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A leaky blood-brain barrier, fibrinogen infiltration and
microglial reactivity in inflamed Alzheimer’s disease brain
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Abstract

This study has used immunohistochemical examination of tissue obtained from Alzheimer’s disease (AD) brains and rat hippocampus
injected with AB1-42 peptide to determine effects of induced inflammatory reactivity on integrity of blood-brain barrier (BBB) and viabil-
ity of neurons. Tissue from AD, but not non-demented, brains exhibited a diffuse pattern of staining for fibrinogen and immunoglobu-
lin (IgG) indicative of BBB leakiness with considerable fibrinogen immunoreactivity (ir) appearing in association with AR deposits.
Immunostaining for the endothelial cell specific glycoprotein, von Willebrand factor, showed morphological evidence for altered blood
vessels in AD tissue. AD brains also demonstrated extensive areas of fibrinogen ir in association with microglial reactivity. /n vivo, intra-
hippocampal injection of AB1-42 caused time-dependent (17 days after injection) increases in double staining of fibrinogen with areas
of microgliosis. Two independent pharmacological strategies were employed to examine how AB1-42 stimulation (7 days injection) may
be linked to neurodegeneration. The defibrinogenating compound, ancrod, reduced inflammatory reactivity, levels of parenchymal fib-
rinogen and IgG, and was neuroprotective. These results prompted use of AB1-42 plus fibrinogen as a novel in vivo inflammatory stim-
ulus and this combination significantly enhanced inflammatory reactivity, vascular perturbations and neuronal damage compared to AB1-42
alone. A second approach, using anti-Mac-1 (antibody for antigen CD11b) to block activation of microglia, was highly effective in atten-
uating effects of AB1-42 plus fibrinogen amplification of inflammatory and vascular responses and conferred significant neuroprotection.
The overall findings from study of AD tissue and in vivo in AB1-42 and AB1-42 plus fibrinogen stimulated rat hippocampus suggest
microglial responses to promote increased extravasation of blood protein as a critical component in amplifying inflammatory reactivity
and causing neuronal damage in inflamed AD brain.
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Introduction

Blood proteins such as fibrinogen, plasminogen and thrombin have
essential functions in the maintenance of integral vasculature home-
ostatic processes involved in blood clotting. However, under patho-
logical conditions a weakened blood-brain barrier (BBB) could allow
extravasation of plasma proteins into parenchymal regions of the
brain. A likely consequence of increased infiltration of proteins is the
exacerbation of inflammatory responses mediated by the resident
immune responding cells, microglia. At present, limited experimen-
tal evidence is available to characterize the links between abnormal-
ities in properties of BBB, increased levels of plasma proteins in
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parenchyma, microglial inflammatory reactivity and neuronal
degeneration and their contributions to chronic brain inflammation.

Alzheimer’s disease (AD) brains are characterized by consider-
able abnormalities and deficiencies in properties of BBB [1-4].
Elevated levels of fibrinogen in brain parenchyma, due to extrava-
sation of the glycoprotein through a weakened BBB, have also
been reported in AD brain [5, 6]. Recent work has demonstrated
fibrin deposition and damaged vasculature in three different trans-
genic animal models of AD [7]. In these transgenic models,
enhanced levels of fibrinogen exacerbated vascular damage
whereas inhibition of fibrinogen attenuated neurovascular patho-
logy. Interestingly, reduction of parenchymal fibrinogen was not
associated with any efficacy for neuroprotection.

A critical question is how inflammation could contribute to
neurodegeneration in AD brains. We reasoned that previous
results, showing microglial responses may be critical effectors for
induced vascular and neuronal abnormalities following intra-
hippocampal AB1-42 injection, as a possible link in this question
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[8, 9]. In the present study, we have used immunohistochemical
analysis to investigate inflammatory reactivity and permeability of
BBB to the glycoprotein fibrinogen in tissue obtained from AD
patients and also in AB1-42-injected rat brain. The strategy was to
initially examine cortical tissue obtained from AD and ND (non-
demented) brains for extravasation of glycoproteins fibrinogen
and immunoglobulin (IgG) into brain parenchyma and for associ-
ation of specific vascular markers with activated microglia and
astrocytes. Subsequently, AB1-42 and AB1-42 plus fibrinogen-
injected rat brain was studied for similar vascular remodelling,
gliosis and neuronal viability with two independent pharmacolog-
ical interventions. The approaches used the defibrinogenating
agent ancrod, to deplete plasma fibrinogen, or used the mono-
clonal antibody anti-Mac-1, to reduce microglial activation. The
overall findings suggest microglial-vasculature interactions
amplify and maintain a chronic state of inflammation which is ulti-
mately damaging to neurons.

Materials and methods

Human brain tissue and immunohistochemical
procedures

Postmortem brain tissues containing the entorhinal cortex from seven ND
cases (60-80 years of age; postmortem intervals, 4-24 hrs) and eight AD
cases (67-78 years of age; postmortem intervals, 4-10 hrs) were obtained
from the Kinsmen Laboratory brain bank at the University of British
Columbia (UBC, Vancouver, BC, Canada). All cases of AD were confirmed
by the clinical criteria for AD, as defined by the National Institute of
Neurological and Communicative Disorders, and the Stroke/Alzheimer’s
Disease and Related Disorders Association. ND cases had no clinical or
pathological history of AD. Patients with a prior history of hypertension
were excluded from this study because hypertension may predispose the
patient to develop abnormalities of BBB.

