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Alzheimer’s disease (AD) is characterized by neuronal
death; thus, identifying neurotoxic proteins and their
source is central to understanding and treating AD.
The multifunctional protease thrombin is neurotoxic
and found in AD senile plaques. The objective of this
study was to determine whether brain endothelial
cells can synthesize thrombin and thus be a source of
this neurotoxin in AD brains. Microvessels were iso-
lated from AD patient brains and from age-matched
controls. Reverse transcription-PCR demonstrated
that thrombin message was highly expressed in
microvessels from AD brains but was not detectable
in control vessels. Similarly, Western blot analysis of
microvessels showed that the thrombin protein was
highly expressed in AD- but not control-derived
microvessels. In addition, high levels of thrombin
were detected in cerebrospinal fluid obtained from
AD but not control patients, and sections from AD
brains showed reactivity to thrombin antibody in
blood vessel walls but not in vessels from controls.
Finally, we examined the ability of brain endothe-
lial cells in culture to synthesize thrombin and
showed that oxidative stress or cell signaling per-
turbations led to increased expression of thrombin
mRNA in these cells. The results demonstrate, for the
first time, that brain endothelial cells can synthesize
thrombin, and suggest that novel therapeutics targeting
vascular stabilization that prevent or decrease release of
thrombin could prove useful in treating this neurode-
generative disease. (Am J Pathol 2010, 176:1600–1606;
DOI: 10.2353/ajpath.2010.090406)

Although Alzheimer’s disease (AD) has traditionally been
classified as a neurodegenerative dementia without ce-
rebrovascular changes, current epidemiological, patho-
logical, experimental, and imaging studies suggest that

such classification is no longer tenable.1,2 Many vascular
risk factors such as hypertension, hypercholesterolemia,
obesity, homocysteinemia, apolipoprotein E4 genotype,
and diabetes, have been shown to increase the risk of
AD.3–9 Recent data from brain imaging studies in humans
and animal models suggest that cerebrovascular dys-
function may precede cognitive decline and onset of
neurodegenerative changes in AD and AD models.10

Phenotypic modulation of endothelium to a dysfunctional
state is recognized to contribute to the pathogenesis of
cardiovascular diseases such as atherosclerosis.11 En-
dothelial dysfunction is also increasingly implicated in the
development of neurodegenerative diseases such as
AD.12–15

Activated endothelial cells elaborate adhesion mole-
cules, cytokines and chemokines, growth factors, vaso-
active molecules, major histocompatibility complex mol-
ecules, procoagulant and anticoagulant moieties, and a
variety of other gene products with biological activity.16

The activated endothelium exerts direct local effects by
producing at least 20 paracrine factors that act on adja-
cent cells.17 Perturbations of the central nervous system
microvascular endothelium are closely linked to the
pathophysiology of several neuroinflammatory, neuro-
infectious, and neurodegenerative disease states includ-
ing multiple sclerosis, HIV-associated encephalopathy,
and AD.18 Because endothelial cells are highly synthetic,
producing a variety of soluble factors, an injured/altered
brain endothelial cell could release factors that are
injurious or toxic to neurons. This is especially relevant for
diseases such as AD that are characterized by neuronal
cell death. In this regard, work from our laboratory pro-
vides support for the idea that in AD the cerebral micro-
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vasculature is biochemically altered, functionally de-
ranged, and a rich source of soluble factors that affect
neurons and other cells in the brain.12 We have shown
that in the AD brain microvessels release numerous in-
flammatory and/or neurotoxic proteins including tumor
necrosis factor �, transforming growth factor-�, interleukin
(IL) IL-1�, IL-6, IL-8, matrix metalloproteinases, and
thrombin.19–21

Vascular release of the multifunctional protein thrombin
is of particular relevance for AD as thrombin has been
shown to be neurotoxic both in vitro and in vivo. Exposure
of primary neuronal cultures or neuronal cell lines to
thrombin results in significant apoptosis.22 Thrombin ac-
cumulation has been documented in the senile plaques
of the AD.23 Also, traumatic brain injury, where neurons
are exposed to high thrombin levels is associated with
an increased incidence of AD.24,25 Some neurological
diseases, such as AD and Parkinson’s disease are
characterized by increased levels of both thrombin and
the thrombin receptor protease activated receptor
(PAR)-1.26,27 Activation or overexpression of the recep-
tor PAR-1 has been shown to induce motor neuron de-
generation.28 We have previously published that adminis-
tration of thrombin directly into the rat brain results in
neuronal cell death, glial scarring, and cognitive deficits.29

