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Cerebrovascular disorders caused
by hyperfibrinogenaemia

Nino Muradashvili, Reeta Tyagi, Neetu Tyagi, Suresh C. Tyagi and David Lominadze

Department of Physiology, University of Louisville, School of Medicine, Louisville, KY, USA

Key points

� Hyperfibrinogenaemia (HFg) results in vascular remodelling, and fibrinogen (Fg) and amyloid
β (Aβ) complex formation is a hallmark of Alzheimer’s disease. However, the interconnection
of these effects, their mechanisms and implications in cerebrovascular diseases are not known.

� Using a mouse model of HFg, we showed that at an elevated blood level, Fg increases
cerebrovascular permeability via mainly caveolar protein transcytosis.

� This enhances deposition of Fg in subendothelial matrix and interstitium making the
immobilized Fg a readily accessible substrate for binding Aβ and cellular prion protein (PrPC),
the protein that is thought to have a greater effect on memory than Aβ.

� We showed that enhanced formation of Fg–Aβ and Fg–PrPC complexes are associated with
reduction in short-term memory.

� The present study delineates a new mechanistic pathway for vasculo-neuronal dysfunctions
found in inflammatory cardiovascular and cerebrovascular diseases associated with an elevated
blood level of Fg.

Abstract Many cardiovascular diseases are associated with inflammation and as such are
accompanied by an increased blood level of fibrinogen (Fg). Besides its well-known prothrombotic
effects Fg seems to have other destructive roles in developing microvascular dysfunction that
include changes in vascular reactivity and permeability. Increased permeability of brain micro-
vessels has the most profound effects as it may lead to cerebrovascular remodelling and result in
memory reduction. The goal of the present study was to define mechanisms of cerebrovascular
permeability and associated reduction in memory induced by elevated blood content of Fg.
Genetically modified, transgenic hyperfibrinogenic (HFg) mice were used to study cerebrovascular
transcellular and paracellular permeability in vivo. The extent of caveolar formation and the
role of caveolin-1 signalling were evaluated by immunohistochemistry (IHC) and Western blot
(WB) analysis in brain samples from experimental animals. Formation of Fg complexes with
amyloid β (Aβ) and with cellular prion protein (PrPC) were also assessed with IHC and WB
analysis. Short-term memory of mice was assessed by novel object recognition and Y-maze
tests. Caveolar protein transcytosis was found to have a prevailing role in overall increased
cerebrovascular permeability in HFg mice. These results were associated with enhanced formation
of caveolae. Increased formation of Fg–PrPC and Fg–Aβ complexes were correlated with reduction
in short-term memory in HFg mice. Using the model of hyperfibrinogenaemia, the present study
shows a novel mechanistic pathway of inflammation-induced and Fg-mediated reduction in
short-term memory.
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Abbreviations Aβ, amyloid β; AD, Alzheimer’s disease; AOI, area of interest; APP, amyloid β precursor protein;
BSA, bovine serum albumin; BSA-647, Alexa Fluor 647-conjugated bovine serum albumin; Cav-1, caveolin-1; Co-IP,
co-immunoprecipitation; DAPI, 4,6-diamidino-2-phenyl-indole HCl; DR, discrimination ratio; EC, endothelial cell;
Fg, fibrinogen; FITC, fluorescein isothiocyanate; FIU, fluorescence intensity units; Fluor, fluorescein reference standard;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HFg, hyperfibrinogenaemia, hyperfibrinogenic; HMW, high
molecular weight; IHC, immunohistochemistry; IOD, integrated optical density; JP, junction protein; LEA, Lycopersicon
esculentum agglutinin tomato lectin; LMW, low molecular weight; NDS, normal donkey serum; NORT, novel
object recognition test; pCav-1, phosphorylated Cav-1; PrPC, prion protein (cellular); PV-1, plasmalemma vesicle
associated protein-1; RIPA, radioimmunoprecipitation assay buffer; SEM, subendothelial matrix; siRNA, small inter-
fering ribonucleic acid; TBS, Tris-buffered saline; TBS-T, Tris-buffered saline with Triton X-100; TXR, Texas Red; WB,
Western blot; WT, wild-type, C57BL/6J.

Introduction

Many diseases such as stroke, hypertension, Alzheimer’s
disease (AD), diabetes, atherosclerosis and traumatic brain
injury are associated with inflammation. Inflammation
is accompanied by elevation of inflammatory mediators
including plasma adhesion glycoprotein fibrinogen
(Fg), which is considered a high risk factor for many
cardiovascular and cerebrovascular diseases (Danesh
et al. 2005). If the blood level of Fg is higher than normal
(�2 mg ml−1) this is called hyperfibrinogenaemia (HFg
� 4 mg ml−1); it is considered not only a marker of
inflammation (Danesh et al. 2005) but also a cause of
inflammatory responses (Tyagi et al. 2008; Patibandla
et al. 2009; Lominadze et al. 2010; Davalos & Akassoglou,
2012; Muradashvili et al. 2012a).

One of the indications of inflammation is an increase
in vascular permeability that results in the movement
of blood plasma components out of the bloodstream
to the interstitium and may cause oedema. The
brain oedema may be characterized by intra- and/or
extracellular fluid accumulation and is mostly featured
by the accumulation of proteins in the tissue (Mehta
& Malik, 2006). The blood–brain barrier impairment
is considered as a main cause of oedema. It occurs in
brain tumours, infections, cerebral ischaemia, traumas,
metabolic disorders, intoxications and hypertensive crisis
(Mehta & Malik, 2006).

Plasma components may pass through the endothelial
barrier via two major transcellular and paracellular
transport pathways (Mehta & Malik, 2006; Simionescu
et al. 2009). The paracellular transport occurs through
the gaps between the endothelial cells (ECs) and involves
alterations in junction proteins (JPs) (Mehta & Malik,
2006). It is considered that this pathway is taken mainly by
low molecular weight (LMW) molecules contrary to the
transcellular transport which is used by high molecular
weight (HMW) molecules, such as proteins. The latter
process occurs through ECs involving the formation of
functional caveolae in ECs and their enhanced motility
(Stan et al. 1999). It is defined as a caveolar protein
transcytosis.

