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The amyloid �-protein precursor (A�PP) is best known as the
parent molecule to the amyloid �-peptide that accumulates in the
brains of patients with Alzheimer’s disease. Secreted isoforms of
A�PP that contain the Kunitz proteinase inhibitor domain are
analogous to the previously identified cell-secreted proteinase
inhibitor known as protease nexin-2 (PN2). Although PN2�A�PP is
enriched in brain and in circulating blood platelets, little is under-
stood of its physiological function and potential role in disease
processes outside of amyloid �-peptide generation. We hypothe-
sized that the potent inhibition of certain procoagulant protein-
ases by PN2�A�PP, coupled with its abundance in platelets and
brain, indicate that it may function to regulate cerebral thrombosis.
Here we show that specific and modest 2-fold overexpression of
PN2�A�PP in circulating platelets of transgenic mice caused a
marked inhibition of thrombosis in vivo. In contrast, deletion of
PN2�A�PP in A�PP gene knockout mice resulted in a significant
increase in thrombosis. Similarly, platelet PN2�A�PP transgenic
mice developed larger hematomas in experimental intracerebral
hemorrhage, whereas A�PP gene knockout mice exhibited reduced
hemorrhage size. These findings indicate that PN2�A�PP plays
a significant role in regulating cerebral thrombosis and that mod-
est increases in this protein can profoundly enhance cerebral
hemorrhage.

Alzheimer’s disease � hemorrhage � proteinase inhibitor

The amyloid �-protein precursor (A�PP), a type I transmem-
brane protein, is most recognized as the precursor to the

amyloid �-peptide (A�) that accumulates in the brains of
patients with Alzheimer’s disease and related disorders (1). A�
is derived through sequential amyloidogenic proteolytic process-
ing by �- and �-secretase activities (2, 3). Alternatively, A�PP
can undergo nonamyloidogenic proteolytic processing by means
of a single cleavage through the A� domain by �-secretase,
resulting in release of the large extracellular domain of the
protein into the external environment (4, 5). A�PP can be
predominantly derived from three alternatively spliced mRNAs
of a single gene located on chromosome 21, giving rise to
proteins of 695, 751, and 770 aa; the larger two isoforms contain
an additional 56-aa domain that is structurally and functionally
related to Kunitz-type serine proteinase inhibitors (KPI) (6, 7).
Previously, we showed that secreted KPI domain-containing
forms of A�PP are analogous to the cell-secreted proteinase
inhibitor known as protease nexin-2 (PN2) (8, 9).

Although much has been learned about the proteolytic pro-
cessing of A�PP and generation of A� peptide, comparatively
little is known about the physiological functions of A�PP.
Previous in vitro studies have identified a number of biologically
active domains on A�PP, including high-affinity binding sites for
Cu2� and Zn2� (10, 11), cell adhesion (12, 13), growth-
promoting activity (14), regulation of Ca2� homeostasis (15),
and intracellular signaling through its C-terminal domain (16,
17). Additionally, we and others have reported that both purified
PN2�A�PP and its recombinantly expressed KPI domain are
potent, tight-binding inhibitors of certain serine proteinases,
most notably several prothrombotic enzymes, including factor

XIa, factor IXa, factor Xa, and tissue factor–factor VIIa complex
with Ki values in the nanomolar to picomolar range (18–22).
Moreover, purified PN2�A�PP and its isolated KPI domain can
inhibit the clotting of plasma in vitro and in vivo (20, 23). The
potent regulation of the above prothrombotic factors by PN2�
A�PP suggests a role for this protein in the maintenance of
hemostasis. Further supporting this notion, it has been demon-
strated that PN2�A�PP is an abundant platelet �-granule pro-
tein that is released upon platelet activation by physiological
agonists such as thrombin and collagen (22–25). This finding
indicates that platelets provide a rich circulating source of
PN2�A�PP that can be delivered to sites of vascular injury on
demand. On the basis of these findings, we have hypothesized
that released platelet PN2�A�PP has a physiological function in
regulating prothrombotic events during vascular injury (26).

Here we show that transgenic mice with modest overexpres-
sion of PN2�A�PP in platelets (Tg-rPF4�APP) present with a
significantly impaired thrombotic potential that results in in-
creased times to vessel occlusion and more extensive cerebral
hemorrhage in in vivo experimental models for carotid artery
thrombosis and intracerebral hemorrhage, respectively. In con-
trast, mice lacking A�PP exhibit increased thrombosis in these
cerebral vascular injury models. Together, these findings indi-
cate that PN2�A�PP plays a significant role in regulating
cerebral thrombosis and that alterations in the levels of this
protein may markedly affect thrombosis in vivo.