Whether brain endothelial cells can synthesize throm-
bin has not been reported. We have shown that brain
microvessels in AD release thrombin,30 but this could
reflect release of sequestered thrombin because endo-
thelial cells can readily bind and internalize thrombin.
Similarly, we have reported that cultured brain endothelial
cells, under stress conditions, release thrombin31; but
whether this involves synthesis or release is unknown.

The objective of this study is to determine whether
brain endothelial cells can synthesis thrombin and
whether the vasculature is a source of this neurotoxin in
AD brains.

Materials and Methods

Culture and Treatment of Rat Brain Endothelial
Cells

Rat brain endothelial cells were obtained from rat brain
microvessels, as previously described.32 The endothelial
identity of these cultures was confirmed using antibodies
to endothelial cell surface antigen Factor VIII. Endothelial
cells used in this study (passages 8 to 12) were main-
tained in Dulbecco’s Modified Eagle’s Medium supple-
mented with 10% fetal bovine serum, 1% glutamine, and
1% antibiotics in a humidified 5% CO2 incubator at 37°C.
For experiments, rat endothelial cells were plated at a
density of 300,000 cells per well onto 6-well plates. The
cells were washed three times with Hanks’ balanced salt
solution and the media changed to serum-free Dulbec-
co’s modified Eagle’s medium plus 0.1% bovine serum
albumin. Endothelial cell cultures were treated with
serum-free media, media containing 100 �mol/L H2O2, or
media containing 1 �mol/L of the protein kinase C (PKC)
inhibitor bisindolymalemide for 24 hours.

Human Microvessel Isolation and Human
Cerebrospinal Fluid

Brains were obtained from AD (69.6 � 5.5 yrs) and age-
matched control (69.8 � 3.61 yrs) patients. Microvessels
were isolated from the right cerebral hemispheres of
control (postmortem times: 14.5, 14, 14, 20, 19; 15.4 �
2.02 hours) and AD (9, 10, 21, 12, 15; 13.4 � 2.16 hours)
autopsy specimens and stored at �80°C until use. Left
cerebral hemispheres were histologically processed for
diagnostic and morphometric studies for the clinical di-
agnosis of primary degenerative AD dementia. Each
case was examined for neuritic plaques and neurofibril-
lary tangles as recommended by National Institutes of
Health Neuropathology Panel and each case fulfilled the
rigorous morphometric criteria of AD.33,34 Control sam-
ples from age-matched patients without evidence of neu-
ropathology and similar postmortem intervals were also
collected. Microvessels were isolated from pooled tem-
poral, parietal, and frontal cortices, as we have previously
described.35 Briefly, brain microvessels were filtered
through a 210 �m sieve and collected on a 53-�m sieve,
resuspended in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum and dimethyl sulfox-
ide and stored frozen in liquid nitrogen until use. This
procedure yields approximately 6 to 10 mg microvessel
protein from 15 g human cortex. A separate microvessel
preparation was isolated from each human brain. The
microvessel preparation has been previously character-
ized as largely capillary (�85%) and relatively free of
nonvascular contaminants. The purity of the microvessel
preparations was assessed by phase contrast micros-
copy. The morphology of the isolated vascular prepara-
tion was comparable between AD-and control-derived
vessels.

Frozen cerebrospinal fluid (CSF) was quick-thawed,
mixed with sample buffer (25 mmol/L Tris-HCl, pH 6.8,1%
SDS, 10% glycerol, 2% �-mercaptoethanol, and 0.02%
bromophenol blue) and processed as described in
Western blot section.