It has been found that at high blood level Fg enhances
EC layer permeability (Patibandla et al. 2009) to proteins,

and can itself leak through the EC layer (Tyagi et al.
2008). After extravasation at sites of inflammation Fg
is immobilized and then converted to fibrin (Rybarczyk
et al. 2003). Since Fg is synthesized in hepatocytes and
circulates in blood, it may appear in the extravascular
space only after crossing the vascular wall.

HFg is associated with an increased risk of dementia
and AD (van Oijen et al. 2005). An interaction between Aβ

and Fg in brain tissue (Ahn et al. 2010) and the possible
formation of Fg–Aβ plaque may be linked to cognitive
dysfunction (Cortes-Canteli & Strickland, 2009; Ahn et al.
2010; Cortes-Canteli et al. 2010). It is known that there is
a strong connection between the Aβ pathology and loss of
memory (Johnson et al. 2010). Defects in Aβ along with
the Aβ precursor protein (APP) are considered a cause
of AD and dementia. However, some studies indicate that
Aβ has a limited effect on memory and point to a greater
role of cellular prion protein (PrPC) (Chung et al. 2010;
Gimbel et al. 2010). It has been shown that Fg interacts
with non-digested scrapie prion protein (PrPSc) (Fischer
et al. 2000). Our previous study also points to the role of
PrPC in memory impairment (Muradashvili et al. 2015).
Therefore, formation of Fg–Aβ and/or Fg–PrPC complexes
may indicate a mechanism for memory reduction seen in
diseases associated with cerebrovascular impairment. As a
result, these findings highlight a new role of Fg during
inflammation-induced dysfunction of a microvascular
bed. In the present study we define possible mechanisms of
HFg-induced vasculo-neuronal dysfunction using a trans-
genic mouse model of HFg.

Methods

Animals

All animal procedures for the study were reviewed and
approved by the Institutional Animal Care and Use
Committee of the University of Louisville in accordance
with National Institute of Health Guidelines for animal
research.

Wild-type (WT) C57BL/6J mice were obtained from
the Jackson Laboratory (Bar Harbor, ME, USA). HFg
transgenic mice on C57BL/6J background (strain name:
C57BL/6-Tg(Fga,Fgb,Fgg)1Unc/Mmnc; Stock Number

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society



J Physiol 594.20 Hyperfibrinogenaemia and cerebrovascular disorders 5943

004104) were purchased from Mutant Mouse Regional
Resource Centre at the University of North Carolina
at Chapel Hill (Chapel Hill, NC, USA). Homozygote
HFg mice were crossbred and the offspring genotyped
(Muradashvili et al. 2012b). Age-matched, 14-week-old
(29–32 g) male WT and HFg mice were used in all
experiments.

Reagents and antibodies

Fluorescein (Fluor) reference standard, Alexa Fluor
647-conjugated bovine serum albumin (BSA-647) and
secondary antibodies conjugated with Alexa Fluor 488,
Alexa Fluor 594, Alexa Fluor 647, and Dynabeads Protein
A for immunoprecipitation were purchased from Life
Technologies/Invitrogen (Grand Island, NY, USA). Pre-
designed in vivo silencer small interfering RNA (siRNA)
against caveolin-1 (Cav-1) (cat. no.: IVF3001) was from
Life Technologies/Ambion (Grand Island, NY, USA).
Goat polyclonal anti-collagen antibody COL4A1/5 (C-19,
epitope near the C-terminus of collagen α type IV,
detects collagen α1 and α5 type IV in mouse) and
4,6-diamidino-2-phenyl-indole HCl (DAPI) were from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rat
anti-mouse plasmalemma vesicle associated protein-1
(PV-1) monoclonal antibody (clone: MECA-32; isotype:
IgG2a) was from AbD Serotec (Raleigh, NC, USA). Rabbit
polyclonal antibody against Cav-1 was obtained from
Novus Biological (Littleton, CO, USA). Purified mouse
anti-phospho-caveolin-1 (pY14) was purchased from BD
Biosciences (San Diego, CA, USA). Polyclonal rabbit
anti-human Fg (detects native Fg as well as Fg fragments
D and E) was from Dako (Carpinteria, CA, USA). For
immunohistochemistry, rabbit polyclonal anti-Aβ anti-
body, which identifies amino acid residues 1–14 of Aβ

and stains extracellular aggregates of Aβ 40–42 peptides
as well as APP, was obtained from Abcam (ab2539,
Cambridge, MA, USA). For Western blot (WB) analysis
and co-immunoprecipitation (Co-IP) tests Aβ mono-
clonal antibody (2C8) was purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Rabbit IgG was also from
Thermo Fisher Scientific. Monoclonal anti-prion protein
antibody, phenylmethylsulfonyl fluoride (PMSF), protease
inhibitor cocktail and β-actin were from Sigma-Aldrich
Co. (St Louis, MO, USA). Radioimmunoprecipitation
assay (RIPA) buffer was obtained from Boston Biomedical
(Cambridge, MA, USA). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was purchased from EMD
Millipore/Life Science (Billerica, MA, USA). Normal
donkey serum (NDS) was obtained from Jackson
ImmunoResearch (West Grove, PA, USA). Texas Red
(TXR)- or fluorescein isothiocyanate (FITC)-conjugated
Lycopersicon esculentum agglutinin (LEA) tomato lectin
were from Vector Laboratories (Burlingame, CA, USA).

Artificial cerebrospinal fluid was purchased from Harvard
Apparatus (Holliston, MA, USA).

Cranial window preparation

Animals were anaesthetized with sodium pentobarbital
(70 mg kg−1, I.P.). Supplemental anaesthesia was given as
required during the experiment. The left carotid artery was
cannulated for blood pressure monitoring and necessary
infusions. The trachea was intubated to maintain a patent
airway. Body temperature of the mouse was kept at
37 ± 1°C with a heating pad. Mean arterial blood pressure
and heart rate were continuously monitored through a
carotid artery cannula connected to a transducer and
a blood pressure analyser (CyQ 103/302; Cybersense,
Lexington, KY, USA).

Brain pial microcirculation was prepared for
observations according to the method described pre-
viously (Muradashvili et al. 2012a,b, 2014c, 2015). Briefly,
a mouse was placed on a stereotaxic apparatus (World
Precision Instruments, Sarasota, FL, USA). The scalp and
connective tissues were removed over the parietal cranial
bone above the left hemisphere. A craniotomy (�4 mm
in diameter) was done with a high-speed micro-drill
(Fine Science Tools, Foster City, CA, USA). The dura
mater was lifted with the bone disc. The surface of the
exposed pial circulation was continuously superfused with
cerebrospinal fluid at 37°C.