In this study, single/double immunohistochemical methods (visualized
using 3,3’-diaminobenzidine (DAB) and nickel-ammonium sulphate as the
chromogen) and double immunofluorescent staining (visualized by fluo-
rescent secondary antibody) were applied for human tissue section stain-
ing as described below. Single immunohistochemistry was performed as
described previously [10]. Free-floating sections (30 pm) from ND and AD
tissues were treated for 30 min. with 0.3% hydrogen peroxide (H202) solu-
tion in phosphate buffered saline with Triton X-100 (PBST; 0.01 M phos-
phate-buffered saline, pH 7.4, containing 0.3% Triton X-100) and trans-
ferred into 5% skim milk in PBST for 1 hr. Sections were then incubated
for 48 hrs at 4°C with the following primary antibodies: anti-fibrinogen
(1:800; DakoCytomation, Carpinteria, CA, USA) or anti-human IgG (1:100;
Serotec, Oxford, UK). Sections were washed and incubated with the appro-
priate biotinylated secondary antibody (1:1000; DakoCytomation) followed
by incubation with avidin-biotinylated horseradish peroxidase complex
(ABC Elite, Vector Labs, Burlingame, CA, USA) for 1 hr. Peroxidase
labelling was visualized by incubation of the sections in 0.01% 3,3-
diaminobenzidine (Sigma-Aldrich, St. Louis, MO, USA) containing 0.6%
nickel ammonium sulphate, 50 mM imidazole and 0.001% H202 in 0.05 M
Tris-HCI buffer, pH 7.6. When a dark purple colour developed, sections
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were washed, mounted on glass slides, and coverslipped with Entellan
(E Merck, Darmstadt, Germany).

For double immunohistochemical staining for CR3/43 (HLA-DR, a
marker for microglia; DakoCytomation) and amyloid-g (AB, clone 6F/3D;
DakoCytomation) in ND and AD tissues, pre-treatment of tissue sections
with 100% formic acid (Sigma-Aldrich) was performed for 15 min, prior to
primary antibody incubation [11]. Sections were incubated for 24 hrs at
4°C with anti-HLA-DR polyclonal antibody (1:1000, DakoCytomation) fol-
lowed by incubation with a biotinylated secondary antibody and ABC solu-
tion. After the DAB/nickel ammonium sulphate reaction, sections were
washed in PBST and incubated in blocking solution (5% skim milk) for 1 hr.
Sections were then incubated for 24 hrs at 4°C with the anti-AB monoclonal
antibody (1:200; DakoCytomation), followed by incubation with a biotiny-
lated secondary antibody and ABC solution. The developing reaction was
done in DAB solution.

For double immunofluorescent staining of ND and AD brains [11], free-
floating sections were incubated with fibrinogen (1:500; DakoCytomation)
and other primary antibodies: B-amyloid (A, 1:100; DakoCytomation),
von Willebrand factor (vWF) (1:500; Santa Cruz Biotechnology, Santa Cruz, CA,
USA), HLA-DR (1:500, DakoCytomation) or GFAP (1:1000, DakoCytomation).
After a rinse in PBST, the sections were then incubated with appropriate
fluorescence secondary antibodies (Molecular Probes, Eugene, OR, USA)
for 2 hrs.

Control sections were prepared by omission of the primary antibody.
To test the specificity of the primary antibodies (anti-fibrinogen and anti-
1gG), pre-incubation of the primary antibody with the epitope specific
peptide was performed prior to ND and AD tissue staining. The antibody-
antigen complexes were incubated in phosphate buffered saline (PBS)
solution overnight at 4°C and used for immunohistochemical staining.

Immunohistochemical analysis
of human ND/AD tissue

The boundaries of entorhinal cortex were defined as previously described
[12]. Quantitative immunohistochemical analysis of AD and ND brain sec-
tions used a Zeiss Axioplan-2 light microscope equipped with a DVC cam-
era (Diagnostic Instruments, Sterling Heights, MI, USA) at 400 magnifi-
cation under a constant predefined light setting. Five non-overlapping
image fields in the entrohinal cortex were used with a central region of
layers Il and 11l chosen as the location of the initial field. Following quan-
tification of immunoreactivity (ir) in this area, subsequent fields were ran-
domly located with fixed distances between each of the fields to ensure no
overlapping of any of the fields. The digitized images were then analysed
using Northern Eclipse software (Empix Imaging, Mississauga, ON,
Canada). The areas occupied by blood proteins fibrinogen and 1gG were
quantified by measuring the number of pixels per image above a predeter-
mined level over background threshold as described previously [13]. This
threshold was determined as the level to remove background ir in the
absence of primary antibody. Area density was used as a measure of
the overall proportion of pixels having a staining intensity greater than the
corresponding threshold.

In vivo studies: animals and surgical procedures

All animal procedures were carried out according to protocols approved by
the UBC Animal Care Ethics Committee, adhering to guidelines of the
Canadian Council on Animal Care. Male Sprague-Dawley rats (250-300 g;
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Charles River Laboratories, St. Constant, PQ, Canada) were anaesthetized
with intra-peritoneal (i.p.) injection of ketamine (72 mg/kg; Bimeda-MTC,
Cambridge, ON, Canada) and xylazine (9 mg/kg; Bayer Inc., Etobicoke, ON,
Canada) and placed in a stereotaxic apparatus (David Kopf Instruments,
Tujunga, CA, Canada). A midline skin incision was made in the scalp to
expose the skull and stereotaxic unilateral injection of amyloid-B (AB) pep-
tide was performed as previously described [14, 15]. Injection coordinates
for the hippocampus were as follows: —3.3 mm anteriorposterior, —1.6 mm
mediallateral and —3.2 mm dorsoventral from bregma. Peptides (2 nmol
in 1 wl) were slowly injected (0.2 (I/min.) into the superior blade of the den-
tate gyrus of hippocampus.