Reverse Transcription-PCR

RNA from cultured rat brain endothelial cells and isolated
human microvessels was prepared using the TRI Re-
agent RT (Molecular Research Center, Inc., Cincinnati,
Ohio), according to manufacturer protocol. For the re-
verse transcription (RT)-PCR protocol (Roche Applied
Science, Germany), 4 �g of total RNA, were reverse
transcribed using random hexamer primer, 3 �l cDNA
from RT-PCR reaction were used for PCR reaction. PCR
conditions were: 95°C for 15 minutes, 38 cycles of 94°C
for 30 seconds, 57°C for 30 seconds, and 72°C for 60
seconds, followed by last extension at 72°C for 10 min-
utes. �-actin and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) were used as internal markers. PCR
products were separated by electrophoresis in a 1.5%
agarose gel and detected under the UV light. Human
thrombin PCR products were sequenced by Texas Tech
University Core Facility and confirmed by NCBI BLAST
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alignments. Specific gene primers for PCR are shown on
Table 1.

Western Blot

Proteins were extracted from human microvessels us-
ing lysis buffer containing 150 mmol/L sodium chloride,
50 mmol/L Tris, 1% NP-40, and 2 mmol/L phenylmethyl
sulfonylfluoride. CSF, devoid of macroscopic blood con-
tamination, was also used. Protein samples were mixed
with sample buffer (25 mmol/L Tris-HCl, pH 6.8, 1% SDS,
10% glycerol, 2% �-mercaptoethanol, and 0.02% bromo-
phenol blue) boiled for 5 minutes, resolved in 10% SDS-
polyacrylamide electrophoresis mini gel and transferred
to polyvinylidene difluoride membrane. After transfer, the
membranes were blocked in Tris-buffered saline contain-
ing 0.25% Tween-20 (TBST) and 4% nonfat dry milk at
room temperature for 2 hours, and subsequently incu-
bated with antibodies to: thrombin (1:200, Cat. No:
HYB 109–04, Antibody Shop, Denmark), GAPDH (1:1000,
Cat. No: MAB374, Millipore, Billerica, MA), or human
serum albumin (1:2500, Cat. No: ab10241, Abcam, Cam-
bridge, MA) diluted in TBST plus 2% nonfat dry milk
overnight at 4°C. Bound antibody was detected using
goat anti-mouse IgG conjugated to horseradish peroxi-
dase (Cat. No: 170-6516, Bio-Rad Laboratories, Her-
cules, CA) and developed with chemiluminescence.

Immunolocalization in Brain Tissue Sections

Human brain tissue sections were processed for immu-
nolocalization, as previously described.36 Brain tissue
sections (5 �m) were fixed in ice-cold acetone for 30
minutes, and room temperature acetone for 10 minutes,
then washed in TBST, and blocked in TBS with 10%
donkey serum at room temperature for 2 hours. Sections
were incubated at 4°C overnight with primary antibodies:
affinity-purified goat polyclonal thrombin antibody (1:50,
Cat. No: Sc-16972, Santa Cruz Biotechnology, Santa
Cruz, CA) or rabbit polyclonal to Von Willebrand Factor
(1:500, Cat. No: ab6994, Abcam) in TBS containing 2.5%
donkey serum overnight at 4°C. Sections were then
washed in TBST, incubated with 0.3% hydrogen peroxi-
dase blocking solution at room temperature for 15 min-
utes, washed in TBST and incubated with secondary
antibodies (1:400, Alexa Fluor 488 donkey anti-goat IgG
(H�L), Cat. No: A-11055; Alexa Flour 546 donkey anti-

rabbit IgG, Cat. No. A-10040; Invitrogen, Carlsbad, CA)
at room temperature for 1 hour and washed. To visualize
nuclei, sections were incubated with IHC-Tek DAPI Solu-
tion (Cat. No: IW-1404, IHC World, Woodstock, MD) at
room temperature for 25 minutes and viewed using an
Olympus IX71 Meta Imaging series 7.1 microscope.

Results

Rat brain endothelial cell cultures were treated with either
serum-free media, H2O2 (100 �mol/L), or the protease
inhibitor bisindolymalemide (1 �mol/L) for 24 hours. The
cells were collected, mRNA isolated and RT-PCR per-
formed using primers for rat thrombin (Table 1). The data
showed that untreated endothelial cells express a basal
level of thrombin in culture (Figure 1). Treatment with
either H2O2 or PKC inhibitor caused a significant (P �
0.01) increase in the expression thrombin RNA (Figure 1).