Microvascular leakage observation

After a 1 h equilibration period following the surgical
preparation, autofluorescence of the observed area was
recorded over a standard range of camera gains before each
experiment. A mixture of 100 μl of Fluor (300 μg ml−1)
and 20 μl of BSA-647 (3.3 mg ml−1) in PBS was infused
through the cannulated carotid artery with a syringe pump
at a speed of 30 μl min−1 and allowed to circulate for
up to 10 min (Muradashvili et al. 2012b). After ensuring
that there was no spontaneous leakage of BSA, venules
were identified by the topology of the pial circulation and
direction of blood flow. Images of the selected third-order
venular segments were recorded and used as a baseline.
After obtaining the baseline reading, images of the chosen
venular segments were recorded at 10, 20, 40, 60 and
90 min of observation.

An epi-illumination system was used to observe intra-
vascular and extravascular Fluor and BSA-647. The area
of interest (AOI) was exposed to blue light (488 nm) and
then red light (647 nm) for 10–15 s with a power density
of 3.5 μW cm−2. The microscope images were acquired
by an electron-multiplying charge-coupled device camera
(Quantem 512SC; Photometrics, Tucson, AZ, USA)
and image acquisition system (Slidebook 5.0, Intelligent
Imaging Innovations, Inc.; Philadelphia, PA, USA). The
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camera output was standardized with 50 ng ml−1 Fluor
for each experiment. The light intensity and camera gain
settings were held constant during experiments, and the
camera response was verified to be linear over the range
used for these acquisitions. The magnification of the
system with Olympus ×20/0.40 (UPlanSApo) objective
was determined with a stage micrometer.

Images of the pial venular circulation were analysed
by image analysis software (Image-Pro Plus 7.0; Media
Cybernetics, Bethesda, MD, USA). Two or three pial
vessels in each animal were observed and analysed. In each
analysed image, a 30 μm in length line profile probe was
positioned in the middle of a selected vessel and outside of
the venular wall, parallel to the vessel. Mean fluorescence
intensities along the line profile probes were measured for
each dye and leakage of Fluor and BSA-647 to the inter-
stitium was assessed by changes in the ratio of fluorescence
intensity of each dye in the interstitium to that inside the
venule for the respective dye. The results were averaged for
each animal and then for each experimental group, and
presented as a percentage of baseline.

Collection and preparation of plasma and brain
samples

At the end of each experiment, blood was withdrawn by
venipuncture of the vena cava using a 23-gauge needle
and polypropylene syringe containing sodium citrate anti-
coagulant (10.9 mmol l−1) to provide a ratio of 1 part
citrate to 9 parts of blood (Lominadze et al. 1998). Blood
was transferred to Eppendorf tubes and centrifuged at
1000 g for 5 min to obtain plasma samples. Plasma was
used to assess content of Fg by WB analysis (Muradashvili
et al. 2012a).

Animals were infused with PBS and exsanguinated
to collect brain samples to assess Aβ content with WB
analysis. Brain samples were digested in RIPA buffer (20 g
of tissue/1 ml of RIPA) in the presence of protease inhibitor
cocktail. The samples were homogenized using a Tenbroek
Tissue Grinder (Corning Inc., Corning, NY, USA) at
4°C. After homogenization, samples were centrifuged at
16,000 g for 10 min. The supernatant was centrifuged again
at 16,000 g for 10 min to separate leftover tissue debris.
The supernatant was collected and total protein content
was determined by the Bradford method.

In a separate series of experiments, mice were infused
with FITC- or TXR-LEA conjugates via the external
jugular vein to fluorescently label vascular endothelium
for further analysis with immunohistochemistry (IHC)
(Muradashvili et al. 2012a). After the animals were
euthanized with an anaesthetic overdose, they were
immediately infused with PBS and then 4% paraformal-
dehyde solution through the left ventricle for
exsanguination. After the cranium was opened, the brain
was gently dissected and removed for fresh tissue

processing. Brain samples mounted in protective matrix
(Polyscience, Inc., Warrington, PA, USA) were cryosec-
tioned with a Leica CM-1850 Cryocut (Bannockburn, IL,
USA) into 25 μm thick slices (Muradashvili et al. 2012a)
and stored at −80°C until further analysis.

Treatment with siRNA against Cav-1

To define the role of caveolar transcytosis in overall
cerebrovascular permeability, HFg mice were treated with
in vivo silencer siRNA against Cav-1 (1.0 mg kg−1).
The siRNA dissolved in PBS (total volume �200 μl)
was administered through the jugular vein. It was
shown that downregulation of Cav-1 expression was
effective during 72–144 h after treatment with siRNA
against Cav-1 (Miyawaki-Shimizu et al. 2006). Therefore,
cerebrovascular permeability to two tracers was assessed
96 h after administration of siRNA against Cav-1
(details are described above in ‘Microvascular leakage
observation’). The choice of the specific type of siRNA
against Cav-1 was based on its robust downregulatory
effect on Cav-1 expression in cultured mouse brain ECs
detected in a preliminary study.

Western blot analysis

An equal volume (30 μl) of protein from brain sample
of each animal was loaded onto a 4–20% Mini-Protean
TGX (Tris-glycine extended) gradient gel (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) and electro-
phoresed under reducing conditions and then trans-
ferred onto nitrocellulose membranes. After blocking
membranes with 5% non-fat dried milk in Tris-buffered
saline (TBS) with Triton X-100 (TBS-T), membranes with
plasma or brain samples were incubated with anti-Fg or
anti-Aβ antibodies overnight at 4°C. Then, after probing
with appropriate secondary antibodies for 2 h at room
temperature, the blots were developed using a ChemiDoc
XRS+ imager system (Bio-Rad). The blot images were
analysed with Image-Pro Plus. The levels of protein
expressions were assessed by measuring an integrated
optical density (IOD) of bands of interest and GAPDH or
β-actin bands in the respective lane profile. The latter two
were used as loading controls. Results were presented as a
ratio of the IOD of Fg bands to the IOD of the respective
GAPDH band and a ratio of the IOD of Aβ bands to the
IOD of the respective β-actin band.