Preparation and administration of
Ap peptide and fibrinogen

Amyloid-g peptide (Ap1-42)

Procedures followed published protocols [9, 15, 16]. Peptides (full length
AB1-42 or reverse peptide AB4o-1; California Peptide, Napa, CA, USA) were
first dissolved in 35% acetonitrile (Sigma-Aldrich) and further diluted to
500 pM with incremental additions of PBS with vortexing. The peptide
solution was subsequently incubated at 37°C for 18 hrs to promote fibrili-
zation and aggregation and stored at —20°C.

Fibrinogen

In some experiments fibrinogen was injected, in addition to AB1-42, as
an inflammatory stimulus. These studies used fibrinogen at a concentra-
tion of 4 mg/ml (dissolved in PBS; Sigma-Aldrich). This concentration
of fibrinogen employed for stereotaxic in vivo injection was selected
based on a previous analysis of normal fibrinogen concentration in the
blood, which ranged from 1.5-4 mg/ml [17, 18]. The injection solution
used in the study is a volume of 1 wl of PBS containing 2 nmol of
AB1-42 or 4 pg of fibrinogen. In order to maintain the original injection
volume (1 pl) for combined treatment of AB1-42 plus fibrinogen, we have
prepared injection solutions by serial dilution of high stock solution of
each compound.

Administration of pharmacological modulators

In this study we have employed two different pharmacological strategies to
modulate inflammatory responses using the defibrinogenating compound
ancrod and a monoclonal antibody for CD11b (anti-Mac-1) expressed in
monocyte-macrophage cells. In this work, we refer specifically to microglia
as the cells expressing CD11b.

Ancrod

This compound is derived from the venom of the Malayan pit viper. Ancrod
cleaves the A-chains of fibrinogen resulting in generation of soluble fibrin
degradation products that are removed from the circulation [19]. Ancrod
was obtained from the National Institute for Biological Standards and
Control (NIBSC, Potters Bar, UK) and dissolved in distilled water at a con-
centration of 55 I.U. Animals were injected i.p. with ancrod at 10 I.U.
(ml/kg) 1 day before the AB1-42 injection, followed by twice daily injections
for 7 days. This administration regimen for ancrod has previously been
reported effective in defibrination [20, 21].
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Anti-Mac-1 antibody

This neutralizing monoclonal antibody against rat adhesive receptor Mac-1
was obtained from BD Pharmingen (San Diego, CA, USA). It reacts with the
a-chain of rat Mac-1 (CD11b/CD18, «[M]B2 integrin) and is reported to
block the binding of fibrinogen to Mac-1 on microglia [22]. Anti-Mac-1
(10 o) was injected into the intra-cerebroventricle at 30 min. prior to
AB1-42 treatment. Rat IgG2b was used as the isotype control antibody for
AB1-42-injected animals.

Immunohistochemistry procedures
and analysis of rat brain

The procedures follow published protocols [13, 14]. Full details of
immunohistochemical methods are found in Supplementary Methods.

Statistical Analysis

Values are expressed as means = S.E.M.. Statistical significance was
assessed by Student’s t-tests or ANOVA, followed by Newman-Keuls
multiple comparison test (GraphPad Prism 3.0 Graph Pad Software, San
Diego, CA). Significance was set at P < 0.05; specific P-values are included
in the text.

Results

Patterns of fibrinogen staining in AD
and ND brain sections

An impetus for this study was the finding of a marked enhancement
in expression of fibrinogen ir in AD, compared to ND, brains.
Representative staining for fibrinogen in entorhinal cortical regions is
presented for AD/ND brain tissue in Fig. 1A with the left and middle
panels showing respective, low (4<) and high (60<), magnifications.
AD tissue was characterized by a diffuse pattern of fibrinogen ir, which
was generally absent in ND tissue. In ND brain, fibrinogen ir appeared
restricted to the lumens of blood vessels, whereas, in AD brain tissue,
the glycoprotein showed intense staining both within and external to
vessels. The inset in Fig. 1A (right lower panel) shows a typical pat-
tern of fibrinogen ir in AD tissue with most staining localized to
regions in proximity to blood vessels (arrow indicates one example).
In this work, the specificity of fibrinogen antibody staining was
demonstrated by the findings of negligible staining with either omis-
sion of the primary antibody or with pre-incubation of antibody with
fibrinogen prior to tissue incubation with antibody (Fig. 1A, right
upper panel). The quantification of fibrinogen ir is presented as area
density in Fig. 1B with data collated from a total of eight AD and seven
ND brain entorhinal cortical samples. Overall, fibrinogen positive ir
areas were increased 4.5-fold in AD, compared to ND, tissue (P=0.003).
We also investigated fibrinogen staining in other areas of brain.
Moderate fibrinogen ir was evident in occipital cortex with very low
levels expressed in thalamus and cerebellum (data not shown).
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Fig. 1 Fibrinogen immunostaining of tissues from the entorhinal cortex of non-demented (ND) and Alzheimer’s disease (AD) brain. (A) Low (left pan-
els, scale bar = 500 pm) and high (right panels, scale bar = 100 pm) magnifications of fibrinogen immunoreactivity (ir). The lower right panel shows a
detailed view of an AD section with arrow indicating fibrinogen ir in proximity to a blood vessel. The upper right panel is a representative image of an
AD section stained with fibrinogen pre-absorbed with fibrinogen antibody. (B) Quantification of fibrinogen ir in ND (n = 7 cases) and AD (n = 8 cases)
brain tissue; *indicates P < 0.05. (C) Representative double staining of fibrinogen with A peptide deposits. Scale bar represents 200 pm. The magni-
fied inset in the lower right panel (scale bar: 30 ym) shows a detailed view of an AD section indicating fibrinogen ir in proximity to peptide.