Microvessels isolated from AD brains and age-
matched, nondemented controls were analyzed by West-
ern blot and RT-PCR for the expression of thrombin pro-
tein and message, respectively. The Western blot from

Table 1. Primers Used for RT-PCR

Gene RefSeq accession Sequence Amplicon

Human
Thrombin NM_000506 Fwd 5�-GAGTGCCAGCTATGGAGGAG-3� 388 bp

Rev 5�-GCTGCACAGCTGAGTTGAAG-3�
GAPDH NM_002046 Fwd 5�-GAGTCAACGGATTTGGTCGT-3� 288 bp

Rev 5�-TTGATTTTGGAGGGATCTCG-3�
Rat

Thrombin NM_022924 Fwd 5�-TGGGAGAGGAGAACCATGAC-3� 339 bp
Rev 5�-AGGGTGGGTACAGAATGCAG-3�

�-actin NM_031144 Fwd 5�-TGTCACCAACTGGGACGATA-3� 391 bp
Rev 5�-TCTCAGCTGTGGTGGTGAAG-3�

Figure 1. Cultured rat brain endothelial cells were exposed to either serum-
free media containing 0.1% bovine serum albumin (control), media plus
100 �mol/L H2O2, or media plus 1 �mol/L PKC inhibitor bisindolymalemide
(BIM) for 24 hours. RNA was extracted, reverse transcribed, and amplified
using primers specific for rat thrombin and the housekeeping gene �-actin.
The intensity of the bands is graphically shown below RT-PCR bands. The
experiment was performed three times and a representative RT-PCR is
shown. **P � 0.01 vs. control.
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four control and four AD brains (Figure 2A) showed that
the protein thrombin was very highly expressed in AD
microvessels, while barely detectable in controls. Simi-
larly, RT-PCR analysis showed robust expression of
thrombin in AD microvessels, with no detectable expres-
sion in control vessels (Figure 2B). We also examined the
presence of thrombin, by Western blot, in patient CSF
and showed that CSF samples from AD patients express
thrombin while in CSF samples from control brains throm-
bin was undetectable (Figure 2C). All samples were mon-

itored for loading equivalency using GAPDH or albumin
(Figure 2).

Sections from AD and control brains brain sections
were examined by immunofluorescence for the presence
of the endothelial cell marker Von Willebrand factor and
for thrombin (Figure 3). Vessels showed staining for Von
Willebrand factor in both AD (Figure 3B) and control
(Figure 3F) tissues. Also, 4,6-diamidino-2-phenylindole
staining for nuclei was comparable in both AD (Figure
3C) and control (Figure 3G) sections. In contrast, the
presence of green immunofluorescence denoting reac-
tivity to the thrombin antibody along the vessel wall was
heavily expressed in AD (Figure 3A) but barely detect-
able in control (Figure 3E) sections. Similarly, the yellow/
white staining of vessels, which reflects a merged image
of Von Willebrand and thrombin staining, was strongly
present in AD sections (Figure 3D) but not discernible in
controls (Figure 3H).

Discussion

Alzheimer’s disease is characterized by neuronal death;
thus identifying neurotoxic proteins and their source is
central to understanding and treating this disease. The
multifunctional protease thrombin appears involved in
neurodegenerative processes following traumatic brain
injury and stroke.26 Although a protease, the nonproteolytic
functions of thrombin have been well described.28,37,38

Thrombin regulates cell signaling by cleaving and acti-
vating G protein-coupled protease activated receptors
(PARs 1 to 4) to unmask a tethered receptor-triggering
ligand. Activation of PARs by thrombin can mediate cell
death or survival in the brain depending on amplitude
and duration of agonist; high thrombin levels trigger ap-
optosis.22,37 In the current study we show that thrombin is
elevated in the CSF and cerebromicrovasculature in AD
brains but not in those of age-matched control brains.

Figure 2. A: Proteins from control- (C) and AD-derived microvessel lysates
were separated by SDS-PAGE, transferred to a polyvinylidene difluoride
membrane, and immunoblotted for human thrombin (37 kDa). Loading
equivalency was confirmed using GAPDH; n � 4. B: RNA from control (C)
and AD-derived microvessels was extracted, reverse transcribed, and ampli-
fied using primers specific for human thrombin and the housekeeping gene
GAPDH; n � 4. C: Proteins from control- (C) and AD-derived CSF were
separated by SDS-PAGE, transferred to a polyvinylidene difluoride mem-
brane, and immunoblotted for human thrombin (37 kDa). Loading equiva-
lency was confirmed using albumin; n � 4.