Immunohistochemistry

Mouse brain tissue IHC analysis was done according to the
method described previously (Muradashvili et al. 2012a).
Briefly, after warming the slides at 37°C for 20 min and
removing the mounting matrix, the sections were fixed in
ice-cold 100% methanol for 10 min, washed three times
in TBS, and blocked against non-specific epitope binding
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in a mixture of 0.1% TBS-T, 0.5% BSA, and 10% NDS for
1 h at room temperature.

When used, primary antibodies such as anti-Cav-1
(dilution 1:100), anti-PV-1 (dilution 1:100), anti-Aβ

(dilution 1:150), anti-collagen (dilution 1:150), anti-
Fg (dilution 1:200), anti-PrPC (dilution 1:100), or pY14
(dilution 1:150) were applied to the brain slices over-
night at 4°C. After washing, respective fluorescent
dye-conjugated secondary antibodies (dilution 1:500)
were applied to the brain slices for 1 h at room tem-
perature. Cell nuclei were labelled with DAPI (1:1000).
The laser-scanning confocal microscope (Olympus
FluoView1000, with objective ×60) was used to capture
images (Muradashvili et al. 2012a). TXR-LEA were
visualized using a HeNe-Green laser (543 nm) to excite
the dye, while emission was observed above 620 nm.
FITC-LEA or Aβ were visualized using a multiline
argon-ion laser (458 nm/488 nm/515 nm) to excite the
dye, while emission was observed above 519 nm. Fg
and collagen were visualized using a HeNe-Red laser
(633 nm), while emission was observed above 667 nm.
Fluorescence intensity (for each colour) was adjusted to
its saturation point in an experimental group with the
maximum fluorescence intensity for the colour of interest
and the laser and multipliers’ settings were kept unaltered
during measurements in each experimental series. Prior
to assessing expressions or co-localizations of proteins of
interest by confocal microscopy, levels of autofluorescence
for each specific primary antibody used in the study
were measured in control samples. Results showed that
autofluorescence of samples were neglectable. Therefore,
although included in image analyses, autofluorescence
values of samples are not reported. In addition, levels of
fluorescence generated by secondary antibodies alone were
measured and found to be almost non-existent.

Off-line image analysis software (Image-Pro Plus)
was used to assess the expression of Cav-1, PV-1,
phosphorylation of Cav-1 (pCav-1), deposition of Fg,
Aβ and PrPC, and formation of collagen. Cav-1, the
most abundant protein of the caveolae wall (Yu et al.
2006) and PV-1, another marker of caveolae (Hnasko
et al. 2002), were used in combination to define the
formation of caveoli in the vessels of brain samples as
described previously (Muradashvili et al. 2014a,c; 2015).
Fluorescence intensity was measured in AOI along the
vessel wall and data were normalized by the length of
the respective vascular segment. Fluorescence intensity
in six randomly placed constant size AOIs was measured.
The results were averaged for each experimental group
and values were presented as fluorescence intensity units
(FIU). Co-localizations of Cav-1 and PV-1, Fg and Aβ,
Aβ and collagen, and Fg and PrPC in brain vessels were
assessed by measuring the number of spots generated after
co-localization of respective colours in the images formed
after deconvolution of the original images as described

earlier (Muradashvili et al. 2014a). The resolution of
presented images is 2.84 pixel mm−1 (width, 279 pixels,
height, 259 pixels).

Co-immunoprecipitation

The following protocol was similar to that used by others
for testing the presence of Aβ in mouse brain protein
precipitates (Manczak & Reddy, 2013). The brain tissue
samples were homogenized in ice-cold digestion buffer
(RIPA) supplemented with PMSF (0.005 μl ml−1) and
a protease inhibitor cocktail (0.002 μl ml−1) using a
Dounce homogenizer. The tissue lysate was collected in a
centrifuge tube and kept on a rotator for at least 16 h at 4°C.
After centrifugation at 12,000 g for 10 min the supernatant
was collected. Protein content in samples was estimated by
the Bradford method. Dynabeads were conjugated with
IgG or anti-Fg antibody according to the manufacturer’s
recommendation. A total of 25 mg ml−1 of sample
protein in 200 μl of TBS-T was added to the conjugated
Dynabeads and incubated on a rotator for 1 h at room
temperature. Then tubes were placed on a magnet and
the solution was aspirated. The remaining Dynabeads
were washed 3 times with 200 μl of TBS-T each time. For
elution of a target protein the washed Dynabeads were
suspended in 20 μl 2xSDS sample dilution buffer and
incubated for 1 h at room temperature. Then the samples
were boiled for 2 min and the Dynabeads were separated
by a magnet. The remaining sample was used to define
the content of Aβ by WB analysis.

Memory assessment

To assess the memory-related behaviour of mice a
novel object recognition test (NORT) and two Y-maze
(spontaneous alternation and two-trial recognition) tests
were performed.

NORT was used to assess visual short-term memory
(Jadavji et al. 2015) and was performed as described pre-
viously (Muradashvili et al. 2014c, 2015). Briefly, after
acclimatization and prior to the test, mice were trained for
2 days in the test box for 10 min twice a day. On the day of
the test, each mouse was placed in the box at the mid-point
of the wall opposite to two similar objects and allowed to
investigate the objects for 5 min. After 1 h one of the
objects was replaced with a new, different-shaped object
and the animal was returned to the box for 3 min. TopScan
behavioural analysing system (Version 3.00; Clever Sys
Inc., Reston, VA, USA) was used to record and analyse
the behaviour of the mouse and calculate a discrimination
ratio (DR, time spent at the novel object/time spent at both
objects). Lower DR indicates an impairment of memory.

The spontaneous alternation test was used to assess
spatial working short-term memory (Yamada et al. 1996)
and was performed according to the method described
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elsewhere (Yamada et al. 1996; Kutiyanawalla et al. 2012;
Jadavji et al. 2015). Age-matched animals from a separate
set were placed in the middle of Y-maze with all three arms
opened. All arm entries were sequentially recorded for
8 min. The percentage of alternation was calculated as the
ratio of actual alternations (subsequent entries into three
arms on overlapping triplet sets) to possible alternations
(the total number of arm entries minus two), multiplied
by 100 (Maurice et al. 1994; Jadavji et al. 2015).