We also examined for fibrinogen association with deposits of
AB. ND brain sections showed very low levels of AR (upper left panel,
Fig. 1C) and no evidence for any double staining of fibrinogen with
AB (upper right panel, Fig. 1C). However, AD brain tissue demon-
strated considerable areas of both Ag deposition and fibrinogen ir
(lower left and middle panels, Fig. 1C). The patterns of fibrinogen ir
indicated regions where the serum protein was in proximity to amy-
loid plaque deposits (see magnified inset in lower right panel) and
regions with no evident co-localization of markers (lower right panel).

Patterns of vascular staining (vWF ir) and BBB
leakiness (IgG permeability) in AD
and ND brain sections

To provide a more detailed investigation of changes in vasculature,
we also employed immunohistochemical staining for VWF, a
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glycoprotein produced by endothelial cells, in the same tissue sec-
tions used for fibrinogen expression. Additionally, integrity of BBB
was examined by measuring permeability of IgG through the bar-
rier. Representative double staining for vVWF and fibrinogen in AD
and ND sections are presented in Fig. 2A. The vVWF staining in ND
tissue was characterized by clearly delineated blood vessels
(upper left panel) whereas in AD sections VWF ir showed a pattern
of discontinuous and distorted vessel staining with accumulation
of VWF particles outside the vessel (lower left panel). The appear-
ance of small clusters of VWF has been interpreted as indicative of
abnormalities and dysfunction of endothelium [23]. In ND brain,
fibrinogen ir showed considerable areas of overlap with vVWF
(upper right panel) indicating well-defined blood vessels. AD
tissue demonstrated diffuse regions of fibrinogen ir with consider-
able extents of staining located external to blood vessels and sep-
arate from vWF ir (lower right panel). The overall results point to a
generalized pattern of vascular abnormalities in AD tissue including
evidence for leakiness of BBB to endogenous blood proteins.

© 2008 The Authors
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The pattern of fibrinogen staining in parenchymal entorhinal
cortical regions of AD brain tissue indicated leakiness and
increased permeability of BBB. This point was further investigated
by staining for IgG as a marker for integrity of the barrier [8]. A low
magnification photomicrograph of entorhinal cortical 1gG ir is pre-
sented for ND and AD sections (Fig. 2B). A considerably increased
intensity of 1gG staining was evident in AD, relative to ND, brain.
The overall density of IgG, from analysis of eight AD and seven ND
samples, is presented in Fig. 2C. AD tissue demonstrated a 2.4-fold
increase in IgG ir compared with ND tissue (P = 0.003).

Association of fibrinogen expression
with microgliosis and astrogliosis

We have recently demonstrated activated microglia are associated
with vascular remodelling and leaky BBB in AB1-42 peptide-injected
rodent brain [9]. We used double immunostaining to qualitatively
examine association of fibrinogen ir with expression of HLA-DR*
microglia and GFAP* astrocytes. For microglia, relatively low lev-
els of fibrinogen and HLA-DR ir were evident in ND tissue (top
panels, Fig. 3A) whereas AD tissue exhibited considerably elevated

© 2008 The Authors
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Fig. 2 Representative fluore-
scent double staining for
fibrinogen, von Willebrand
factor (VWF) and immuno-
globulin (lgG). (A) Double
immunofluorescent staining
for vVWF (red, left panels) and
fibrinogen (green, middle
panels) in non-demented
(ND) and Alzheimer’s disease
(AD) sections; the merged
image is presented in right
panels. Scale bar shown is 60
pm. (B) IgG immunoreactivity
(ir) for ND/AD tissue with low
magnification. Scale bar =
100 pm. (C) Quantification of
1gG irin ND (n =7 cases) and
AD (n = 8 cases) sections.
*Indicates P < 0.05.
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levels of both markers (lower panels, Fig. 3A). Areas of overlap
between cellular and glycoprotein ir were evident in AD tissue
(merged staining in lower right panel), which were absent from
ND entorhinal cortical sections (upper right panel).

A low level of astrocyte ir was observed in ND tissue sections
(upper panels, Fig. 3B) with enhanced reactivity demonstrated in
AD tissue (lower panels, Fig. 3B). In the latter case regions of
overlap of fibrinogen with GFAP* astrocytes was demonstrated.
Overall, however, microglia exhibited a considerably larger extent
of co-association with fibrinogen, compared with astrocytes, in
AD brain tissue.

Patterns of staining for vessels, microglia and Ap

We were interested in the question as to whether AD sections
would show a composite of association between vessels, Ag and
microglia. Additionally, we examined if microglia in AD brain
exhibited a morphology that was consistent with their activation.
Representative high magnifications of ND and AD entorhinal cor-
tical sections are presented in Fig. 4. The blood vessel (V) in ND
brain shows only a low level of associated A ir, with no evident
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Fibrinogen

Fibrinogen/microglia double staining

Fig. 3 Representative double immunofluorescence staining of fibrinogen with microglia (HLA-DR marker) and astrocytes (GFAP marker) in the entorhi-
nal cortex of non-demented (ND) and Alzheimer’s disease (AD) brain. (A) ND tissue (upper panels) showed low levels of fibrinogen immunoreactivity
with microglia whereas AD tissue (lower panels) was characterized by extensive areas of diffuse fibrinogen deposition in association with microglia.
Scale bar = 100 um. (B) Representative staining for astrocytes in ND (upper panels) and AD (lower panels) sections. Double staining shows merged

areas of markers. Scale bar = 100 pm.

interactions with HLA-DR* microglia. Moreover the few microglia
evident in the panel exhibit a ramified morphology with extensive
processes (Fig. 4, upper panel). Ramified shapes have been sug-
gested as indicative of quiescent microglia [24]. A very different
profile was observed in AD sections where deposits of AR were
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localized in close apposition to vessels. Furthermore, microglia
were characterized by a predominant ameboid morphology, distin-
guished by retracted processes and swollen cell bodies, indicating
reactive cells (Fig. 4, lower panel). These patterns of immunos-
taining were consistent throughout entorhinal cortical regions.