Figure 3. Alzheimer’s disease (A–D) and control
(E–H) brain sections were examined by immuno-
fluorescence for the presence of the endothelial
cell marker Von Willebrand factor and for throm-
bin (�20). 4,6-Diamidino-2-phenylindole staining
for nuclei was comparable in both AD (C) and
control (G) sections. Staining for Von Willebrand
factor was detectable in both AD (B) and control
(F) tissues. In contrast, reactivity to the thrombin
antibody (green immunofluorescence) was
clearly present in AD (A) but barely detectable in
control (E) vessels. Similarly, yellow/white im-
munofluorescence, which reflects a merged im-
age of Von Willebrand and thrombin staining,
was strong in AD sections (D) but not discernible
in controls (H). Scale bar � 15 �m.
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Our data show that brain endothelial cells can synthesize
thrombin and thus could be a heretofore unrecognized
source for this neurotoxic protein. Our results are consis-
tent with the observation that immunoreactivity for the
major brain thrombin inhibitor, protease nexin-1 is signif-
icantly decreased around blood vessels in AD brains,
suggesting vascular release of thrombin.39

Alzheimer’s disease is characterized by increased lev-
els of both active thrombin and PAR-1, suggesting that
thrombin and its receptor are involved in ongoing neuro-
degenerative processes.26,27 Thrombin is a neurotoxin of
relevance for AD because it can affect multiple mecha-
nisms that contribute to neuronal cell death. Thrombin
can directly injure neurons by activating cell cycle path-
ways that initiate neuronal cell apoptosis.40 Thrombin can
also induce neurotoxicity by nicotinamide adenine dinu-
cleotide phosphate oxidase-mediated oxidative stress.41

Thrombin can indirectly contribute to neuronal cell death
by activating glial cells that in turn increase oxidative
stress and neuroinflammation.42–44 Thrombin can in-
crease apolipoprotein E levels in the brain and potent
neurotoxicity is evoked by a 22-kDa N-terminal thrombin-
cleavage fragment of apolipoprotein E,45 thus thrombin
can also cause neuronal cell injury and death through its
actions on apolipoprotein E proteins.

Thrombin may also play a role in AD pathogenesis via
interactions with A�. In platelets release of A� is regu-
lated by thrombin.46 Thrombin in vitro can stimulate pro-
duction of the amyloid precursor protein (APP) and cleav-
age of APP into fragments that are found in amyloid
plaques of AD brains.47,48 In endothelial cells, thrombin
induces surface expression and intracellular secretion of
APP via a PKC-dependent mechanism.48 Treatment of
cultured rat hippocampal neurons with thrombin causes
a dose-dependent increase in A� and redistribution of
APP.49 Also in these cultures toxicity of A� is significantly
enhanced by co-incubation with thrombin and attenuated
by incubation with the thrombin inhibitor protease nexin-1.
A� induces an increase in intracellular calcium and per-
oxides that is augmented by thrombin and diminished
protease nexin-1.49 Finally, because A� causes expres-
sion of inflammatory genes and proteins in endothelial
cells50 and inflammatory proteins increase thrombin ex-
pression in endothelial cells,31 the vasculature could be
an important nexus for the interaction of these two neu-
rotoxic proteins.

Thrombin is also important for the proteolytic process-
ing of the microtubule-associate protein tau, a primary
component of the neurofibrillary tangle.51 Nanomolar
concentrations of thrombin induce rapid tau hyperphos-
phorylation and aggregation in murine hippocampal neu-
rons via PARs, which is followed by delayed synaptophy-
sin reduction and apoptotic neuronal death.52 Persistent
thrombin signaling via protease-activated receptor 4 and
prolonged downstream p44/42 mitogen activated protein
kinase activation appear to mediate this effect. Thrombin
could be a contributor to processes that favor formation
of hyperphosphorylated, insoluble tau in the AD brain.