The two-trial recognition memory test was conducted
according to the method described elsewhere
(Kutiyanawalla et al. 2012). Each mouse from yet
another set of age-matched animals was placed in one of
the three arms (start arm) while one of the remaining
two arms was blocked and allowed to explore the maze
for 10 min. After 1 h the mouse was returned to the maze
with all arms opened and its behaviour was recorded for
5 min. The choice of first entry and the number of all
entries to each arm were recorded. To define possible
changes in short-term memory, a discrimination index
was calculated as the number of entries to the novel arm
and expressed as a percentage of the total number of
entries to all arms. This variable defines place recognition
memory (Dellu et al. 1997) and can also be called
spatial discrimination memory (Conrad et al. 1997). The
number of mice in each group that entered the novel
arm first is presented as a percentage of all tested mice in
the group. This variable would indicate discrimination
memory (Conrad et al. 1997).

Data analysis

All data are expressed as mean ± standard error of
the mean. The experimental groups were compared
by one-way ANOVA. Differences in cerebrovascular
permeability to two tracers were analysed with repeated
measures ANOVA. If ANOVA indicated a significant
difference (P < 0.05), Tukey’s multiple comparison test
was used to compare group means. Differences were
considered significant if P < 0.05.

Results

HFg increases macromolecular leakage of pial venules
in mice

In HFg mice the plasma content of Fg was greater than
that in WT mice (Fig. 1, inset). Mean arterial blood
pressure did not change after Fluor and BSA-647 infusion
in WT (−1 ± 0.5 mmHg) or in HFg (−3 ± 0.5 mmHg)
mice. Baseline diameters of chosen vessels averaged
38 ± 5 μm in both groups of animals. There were no
significant changes in average vascular diameters during
the observation period in WT (+1 ± 0.2 μm) animals
compared to that in HFg (+2 ± 0.6 μm) mice.

To define the prevailing role of transcellular
or paracellular transport in overall cerebrovascular
permeability at elevated levels of Fg, pial venular
permeability to two, LMW and HMW, tracers (Fluor
and BSA-647, respectively) were compared as previously
described (Muradashvili et al. 2012b). Pial venular
permeability to both tracers was increased in HFg mice
compared to that in WT mice (Fig. 1). However, pial
venular leakage of Fluor increased steadily in WT mice
from the beginning of observation while in HFg mice
it was greater than that in WT mice only at the 20th

and 40th minutes of observation (Fig. 1B). After 40 min
of observation there was no difference in leakage of
Fluor between the animals (Fig. 1B). This effect was
accompanied by greater accumulation of BSA-647 in the
interstitium of HFg mice starting from the 20th minute of
observation and it remained higher than that in WT mice
for the duration of observation (Fig. 1C). Thus, while
Fluor leakage was only transiently enhanced in HFg mice,
the crossing of BSA-647 of vascular wall was greater in
HFg mice even at the time when there was no difference
in Fluor leakage between the animal groups (Fig. 1).

HFg increases caveolae formation in mouse brain
vessels

To define the extent of caveolae formation in mice brain
microvessels the expressions of its markers Cav-1 and
PV-1, and their co-localization, were assessed by IHC.
Expressions of Cav-1 (red) and PV-1 (green) in HFg
mice (30.5 ± 7.3 and 38.6 ± 8.4 FIU, respectively) were
greater compared to those (16.9 ± 1.1 and 21.1 ± 2.4 FIU,
respectively) in WT animals (Fig. 2A, B and C). The
formation of caveolae (yellow) was defined by spots with
co-localized Cav-1 and PV-1 and was greater in HFg mice
(64 ± 3) compared to that (19 ± 5) in WT mice (Fig. 2A
and D).

To confirm the effect of a high blood level of Fg on
caveolae formation, phosphorylation of Cav-1 protein,
the main component of caveolae walls, was evaluated.

The expression of pCav-1 (green) in brain vessels of
HFg mice was greater (19.3 ± 1.4 FIU) compared to that
(7.4 ± 1.2 FIU) in WT animals (Fig. 2E and F). The pre-
sence of endothelial marker LEA (red) clearly indicated a
well-perfused brain vasculature (Fig. 2E).

Reduction of Cav-1 protein content with siRNA
against Cav-1 ameliorates cerebrovascular protein
leakage

To define the role of caveolar protein transcytosis in over-
all cerebrovascular permeability, HFg mice were treated
with in vivo silencer siRNA against Cav-1. Treatment with
the silencer siRNA against Cav-1 decreased transcellular
transport of BSA-647 (Fig. 3A and B) but had no effect on
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Figure 1. Hyperfibrinogenaemia-induced leakage of mouse pial venules
A dual-tracer probing method was used to define the prevailing role of transcellular vs. paracellular transport in
mouse brain pial venules. A, examples of images of cerebral vessels recorded immediately (baseline, upper row) and
1 h after (lower row) infusion of Fluor (green) and BSA-647 (violet) dyes in wild-type (WT, left) and hyperfibrinogenic
(HFg, right) mice. Cerebrovascular permeability was assessed by comparison of ratios of fluorescence intensities of
dyes measured along the line profile probe (shown as a yellow line segment) outside to that inside of the vessel.
Summaries of changes in fluorescence intensity ratios of Fluor (B) and BSA-647 tracers (C). ∗P < 0.05 vs. WT; n = 8
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GAPDH (used as a loading control) bands. ∗P < 0.05 vs. WT; n = 6 for all groups. [Colour figure can be viewed at
wileyonlinelibrary.com]
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Fluor leakage. Since the siRNA was injected into the mice
systemic circulation, reduction of Cav-1 was expected to
occur primarily in vascular endothelium. The effectiveness
of the in vivo silencer siRNA against Cav-1 treatment was
confirmed by observing a decrease in Cav-1 protein level
in cerebral vessels of treated mice compared to that in
vehicle-treated mice (Fig. 3C and D).