Methods
Vector Construction and Generation of Tg-rPF4�APP Transgenic Mice.
A pCDNA3 vector containing the 2.1-kb human A�PP (770
isoform) cDNA plus the bovine growth hormone poly(A) was
excised from the vector with SpeI and AvrII and cloned into
pBluescript KS � vector at SpeI and XbaI sites. The 1.1-kb rat
platelet factor 4 (rPF4) promoter was removed from pCDCMV
plasmid (a gift from W. Bahou, Stony Brook University) with
EcoRI digestion and placed into the human A�PP770�BGH
poly(A)�pBluescript KS � construct. The completed transgene
cDNA construct was entirely sequenced to confirm its integrity.
The 4.3-kb rPF4-human A�PP770-poly(A) tail transgene (Fig. 1)
was removed from the vector by digestion with BssHII, electro-
phoresed on 0.8% agarose gels, and purified. The purified
transgene was microinjected into fertilized eggs from inbred
FVB�N mice at the Stony Brook Transgenic Mouse Facility.
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Founder transgenic mice were identified by Southern blot anal-
ysis of tail DNA. Transgenic offspring from each line were
determined by PCR analysis of tail DNA with the following
primers specific for human A�PP: 5�-CCTGATTGATAC-
CAAGGAAGGCATCCTG-3� and 5�-GTCATCATCGGCT-
TCTTCTTCTTCCACC-3� (generating an �500-bp product).
Transgenic mice were backcrossed for 10 generations onto a
pure C57BL�6 background and then were bred to homozygosity
for more than 5 generations before their use in these studies.
Unless otherwise noted, all of the studies involving Tg-rPF4�
APP mice described below used mice that were homozygous for
the human A�PP transgene. All work with animals followed
National Institutes of Health guidelines and was approved by
Stony Brook University Institutional Animal Care and Use
Committee.

A�PP Gene Knockout (KO) Mice. Mice deficient in A�PP were
obtained from The Jackson Laboratory. The mice were on a pure
C57BL�6 background, the same as the Tg-rPF4�APP described
above and the same as the wild-type mice used in the following
studies. For genotyping purposes, the wild-type A�PP allele was
identified by PCR with sense primer 5�-AGAGCACCGGGAG-
CAGAG-3� and antisense primer 5�-AGCAGGAGCAGTGC-
CAAG-3�, resulting in a 161-bp product. The homozygous A�PP
KO offspring are identified by PCR with sense primer 5�-
CTTGGGTGGAGAGGCTATTC-3� and antisense primer 5�-
AGGTGAGATGACAGGAGATC-3�, resulting in a 280-bp
product.

Platelet Isolation. Mouse blood was collected by terminal cardiac
puncture from wild-type or Tg-rPF4�APP mice. Blood was
collected in 0.1 vol of 3.8% sodium citrate to prevent coagula-
tion. The citrated blood was centrifuged at 800 � g for 2 min or

5,000 � g for 5 min at 22°C for the preparation of platelet-rich
plasma (PRP) or platelet-poor plasma, respectively. PRP was
collected and the platelets were isolated by gel filtration through
Sepharose 2B columns equilibrated in Hepes-modified Tyrode’s
platelet buffer [10 mM Hepes�135 mM sodium chloride�5 mM
D-glucose�2.7 mM potassium chloride�1 mM magnesium chlo-
ride�1 mM sodium citrate�0.5 mM sodium phosphate (pH 7.4)
containing 0.1% BSA]. The gel-filtered platelets were collected
and counted in a Coulter Z1 particle count and size analyzer. A
setting of 5 fl was used to measure mouse platelets to account
for the mean platelet volumes (27). The isolated platelets were
pelleted by centrifugation at 2,040 � g and adjusted to 3 � 106

per �l. Platelets were lysed in PBS containing 1% SDS, 0.5%
Nonidet P-40, complete proteinase inhibitor mixture (Roche
Applied Science), and 1 �g�ml chymostatin, and stored at
�80°C.

Immunoblot Analysis of A�PP. Isolated mouse platelets or various
tissues from perfused mice were homogenized in 10 vol of 50 mM
Tris�HCl (pH 7.5) containing 150 mM NaCl, 1% SDS, 0.5%
Nonidet P-40, 5 mM EDTA, and proteinase inhibitor mixture.
The tissue homogenates were clarified by centrifugation at
14,000 � g for 10 min. Protein concentrations of the resulting
supernatants were determined by using the BCA Protein Assay
kit (Pierce). The levels of A�PP in the tissue homogenate
samples were determined by performing quantitative immuno-
blotting (28). Briefly, 35 �g of total protein from each sample
was electrophoresed in SDS�Tris�glycine�8% polyacrylamide
gels and the proteins were transferred onto Hybond nitrocellu-
lose membranes (Amersham Pharmacia). Unoccupied sites on
the membranes were blocked overnight with 5% nonfat dry milk
in PBS with 0.05% Tween-20. The membranes were probed with
either monoclonal antibody (mAb) P2-1 specific for human
A�PP (29) or 22C11 (Chemicon International, Temecula, CA)
specific for mouse and human A�PP and then incubated with a
secondary peroxidase-coupled sheep anti-mouse IgG antibody
at a dilution of 1:1,000. The peroxidase activity on the mem-
branes was detected by using a Supersignal Dura West (Pierce).
Bands corresponding to A�PP were measured by using a Ver-
saDoc 3000 Imaging System (Bio-Rad) with the manufacturer’s
QUANTITY ONE software and compared with standard curves
generated from known quantities of purified A�PP.