Vascular-derived thrombin may be key regulator of
events in the AD brain because of its ability to regulate
the expression of other inflammatory and bioactive pro-

teins. In this regard, thrombin causes endothelial activa-
tion and enhanced expression and/or release of many
pro-inflammatory proteins including monocyte chemoat-
tractant protein-1, intercellular adhesion molecule-1, IL-1,
IL-6, and IL-853–57; these inflammatory proteins are all
up-regulated in the cerebromicrovasculature in AD.19–21

Also, both thrombin and matrix metalloproteinase-9 are
elevated in the AD brain vasculature. Synthesis and re-
lease of multiple factors from the vasculature suggests
that these proteins may synergize and produce a locally
intense neurotoxic insult. This is supported by results
showing that the in vitro neurotoxicity as well as in vivo cell
death in intracerebral hemorrhage evoked by either
thrombin or matrix metalloproteinase-9 are significantly
greater when both proteases are present.58 Our demon-
stration that endothelial cells can produce thrombin and
data showing that brain endothelial cells have function-
ally active thrombin (PAR-1 and PAR-3) receptors59 sug-
gest that thrombin may act as an autocrine factor, stim-
ulating a noxious feed-forward cycle. Furthermore, the
paracrine effects of thrombin released from endothelial
cells are also important because of the ability of thrombin
to activate other central nervous system cells, such as
microglia and astrocytes.

Microglia, astrocytes, and microvascular endothelial
cells co-exist in intimate proximity in nervous tissues, and
their homeostatic interactions in health, as well as coor-
dinated response to injury, have led to the concept that
they form the basic elements of a functional “neurovas-
cular unit.”60 Therefore, secretory products from one cell
type profoundly influence the behavior of neighboring
cells. Pro-inflammatory effects of thrombin on both micro-
glia and astrocytes have been demonstrated. Intranigral
injection of thrombin injures the dopaminergic neurons in
the substantia nigra via thrombin-induced microglial ac-
tivation and release of nitric oxide.42 Thrombin has been
shown to stimulate the JAK2-STAT3 signaling pathway
and increase transcription of inflammation-associated
genes tumor necrosis factor � and inducible nitric oxide
synthase in microglia.43 In astrocytes, activation of PAR-1
by thrombin leads to increased matrix metalloproteinase-9
expression through regulation of Erk1/2.44 Thus, vascu-
lar-derived thrombin may directly injure neurons or affect
neuronal viability indirectly via activation of microglia and
astrocytes.

What are the pathophysiologic signals that cause ce-
rebral endothelial cells to produce thrombin? Our data
show that in culture induction of stress by either exposure
to the oxidant stressor H2O2 or by inhibition of PKC
causes endothelial cells to produce thrombin. Both oxi-
dative stress and perturbation of vascular signaling cas-
cades are relevant for AD.

Considerable evidence points to oxidative stress as an
important trigger in the complex chain of events leading
to AD.61,62 A long list of surrogate markers for oxidant
stress including lipid, DNA, and protein oxidation are
elevated in AD.63,64 Brain microvessels in AD release
high levels of the reactive oxygen species, nitric oxide,
and express elevated levels of oxidized proteins.65

Hypoxia and oxidative stress and are interrelated pro-
cesses and both contribute to AD pathogenesis.66 When
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injured by hypoxia, cerebral microvessels release reactive
oxygen species.67 We have shown that brain microvessels
from AD patients express higher levels of transcription
factor hypoxia-inducible factor 1-�.30 Interestingly, treat-
ment of cultured brain endothelial cells with thrombin
causes an increase in hypoxia-inducible factor 1-�
expression.30

Regarding PKC, we have previously documented ab-
normalities in signaling pathways in the cerebromicrovas-
culature including a pronounced inhibition of PKC activity
in AD.68 Current data suggest that both generalized cel-
lular stress caused by reactive oxygen species or pertur-
bation of specific signaling mechanisms can lead to
pathological activation of endothelial cells and the pro-
duction of thrombin. Thrombin in the brain could be
acutely deleterious in traumatic brain injury, where large
amounts enter the brain via a disrupted blood-brain bar-
rier. Alternatively, in neurodegenerative diseases such as
AD thrombin, and the cascade of mediators it evokes,
could be chronically deleterious resulting in neuronal
injury in death over a number of years. Identification of
brain endothelial cells as a source of neurotoxin thrombin
suggests that novel therapeutics targeting vascular sta-
bilization that prevent or decrease release of thrombin
could prove useful in treating this neurodegenerative
disease.
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