HFg increases deposition of Fg and Aβ and promotes
Fg–Aβ complex formation in mouse brain vessels

Depositions of Fg and Aβ and the resultant formation of
the Fg–Aβ complex were studied in brain samples from
WT and HFg mice by IHC. The deposition of Fg (green)
in brain vessels of HFg mice was greater than that in WT
mice (Fig. 4A and B).
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Figure 2. Hyperfibrinogenaemia-induced increased expression of Cav-1 and PV-1, their co-localization,
and expression of pCav-1 in mouse brain vessels
A, examples of images showing expression of PV-1 (green) and Cav-1 (red), and their co-localization (shown in
yellow) as a marker of caveolae formation in brain cortical vessels of WT and HFg mice. Summaries of Cav-1 (B)
and PV-1 (C) expression, and Cav-1 and PV-1 co-localization (D). E, examples of images showing the level of Cav-1
phosphorylation (pCav-1, green) as a signalling mechanism for caveolae formation; LEA, a marker of endothelium
is shown in red. F, summary of the data analysis shows levels of fluorescence intensity (presented as fluorescence
intensity units, FIU) of pCav-1 in brain samples of WT and HFg mice. ∗P < 0.05 vs. WT, n = 6 for all groups. [Colour
figure can be viewed at wileyonlinelibrary.com]
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In a separate series of experiments we found that
depositions of Fg (red) and Aβ (green) were greater
(27.4 ± 0.9 and 7.3 ± 0.9 FIU, respectively) in brain
vessels of HFg mice compared to those (21.9 ± 1.1 and
2.2 ± 0.4 FIU) in WT animals (Fig. 4C, D and E).
Co-localization of Fg and Aβ (shown in yellow) in brain
vasculature indicated the formation of Fg–Aβ complexes
(Fig. 4C). The number of co-localized spots of Fg and Aβ

were more in brain samples from HFg mice (311 ± 12)
compared to those in the samples from WT (89 ± 21) mice
(Fig. 4C and F).

WB analysis confirmed an increased (0.44 ± 0.01 IOD)
expression of Aβ in mouse brain of HFg mice compared
to that (0.29 ± 0.03 IOD) in brain samples from WT mice
(Fig. 4G and H).

A method of Co-IP was used to further define the
association of Fg and Aβ in brain samples of mice. Data
showed that while Aβ was not found in precipitates with
IgG (served as a control for anti-Fg antibody), it was
greater in precipitates with anti-Fg antibody in samples
from HFg mice compared to that in samples from WT
mice (Fig. 4I and J).

HFg increases association of Aβ with collagen
in mouse brain vessels

To confirm the deposition of Aβ in the subendothelial
matrix (SEM) of a vessel, we tested if Aβ was deposited
on brain vascular collagen matrix. Data showed that the
deposition of Aβ (green) and formation of collagen (red)
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Figure 3. Effect of siRNA against Cav-1 on
cerebrovascular permeability in HFg mice
A, examples of images of pial venules recorded
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after infusion of Fluor (green) and BSA-647 (violet) in
hyperfibrinogenic mice with (right two columns) or
without (left two columns) treatment with in vivo select
siRNA against Cav-1. Cerebrovascular permeability was
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expression of Cav-1 (red) in brain cortical vessels in HFg
mice treated with siRNA against Cav-1 (lower row
shows images analysed by 3-D visualization Amira
software, which was used in addition to Image-Pro
Plus). LEA, a marker of endothelium is shown in green.
D, summary of Cav-1 expression analysis. The levels of
Cav-1 expression are presented in fluorescence intensity
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[Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 4. Hyperfibrinogenaemia-induced increased deposition of fibrinogen and amyloid β in mouse
brain vessels
A, examples of images showing fibrinogen (Fg, green) deposition in brain vessels (labelled with LEA and shown
in red) in samples obtained from WT and HFg mice. B, summary of Fg fluorescence intensity levels presented as
fluorescence intensity units (FIU). C, examples of images showing expression of Fg (shown as red dots) and amyloid
β (Aβ, shown as green dots), and their co-localization (shown in yellow) in brain vessels of WT and HFg mice
(upper row). Images in the lower row show results of co-localized spots identified after deconvolution of respective
upper images by Image-Pro Plus. Summaries of fluorescence intensities of Fg (D) and Aβ (E) are presented as FIU.
F, number of co-localized Fg and Aβ spots are presented. G, example of WB analysis for content of Aβ in brain
samples from WT and HFg mice. H, summary of ratios of integrated optical density (IOD) of Aβ bands to IOD of
the respective β-actin bands. I, example of IgG- and anti-Fg antibody-precipitated brain proteins from WT and HFg
mice tested for presence of Aβ. Note: IgG was used as a negative control. J, summary of IOD of Aβ bands in lanes.
∗P < 0.05 vs. WT, n = 8 (IHC) and n = 5 (WB and Co-IP). [Colour figure can be viewed at wileyonlinelibrary.com]
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were more in HFg mice (102 ± 5.6 and 77.4 ± 6.2 FIU,
respectively) compared to those (10.1 ± 0.5 and
22.3 ± 1.5 FIU, respectively) in WT animals (Fig. 5A,
B and C). Aβ–collagen complex formation was defined by
spots of co-localized Aβ and collagen (shown in yellow)
and was greater in HFg mice (624 ± 52) compared to that
(97 ± 100) in WT animals (Fig. 5A and D).

HFg promotes Fg and PrPC complex formation
in mouse brain vessels

Since it is considered that PrPC has a greater effect on
loss of memory, the deposition of PrPC and its association
with Fg in brain samples from WT and HFg mice were
evaluated by IHC. Depositions of Fg (red) and PrPC

(green), and Fg–PrPC complex formation defined by spots

with co-localized Fg and PrPC (shown in yellow) were
greater in HFg mice compared to those in the WT group
(Fig. 6A, B, C and D).

HFg leads to a reduction in short-term memory
in mice

To define the effect of elevated blood levels of Fg on
cognition, short-term memory was assessed in mice with
NORT and Y-maze tests. Reduced short-term memory
was found in HFg mice compared to that in WT mice
(Fig. 7). This was confirmed by the lower DR (NORT) and
percentage of alternation (Y-maze) in HFg mice compared
to those in WT animals (Fig. 7B and C). HFg mice also
showed a poor performance compared to control animals
in the two-trial recognition test (Fig. 7D). In addition,
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Figure 5. Hyperfibrinogenaemia-induced
increased deposition of amyloid β on vascular
collagen in mouse brain vessels
A, examples of brain vessel images in samples
obtained from WT and HFg mice. Deposition of
amyloid β (Aβ, green) and collagen (red) and their
co-localization (yellow) was assessed by measuring
fluorescence intensities of Aβ and collagen and
number of spots with co-localized green and red
colours after deconvolution of images. Brain
vessels identified by LEA are shown in blue.
Summaries of levels of Aβ deposition (B), levels of
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n = 8 for all groups. [Colour figure can be viewed
at wileyonlinelibrary.com]
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while 75% of WT mice demonstrated a high level of
discrimination memory (the first choice of entry to a novel
arm), only 15% of HFg mice went to the novel arm first.