© 2008 The Authors
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HLA-DR/AB

Fig. 4 Representative double immunohistochemical staining for microglia
(HLA-DR marker) and AB (6F/3D marker) in the entorhinal cortex of non-
demented (ND) and Alzheimer’s disease (AD) tissue. Sections were incu-
bated with HLA-DR and A followed by visualization using DAB/nickel
ammonium sulphate (anti-HLA-DR, dark purple colour) or DAB (anti-AB,
brown colour). Staining shows blood vessels (v) with AD tissue demon-
strating close association between AB, microglia and vessel. Scale bar
represents 50 pm. Note the predominant ramified and ameboid mor-
phologies of microglia in ND and AD tissue, respectively.

Effects of AB1-42 intra-hippocampal injection on
microgliosis, astrogliosis and vasculature

The results described above indicate AD brain tissue is character-
ized by an inflammatory microenvironment including evidence for

© 2008 The Authors
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an increased vascular permeability to the blood protein fibrinogen
and also infiltration of 1gG, abnormalities in vessels indicated by
patterns of VWF staining and the presence of activated and prolif-
erating microglia. These findings prompted a detailed analysis of
these factors and neuronal viability using an in vivo animal model
of inflamed brain with hippocampal injection of AB1-42 peptide. A
particular focus of these experiments was the investigation of
effects of pharmacological modulations targeting reduction of lev-
els of fibrinogen or inhibition of microglial activation.

We initially examined fibrinogen ir and microglial responses
at time-points of 1, 3 and 7 days after AB1-42 injection. Two con-
trols were employed in the experiments; injection of PBS or
reverse peptide ABao-1 (for 7 days). Representative double stain-
ing for fibrinogen and 0X-42* microglia for the two controls are
presented in Fig. 5A (upper two panels). A low level of ir was
demonstrated for fibrinogen or microglia with either PBS or AB42-1
injection. Intra-hippocampal AB1-42 injection caused time-depend-
ent (3—7 days after ABi-42 injection) increases in fibrinogen ir
and numbers of microglia (lower three panels of Fig. 5A). At 7
days of ABi-42 injection, double staining showed considerable
overlaps between areas of fibrinogen and microglial staining
(lower right panel, Fig. 5A). Areas of fibrinogen ir appeared asso-
ciated with AR as indicated in the double staining photomicro-
graph (Fig. 5B). Previous work from this laboratory has demon-
strated co-localization of microglia with AB-immunoreactive
plaques [25].

Astrocytic responses were also examined with fibrinogen at
the single time-point of 7 days after AR1-42 injection. Double stain-
ing for controls (PBS or reverse peptide injection) indicated little
or no association of fibrinogen ir with GFAP* astrocytes (right pan-
els, Fig. 6). Representative staining following AB1-42 injection
(lower panels, Fig. 6) indicated astrocytic proliferative responses
with little evidence for areas of overlap with fibrinogen staining
(see insert in lower right panel, Fig. 6). Qverall, regions of coinci-
dent fibrinogen staining with astrocytes were considerably less
than observed with microglialfibrinogen association.

Effects of the defibrinogenating compound,
ancrod on vascular integrity, gliosis and neuronal
integrity in AB1-s2-injected hippocampus

Ancrod and vascular integrity

The results presented above point to vascular remodelling allow-
ing glycoprotein extravasation in AD tissue and as a component
of inflammatory response in AB1-42-injected rat hippocampus.
Evidence also suggested microgliosis was correlated with
perturbations in vasculature including leakiness in BBB. We next
investigated effects of pharmacological intervention on the com-
ponents of inflammation. Two different approaches were
employed in these experiments; use of the specific defibrino-
genating compound, ancrod, to inhibit systemic circulating levels
of the glycoprotein (see Methods) and anti-Mac-1 to inhibit
microglial activation (see below).
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Representative staining for fibrinogen and IgG, in the absence
and presence of ancrod treatment with 7 days injection of AB1-42,
are presented in Fig. 7A. Both vascular markers exhibited intense
staining following AB1-42 injection with considerable extents of ir
co-localized with vessels. Ancrod treatment reduced ir levels for
both markers. Quantification for the effects of ancrod intervention
on the vascular proteins are presented in Fig. 7B (overall results
from n = 6 animals). Ancrod was highly effective in reduction of
fibrinogen ir with a decrease of 80% compared with no drug treat-
ment of AB1-42-injected hippocampus (P =0.001). The correspon-
ding reduction in IgG levels with ancrod was 52% also represent-
ing a significant decrease (P = 0.01).
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Fig. 5 Fibrinogen and microglia (0X-42)
double immunofluorescent staining in
AB1-s2-injected rat hippocampus. (A) In
controls (7 days injection of PBS, upper
panel or reverse peptide AB4o-1, second
panel) low levels of fibrinogen (left col-
umn) and numbers of microglia (middle
column) are evident. The right column
shows merged staining. Subsequent
panels show progressive time-dependent
changes in fibrinogen/0X-42/ merged
immunoreactivity for 1, 3 and 7-day
durations of AB1-42 injection. Scale bar
represents 200 pm. (B) Double staining
for AB1-42 and fibrinogen (7 days after
injection). Scale bar = 80 ym.

