
Formation of new MS lesions, most typically in the form
of Dawson’s finger, is preceded by changes in BBB
permeability and integrity. Both AIIt and LRP, which were
immunolocalized either to BBB endothelial cells or surrounding microglia, have the capacity to be part of this
process by enhancing proteolytic and nonproteolytic effects of tPA. Brain endothelium expresses high levels of
AIIt46 but lower levels of tPA47,48 in comparison to other
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Figure 6. A diagram depicting interactions between tPA/plasmin(ogen) receptors and their ligands. A: Plasminogen is activated into plasmin in the
presence of AIIt-bound tPA. B: In the absence of AIIt-bound tPA a degradation of plasminogen occurs resulting in a release of small catalytic fragments
that are inhibited in the fluid phase by anti-plasmins. Plg, plasminogen; Pl,
plasmin; AP, anti-plasmin.

Figure 5. Western blots of LRP (A) and RAP (B) in brain tissue extracts from
control and MS cases. C: Blot shown in B was reprobed with the anti-␤-actin
antibody to ensure equal loading of the gel. Densitometric analysis of the LRP
(D) and RAP (E) immunoblots. n ⫽ 4 for all sample groups.

endothelia. During the early stages of lesion development
at the BBB when the deposition of fibrin, a major tPA
co-factor,49 is minimal tPA may use AIIt to generate plasminolytic activity16 as well as LRP, in a proteolysis-independent manner, to increase BBB permeability.50 Increased expression of AIIt in some but not other NAWM
samples may designate those NAWM areas in which
there is a higher likelihood of developing a new lesion.
Immunostaining suggests that this increase in AIIt represents expression by activated endothelial and mononuclear cells in and around BBB that may through plasminolytic activity facilitate the initial opening of the BBB
leading to formation of Dawson’s finger.
A strong association of LRP with cortical neurons and
increased expression in MS gray matter may highlight a

neuroprotective role for LRP. We have previously reported high tPA and low PAI-1 expression in control and
MS gray matter.1 Unchecked tPA activity is the major
factor in generation of excitotoxic brain injury hence the
availability of this enzyme in the gray matter needs to be
tightly controlled.51 Neuroprotective effects of LRP during
the inflammatory response in the CNS are mediated either directly or through its ligand ␣2M by removing proteases and protease-inhibitor complexes from the extracellular space,22 modulating neuronal responses to
excitatory neurotransmitters,52 and targeting neurotrophic factors to neuronal cells.53,54
It is evident from these findings that AIIt and LRP are
components of the complex signaling mechanism that
may take part in pathways leading to either tissue damage or neuroprotection during MS lesion development.
One inference of our results is that both receptors may
contribute to initial lesion formation and radial extension
which in context of our previous findings further highlights
the importance of PAI-1 in inflammatory axonal damage.
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