Discussion

It is known that LMW molecules (e.g. Fluor) can readily
pass through the cell junctions (Little et al. 1995), while
HMW molecules, such as BSA, are too large to cross the
EC layer easily through their junctions. Comparison of

leakages of our tracers showed that when leakage of Fluor
in HFg mice was no longer significantly different (after
40 min) from that in WT mice, the crossing of the vascular
wall by BSA-647 in HFg mice was increasing compared
to that in WT mice. Thus, when paracellular transport
became similar in HFg and WT mice (after 40 min), trans-
cellular protein transport remained greater in HFg mice
suggesting the prevailing role of the transcellular trans-
port. In other words, our data indicated that HFg affected
JPs and led to a transient opening of gaps between the
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Figure 6. Hyperfibrinogenaemia-induced deposition of fibrinogen and cellular prion protein in mouse
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A, examples of brain vessel images in samples obtained from WT and HFg mice. Deposition of fibrinogen (Fg,
red) and cellular prion protein (PrPC, green) and their co-localization (Fg–PrPC complex, yellow) was assessed by
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presented. ∗P < 0.05 vs. WT, n = 8 for all groups. [Colour figure can be viewed at wileyonlinelibrary.com]
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ECs temporarily enhancing the leakage of Fluor, while the
movement of BSA-647 through EC cells, via most likely
caveolar protein transcytosis, was constantly greater in
pial venules of HFg mice. Thus, during HFg, BSA-647
may move through the pial venular wall first via both
transport pathways and later, when EC gap openings
return to the level in WT mice, primarily by trans-
cytosis. Our study indicated that this transport mechanism
was activated during HFg, suggesting that targeting
the caveolar transcytosis in addition to preventing
the paracellular transport should be considered during
inflammatory cerebrovascular diseases. This finding can
be useful during treatment of increased cerebrovascular
permeability. For example, since sphingolipid signalling
is involved in caveolae formation (Muradashvili et al.
2014b) to effectively reduce the formation of caveolae, as

an additional step, an inhibition of sphingolipid synthesis
can be considered.

Greater expression of caveolae markers Cav-1 and PV-1
was found in brain vessels of HFg mice than in vessels
of WT animals. However, the co-localization of these two
proteins, which is an indication of caveolae formation,
has a greater physiological relevance (Muradashvili et al.
2014a). Co-localization of Cav-1 and PV-1 in brain vessels
of HFg mice was exceeding that in vessels of WT mice.
These results suggest that formation of caveolae was
increased during HFg. Formation of functional caveoli,
their motility, and therefore caveolar protein transcytosis
was confirmed by enhanced phosphorylation of Cav-1.
Phosphorylation of Cav-1 plays an essential role in the
process of caveolae formation (Parton et al. 1994; Minshall
et al. 2000; Hu et al. 2008; Sun et al. 2009; Wei et al.
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Figure 7. Hyperfibrinogenaemia-induced
short-term memory reduction
Short-term memory of mice was assessed by a novel
object recognition test (NORT) and Y-maze
(spontaneous alternation and two-trial recognition)
tests. A, examples of movement traces of WT and HFg
mice assessed by NORT. The red circle indicates the
new object. B, values of discrimination ratios for WT
and HFg mice are shown. Summaries of Y-maze tests:
spontaneous alternation (C) and two-trial recognition
(D). ∗P < 0.05 vs. WT; n = 26 (NORT) and n = 19
(Y-maze tests). [Colour figure can be viewed at
wileyonlinelibrary.com]
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2009). The motility of caveolae is mediated by Cav-1
phosphorylation-dependent signalling events (Minshall
et al. 2000). We already showed that increased content
of Fg enhanced the formation of functional caveoli
that had taken up albumin (Muradashvili et al. 2014a)
and increased their motility (Muradashvili et al. 2014b).
According to our findings an elevated blood level of
undegraded Fg has a considerable role in the formation of
functional caveoli in mouse brain vessels and in cultured
mouse brain ECs (Muradashvili et al. 2014a). Our data
suggest that an increase in blood level of Fg may play
a significant role in microvascular remodelling during
inflammatory cerebrovascular diseases.

Treatment of animals with siRNA against Cav-1
confirmed that caveolar transcytosis is the main route
for BSA-647 leakage in pial vessels of mice with chronic
elevation of Fg. Our data showed that a decrease in
Cav-1 expression, which significantly diminished caveolae
formation, resulted in reduction of transcellular transport
without affecting the paracellular pathway. These results
confirmed that elevated blood level of Fg affects mainly
the caveolar protein transcytosis, and the HFg-induced
increase in overall vascular permeability occurs primarily
via the transcellular transport pathway.

We showed that an increase in Fg content increased EC
layer permeability to albumin and Fg itself crossed the EC
layer (Tyagi et al. 2008). In normal conditions, deposited
in SEM and immobilized, Fg is more prone to degradation.
However, during many inflammatory diseases associated
with increased blood content of Fg (e.g. during hyper-
tension) fibrinolysis is decreased (Landin et al. 1990). In
AD tissue plasminogen activator is decreased resulting in a
lowered level of plasminogen, the Fg digestive enzyme, in
brains of patients or mouse models of the disease (Ledesma
et al. 2000). Therefore, during elevated levels of Fg, its

deposition in SEM and in extravascular tissue is increased
exacerbating vascular remodelling (Lominadze et al. 2010)
and resulting in favourable conditions for the formation of
complexes such as Fg–Aβ and Fg–PrPC seen in the present
study.