We also estimated the effects of ancrod treatment on plasma
fibrinogen levels from ancrod and control (saline-injected) ani-
mals. Western blot assay (see Supplementary Methods) showed
controls expressed intact fibrinogen with no evidence for any fib-
rin degradation products (data not shown). However, ancrod-
treated animals demonstrated considerable evidence for fibrin
degradation products with immunoblots showing fibrin frag-
ments with only a low level of residual fibrinogen (data not
shown). On the basis of band intensities, we would estimate that
fibrinogen depletion in animals receiving ancrod was in excess of
65% of total levels. This estimate is consistent with previous
results, with similar administrations of ancrod, which report
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GFAP

Fibrinogen/GFAP

Fig. 6 Fibrinogen and astrocyte (GFAP) double immunofluorescent staining in AB1-42-injected (7 days) hippocampus. GFAP immunoreactivity (ir; mid-
dle panels) was increased with AB1-42 compared to controls (PBS and AB42-1). Typical merged staining is shown in the right panels. Scale bar = 200
um. The inset in the lower right panel presents a higher magnification showing negligible association of fibrinogen with GFAP ir astrocytes.

reductions in plasma fibrinogen levels or fibrinogen-dependent
processes of 60-70% [20, 21].

Ancrod effects on gliosis and neuronal integrity:

Typical patterns of microglial (Iba-1), astrocyte (GFAP) and neu-
ronal (NeuN) staining are shown in Fig. 8A with PBS (left panels),
AB1-42 alone (middle panels) and AB1-42 with ancrod treatment
(right panels). Markers for microgliosis (Iba-1) and astrogliosis
(GFAP) showed high intensity staining in AB1-42, but not PBS,
injected brain. Ancrod treatment of ARi-s2-injected animals
reduced both gliotic markers. Quantification of data (n = 6 ani-
mals) showed microgliosis significantly diminished (by 44%) in
the presence of ancrod (Fig. 8B) (P = 0.006). Although astroglio-
sis was lower in ancrod-injected animals (by 17%), this effect did
not reach significance (P = 0.308).

Neuronal viability in the granule cell layer was determined by
measuring NeuN ir for the three different animal groups.
Representative data (lower panels, Fig 8A) show a considerable
decrease in numbers of neurons in AB1-42-injected hippocampus

© 2008 The Authors

compared to control PBS injection. Treatment of AB1-42-injected
animals with ancrod was effective in increasing viability of neu-
rons. Quantitative analysis (= 6 animals) demonstrated the efficacy
of ancrod treatment in providing a significant degree of neuropro-
tection with the numbers of dentate gyrus neurons increased by
26% compared with PBS-injected animals (Fig. 8B) (P = 0.043).

Effects of enhanced in vivo stimulation with
ApB1-42 comhined with fibrinogen and inhibition
of microglial activation using anti-Mac-1

The presence of fibrinogen ir in parenchymal regions for both AD
brain and in vivo following injection of AB1-42 into the rat hip-
pocampus, suggested the relevance in testing for the effects of
combining AB1-42 plus fibrinogen as an enhanced stimulus for
microgliosis, vascular remodelling and intactness of BBB and neu-
ronal damage. We further hypothesized that inflammatory
responses mediated by activated microglia could be involved in
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Fig. 7 Effects of the defibrinogenating compound, ancrod, on parenchymal fibrinogen and IgG in AB1-42-injected hippocampus. (A) Representative
immunoreactivity (ir) for fibrinogen (upper left panel) and IgG (lower left panel) in 7 days AB1-42-injected hippocampus. Effects of ancrod treatment with
AB1-42 are presented in the right panels. The 1gG staining pattern shows well-defined blood vessels. Scale bars are 100 pm (for fibrinogen) and 50 pm
(for IgG). (B) Quantification of ancrod effects on fibrinogen ir (upper bar graph) and IgG ir (lower bar graph). Data are means + S.E.M. from six ani-

mals. *Denotes significant difference for P < 0.05.

perturbations in vascular processes. Thus, we also investigated
for effects of reducing microglial activation using anti-Mac-1 anti-
body [22], in the presence of AB1-42 plus fibrinogen stimulation.

Initial experiments examined the effects of combined stimula-
tion (AB1-42 + fibrinogen for 7 days) and use of anti-Mac-1 on
microgliosis (Iba-1 marker). Representative staining shows rela-
tively low expression of Iba-1 in controls (PBS and reverse pep-
tide, left panels of Fig. 9A). Microgliosis was increased with AB1-42
injection (upper middle panel) and further amplified in the pres-
ence of the combined stimuli (upper right panel). Anti-Mac-1
administration was effective in inhibiting Iba-1 ir for both AB1-42
(lower middle panel) and for AB1-42 plus fibrinogen (lower right
panel), injections.

Quantification of data (n = 6 animals) is presented in Fig. 9B.
Expression of Iba-1 was increased 45% with the combined stimu-
lation compared with AB1-42 alone (P = 0.002) with anti-Mac-1
effective in reducing this expression (by 24%) (P = 0.034).
Administration of anti-Mac-1 also significantly inhibited Iba-1 ir
with AB1-42 injection alone (by 44%) (P = 0.005). Control injec-
tions with PBS or reverse peptide demonstrated regions of intact
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dentate gryrus neurons (left panels, Fig. 9C). Considerable neu-
ronal loss accompanied AB1-42 injection, which was further exac-
erbated with inclusion of fibrinogen with Ap1-42 (upper middle and
right panels, Fig. 9C). Administration of anti-Mac-1 protected
against neuronal loss for both combined stimuli (lower right
panel, Fig. 9C) and AB1-42 alone (lower middle panel, Fig. 9C).