It is known that all the forms of Aβ (including APP)
are well pronounced during AD and/or amyloidosis.
During other inflammatory disorders the level of Aβ

may be less or non-pronounced. In our case, during HFg
(which indicates the inflammatory condition) there is an
enhanced expression of Aβ oligomers compared to that in
control animals. The major constituent of Aβ plaques is
the neurotoxic Aβ peptide (oligomers of Aβ), derived from
the APP. When immobilized in SEM, Fg becomes readily
available for binding to Aβ oligomers and even APP. Thus,
the appearance of the Fg–Aβ (or Fg–APP) complex in SEM
can be a result of vascular hyper-permeability leading to
transcytosis of Fg to SEM (Muradashvili et al. 2014c).
It has been shown that the binding of Aβ to Fg leads
to its oligomerization (Ahn et al. 2010), and the Fg–Aβ

complex is highly resistant to degradation (Cortes-Canteli
et al. 2010). Our data indicate that there is an increased
deposition of Fg during HFg. This enhanced Fg deposition
promotes the binding of Fg to Aβ (and possibly to APP)
and the formation of the Fg–Aβ (and possibly Fg–APP)
complex presumably leading to a Fg–Aβ plaque formation
later. Increased levels of Aβ and its oligomers and enhanced
association of Fg and Aβduring HFg was also confirmed by
WB and Co-IP analyses, respectively. These results provide
strong evidence of the effects of the blood protein Fg,
which is found immobilized in extravascular space and
can be associated with other proteins, such as collagen,
Aβ and PrPC. Alteration of the collagen content in SEM
is one of the indications of vascular remodelling. An
increased collagen level in cerebral microvessels during
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Figure 8. Possible mechanism of
hyperfibrinogenaemia-induced vasculo-neuronal
dysfunction
HFg enhances cerebrovascular permeability via mainly the
transcellular transport pathway that involves caveolar
protein transcytosis, which is mediated through Cav-1
signalling (phosphorylation of Cav-1). This leads to an
increased accumulation of Fg in subendothelial matrix
and promotes its binding to Aβ and PrPC resulting in
formation of Fg–Aβ–collagen and Fg–PrPC complexes.
Formed Fg–Aβ and Fg–PrPC complexes can be involved in
short-term memory reduction found during HFg
indicating a path for vasculo-neuronal dysfunction.
[Colour figure can be viewed at wileyonlinelibrary.com]
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AD has been shown (Kalaria & Pax, 1995). Earlier we
found that collagen can serve as a substrate for Fg–Aβ

complex deposition in SEM (Muradashvili et al. 2014c).
The present results indicate an increased formation of
collagen along with increased expression of Aβ and
enhanced deposition of Fg and Aβ. These data suggest
that HFg-induced increased cerebrovascular permeability
leads to an enhanced deposition of Fg on SEM collagen
through formation of the Fg–Aβ–collagen complex, which
was found to be involved in memory deficits (Muradashvili
et al. 2014c).

Enhanced protein transcytosis, which leads to an
increased deposition of Fg in SEM of brain vasculature
during HFg can cause vascular remodelling. Changes
in vasculature were reported by others showing that
HFg results in augmented intimal hyperplasia and
vascular lumen narrowing (Kerlin et al. 2004). Our data
show that HFg is associated with increased collagen
formation in the extracellular matrix of brain vessels.
These changes, along with an increased deposition of
Fg, can lead to vascular stiffening and overall vascular
dysfunction. Combined, our results suggest a mechanism
of HFg-induced vascular remodelling that can exacerbate
vascular dysfunction during various cardiovascular and
cerebrovascular diseases associated with an increased
blood content of Fg.

Another well-known protein associated with memory
changes is PrPC (Chung et al. 2010; Gimbel et al. 2010).
Previously we showed that Fg may bind PrPC and result in
Fg–PrPC complex formation, which can be associated with
memory impairment (Muradashvili et al. 2015). Our pre-
sent data confirm the formation of the Fg–PrPC complex
during elevated blood content of Fg and the associated
memory impairment. Thus, formation of Fg–Aβ and/or
Fg–PrPC complexes can be a result of the process triggered
by impaired vascular wall permeability leading to neuro-
nal dysfunction indicated by the reduction in short-term
memory found in the present study.

The effect of increased deposition of Fg and formation
of complexes with Aβ and/or PrPC in extravascular space
on short-term memory was demonstrated by changes in
cognition of HFg mice compared to that of WT animals.
The cognition tests used in the present work were based
on the natural tendency of mice to explore/investigate
a novel object (NORT) and/or place (Y-maze, two-trial
recognition test) and served as effective tools to analyse
responses to novelty and recognition (Dellu et al. 1997).
The data showed that HFg mice had a lesser short-term
memory than age-matched control mice. The other,
spontaneous alternation test relies on the latent learning
processes involved during exploration of the Y-maze and
allows the assessment of the spatial working short-term
memory (Yamada et al. 1996). This test also showed that
HFg mice have a lower spontaneous alternation compared
to that in control animals, which indicates their poor

spatial working memory. Thus, an increase in blood
content of Fg and the resultant formation of Fg–Aβ and/or
Fg–PrPC complexes are associated with a reduction in
short-term memory in mice indicating a possible cause
and effect in cognition deficiency during inflammation.

The presented data clarify the pathway for
vasculo-neuronal dysfunction initiated by an elevated
blood level of Fg, which increases cerebrovascular
permeability via mainly the transcellular transport as was
found previously (Muradashvili et al. 2012b). Here we
show that this transcellular transport occurs primarily by
the caveolar protein transcytosis leading to accumulation
of Fg in SEM. Enhanced deposition of Fg in the vascular
wall and SEM can lead to the formation of Fg–Aβ and/or
Fg–PrPC complexes, which have a higher resistance to
degradation and can contribute to the short-term memory
impairment (schematic representation of this hypothesis
is shown in Fig. 8).

In summary, our data provide direct evidence for a
mechanism showing that an elevation in blood content
of Fg enhances caveolar protein transcytosis leading to
increased deposition of Fg mainly in SEM of cerebral
vessels. These changes can lead to vascular remodelling
and subsequent vascular dysfunction. Greater availability
of immobilized Fg creates favourable conditions for its
binding to Aβ and/or PrPC and the formation of Fg–Aβ

and/or Fg–PrPC complexes highly resistant to degradation.
The formation of these complexes can be associated with
a reduction in short-term memory. Thus, these data
indicate that HFg is not only a marker of inflammation
and cardiovascular or cerebrovascular diseases, but can
contribute to the severity and/or progression of the disease
and particularly to its accompanying vasculo-neuronal
dysfunction.
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