Quantification of data (Fig. 9D) showed AB1-42 plus fibrinogen
injection increased neuronal loss by 45% compared to AR1-42
alone (P =0.006). Treatment with anti-Mac-1 increased numbers
of neurons by 35% with stimuli combined and by 26% with AB1-42
injection; these values represented significant degrees of neuro-
protection with anti-Mac-1 (P = 0.004).

Intactness of BBB was also determined in these experiments
using staining for 1gG. Low levels of IgG activity were measured in
PBS and reverse peptide controls (left panels of Fig. 10A) with
AB1-42 plus fibrinogen exhibiting an enhanced 1gG ir (upper right
panel) compared with AB1-42 injection alone (upper middle panel).
Anti-Mac-1 treatment reduced expression of 1gG with both com-
bined stimulation and with AB1-42 injected alone (right and middle
lower panels).

© 2008 The Authors
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Overall (n=6 animals), the area density of IgG was increased by
98% with AB1-42 plus fibrinogen compared with AB1-42 alone
(Fig. 10B) (P =0.004). IgG expression was attenuated by 38% by
anti-Mac-1 in the presence of the combined stimuli (P = 0.01). The
corresponding value for anti-Mac-1 inhibition of 1gG with AB1-42
injection alone was 65%. These reductions in IgG levels, induced by
the inhibition of microglial activation, were significant (P = 0.006).

It can be noted that fibrinogen injection alone significantly
increased markers Iba-1 and IgG and decreased NeuN. The follow-
ing changes in markers, relative to PBS control, were measured
after fibrinogen injection (values with AB1-42 stimulation are
included in brackets): Iba-1 increased by 134% (395% with AB1-42)
(P =0.005), 1gG increased by 31-fold (46-fold with AB1-42) (P =
0.008) and NeuN decreased by 16% (36% with AB1-42) (P=0.03).

Discussion

Our results provide novel evidence for correlations between
microglial ir, vascular remodelling, fibrinogen extravasation and

© 2008 The Authors

neuronal viability in AD brain tissue and in AB1-s2-injected hip-
pocampus. Overall, the data support the premise that perturba-
tions in vasculature and elevated parenchymal plasma glycopro-
teins are integral components of inflammatory reactivity in AD
brain. The overall results suggest that intra-hippocampal injection
of AB1-42 induces an inflammatory microenvironment in brain,
which involves microglial-vascular interactions. Inhibition of
microglial reactivity or vascular perturbations serve as independ-
ent strategies for neuroprotection.

Immunohistochemical analysis demonstrated AD, but not
ND, brain tissue expressed areas of diffuse parenchymal fib-
rinogen ir indicative of a weakened BBB. Considerable extents
of fibrinogen ir appeared in association with deposits of A in
AD brain indicating that AR deposits may serve as a locus for
inflammatory reactivity. The patterns of extravascular fibrino-
gen also showed staining localized nearby vessels. Fibrinogen
ir was also detected within vessels and appeared co-localized
with vVWF, an endothelial glycoprotein. However, the patterns
of vVWF staining were discontinuous and demonstrated irregu-
larities in vessel walls which were absent in ND brain tissue.
The patterns of vWF ir in AD sections closely resembled
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staining of vVWF in cerebral cortex, which was attributed to a
damaged vessel [26].

Elevated levels of fibrinogen have been reported in AD, relative
to ND, brain [5, 6] and in transgenic AD mice [7] with increased
plasma fibrinogen reported to increase the risk of AD and vascu-
lar dementia [27]. Abnormalities in BBB are predominant in
entorhinal cortex, however, we also analysed other areas of AD
brain tissue for fibrinogen ir. The results showed a moderate fib-
rinogen ir in occipital cortex with low values in thalamus and cere-
bellum (data not shown). AB1-42-injected rat brain also demon-
strated considerable leakiness of BBB, which was absent with con-
trol injections (PBS or reverse peptide). Intense IgG ir was
observed in parenchymal regions, with staining prominent near
vessels, with AB1-42 injection (Fig. 2B).

Gliosis, both micro (Fig. 3A) and astro (Fig. 3B) were consid-
erably higher in AD, compared with ND, brain tissue. Double
staining analysis indicated areas of overlap of microgliosis with
fibrinogen ir in AD brain (Fig. 3A). Interestingly, representative
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patterns of staining showed numerous examples where
microglial-fibrinogen ir was in apparent association with blood
vessels. Instances of co-localization of microglia with AB were
also documented in AD tissue and representative double staining
included examples where microglia-AB ir was in apposition to
blood vessels (Fig 4). Although microglial ir with fibrinogen, A or
vessels was not quantified in AD brain tissue, such associations
were relatively common. The predominant ameboid morphology
of AD microglia suggested cells were in activated states [24, 28].

The findings from analysis of AD and ND tissue prompted
detailed in vivo experiments using intra-hippocampal injection of
AB1-42, alone or combined with fibrinogen and pharmacological
modifications of fibrinogen levels and microglial activation.
Injection of AB1-42 caused time-dependent (37 days) increases in
expression of fibrinogen and microgliosis whereas controls
(7 days injection of PBS or AB42-1) exhibited low levels of both
(Fig. 5A). Double staining showed areas of association of fibrino-
gen with proliferating microglia, which increased with duration of
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AB1-42 injection. Merged staining also indicated evidence for fib-
rinogen expression coincident with AB1-42 ir (Fig. 5B). Overall, the
in vivo patterns of gliosis were similar to those observed in AD
brain tissue. The AB1-42-injected animal model has recently been
shown to have particular utility in emphasizing inflammatory reac-
tivity with relevance to cognitive deficits in AD brains [29, 30]. The
double staining data presented in Fig. 3 indicate areas of co-local-
ization between fibrinogen and HLA-DR* microglia in AD, but not
ND, brain tissue. Regions of co-localization were also evident for
the plasma protein and 0X-42, a marker for microglia, at 7 days
after injection of AB1-42 (Fig. 5). These results suggest that pat-
terns of immunostaining indicate fibrinogen binding to the Mac-1
receptor site in activated microglia. This interpretation would be
consistent with effects of anti-Mac-1 antibody acting at the recep-
tor site to attenuate microglial-mediated inflammatory responses
(Fig. 9A). It is possible that some fibrinogen could also be internal-
ized in cells a point requiring confocal microscopy for resolution.

Administration of the protease, ancrod, was effective in
reducing plasma fibrinogen (‘Methods’) and significantly attenu-
ated parenchymal fibrinogen and IgG ir consistent with a common
effect of the compound to diminish leakiness of BBB to these pro-
teins. Ancrod was also highly effective in reducing microgliosis,
but not astrogliosis, in AB1-42-injected hippocampus (Fig. 8).
Importantly, ancrod also demonstrated an efficacy for protection
of hippocampal neurons. One possibility consistent with these
data, is that reduced levels of fibrinogen diminished microglial
inflammatory responses resulting in an increased viability of
bystander neurons. A recent analysis of several mouse models of
AD [7] has demonstrated fibrin deposition as a mediator of neu-

© 2008 The Authors

rovascular pathology with increased levels of A peptide and
microgliosis implicated in vascular damage. Increased fibrin was
associated with enhanced vascular, but not neuronal, damage with
inhibition of plasma fibrinogen diminishing neurovascular pathol-
ogy. It is noteworthy that our present study measured significant
loss of granule cell neurons, with ancrod conferring neuroprotec-
tion, in AB1-42-injected rat brain. A possible explanation is that
AB1-42-injection causes an enhanced inflammatory reactivity, and
consequent neuronal damage, compared to transgenic animals.

It was hypothesized that if microglial responses to AB1-42 con-
tributed to vascular remodelling and neuronal damage, then phar-
macological inhibition of microglial activation could confer neuro-
protection and also reduce vascular abnormalities. Furthermore,
we postulated that injection of fibrinogen with AB1-42 could
enhance inflammatory reactivity and neuronal damage relative to
that measured with AB1-42 injection alone. Both premises were
examined using anti-Mac-1 antibody, which binds to the same
microglial CD11b/CD18 integrin as does fibrinogen [22, 31].
Microgliosis was markedly increased with AB1-42, compared with
PBS, injection (Fig. 9B) and increased further with the combination
of fibrinogen plus AB1-42. Anti-Mac-1 was effective in reducing
microglial activity for both stimuli combined and for AB1-42-injec-
tion alone. Neuronal viability was significantly lower, relative to
controls, with AB1-42 injection alone and further diminished with
fibrinogen plus AB1-42 (Fig. 9D). In both cases anti-Mac-1 pro-
vided significant neuroprotection.

We considered that if microglial reactivity underlined changes in
neuronal damage, then decreasing the severity of brain insult using
AB1-42 alone (compared with AB1-42 plus fibrinogen) and inhibiting
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cell activation (with anti-Mac-1) could have effects to increase the
integrity of BBB. In these experiments permeability of BBB was
determined by extents of 1gG infiltration. IgG ir was minimal in con-
trols but markedly increased following AB1-42 injection and enhanced
further in the presence of both stimuli (Fig. 10). Inclusion of anti-
Mac-1 was highly effective in diminishing IgG for both combined
stimuli and AB1-42 alone. These results are consistent with reduced
microglial reactivity linked to an increased intactness of BBB.

Our data provide evidence that microglial responses to AB1-42
can lead to extensive vascular remodelling, which induces BBB
leakage and subsequent plasma protein infiltration. Thus,
microglia may not only initiate an inflammatory response to AB1-42
but also amplify and sustain inflammation in response to fibrino-
gen extravasation. In this case a chronic inflammatory environ-
ment could be maintained by reciprocal signalling between acti-
vated microglia and perturbed vasculature. It is noteworthy that
our study showed considerable consistency between results
obtained in vivo and from analysis of AD brain tissue. Clearly,
injection of AB1-42 combined with fibrinogen, or for that matter
AB1-42 alone, represents a simplified model of AD brain.
Nevertheless, the model could have particular utility in emphasiz-
ing a localized inflammatory microenvironment in AD brain [32,
33]. This point is demonstrated by the utility of anti-Mac-1 to not
only inhibit microglial reactivity but also to decrease BBB perme-

Overall, our results are consistent with deposits of AB1-42 ini-
tiating a localized microglial reactivity, which subsequently
induces vascular perturbations manifest in a leaky BBB and
extravasation of fibrinogen. Infiltration of fibrinogen into
parenchymal regions acts to amplify and sustain chronic inflam-
matory microenvironments, which are proposed as toxic to
bystander neurons. At present, our data provide correlations
between inflammatory responses, intactness of BBB, infiltration of
glycoproteins and neuronal viability. However, correlative relation-
ships between these processes compose an integral framework
for future investigation into the underlying mechanisms and fac-
tors, which link microglial inflammatory responses to perturba-
tions in vasculature and neuronal damage and loss of cognitive
function in AD brain.
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