Platelet Activation Assays. For platelet releasate studies, gel-
filtered platelets were pooled from five Tg-rPF4�APP mice,
resuspended to 2.2 � 108 per ml in 1 ml of Hepes-modified
Tyrode’s platelet buffer, and preincubated by slow shaking for
5 min at 37°C. The platelets were then incubated in the absence
or presence of 20 �g�ml collagen (Chrono-Log, Havertown,
PA) or 10 nM human thrombin (provided by Jolyon Jesty,
Stony Brook University) for an additional 10 min at 37°C,
followed by centrifugation at 2,040 � g for 10 min at 22°C. The
agonist-stimulated platelet releasates were collected, and the
platelet pellets were lysed in 70 �l of PBS containing 1% SDS,
0.5% Nonidet P-40, protease inhibitor mixture, and 1 �g�ml
chymostatin, and stored at �80°C. Before immunoblot anal-
ysis, the platelet pellets were diluted to 1 ml of Hepes-modified
Tyrode’s platelet buffer, the same volume as the platelet
releasates. The platelet releasates and pellets were analyzed
for human A�PP by quantitative immunoblotting using mAb
P2-1 as described above.

For platelet aggregation studies, gel-filtered platelets of each
genotype were adjusted to 1.2 � 108 per ml with Hepes-modified
Tyrode’s platelet buffer. MgCl2 was added to the final concen-
tration of 5 mM. Platelets were incubated at 37°C for 5 min, then
300 �l of each platelet suspension was placed in aggregation
cuvettes with continuous stirring at 1,200 rpm. Aggregation was
initiated by the addition of collagen (5–10 �g�ml) or thrombin

Fig. 1. Generation of Tg-rPF4�APP transgenic mice. (a) Schematic of the
4.3-kb transgene construct used to generate the Tg-rPF4�APP transgenic mice
containing the rat platelet factor-4 promoter, a cDNA of human APP770, and
a poly(A) tail from bovine growth hormone. (b) PCR analysis was performed
for human A�PP transgene in DNA isolated from Tg-rPF4�APP mice (lane 2)
and wild-type mice (lane 3) as described in Methods. Lane 1 presents a 1-kb
ladder. (c) Immunoblot analysis for human PN2�A�PP expression in platelet
lysates from wild-type (lane 1), heterozygous Tg-rPF4�APP (lane 2), and ho-
mozygous Tg-rPF4�APP (lane 3). The mAb P2-1, which is specific for human
A�PP, was used.
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(0.1–1 nM). Platelet aggregation was measured by using an
optical aggregometer (Chrono-Log).

Activated Partial Thromboplastin Time (APTT) Assay. Microtiter plate
APTT assays were conducted as described in ref. 30. Briefly, 30
�l of citrated platelet-poor plasma or PRP (containing 5 � 108

platelets per ml) prepared from mice of different genotypes, 30
�l of APTT reagent, and 30 �l of Tris-buffered saline were
incubated in triplicate microtiter plate wells for 10 min at 22°C.
The APTT assay was initiated by the addition of 30 �l of 25 mM
CaCl2, and the time to clot formation was monitored by the
change in absorbance at 405 nm in a Vmax kinetic microtiter
plate reader (Molecular Devices). The absorbance readings were
recorded every 30 sec for 15–25 min.

Carotid Artery Thrombosis Assay. This assay was performed essen-
tially as described by Eitzman et al. (31) and induces a fibrin- and
platelet-rich clot. Briefly, mice (8–12 weeks of age) were pre-
pared for surgery and anesthetized by i.p. injection of sodium
pentobarbital (70 mg�kg). A midline neck incision was made to
expose the common carotid artery, which was then cradled by a
miniature flowmeter probe to record blood flow rate and
ultimately determining presence of thrombosis. Then 0.1 ml of
rose bengal [4,5,6,7-tetrachloro-3�,6�-dihydroxy-2�,4�,5�,7�-
tetraiodospiro[isobenzofuran-1(3H),9[9H]xanthen]-3-one dipo-
tassium salt] (50 mg�kg in 0.9% saline) was injected through the
tail vein; the dye is activated by laser light (540 nm) to generate
a superoxide anion. The superoxide anion leads to endothelial
cell damage with a transient thrombus and subsequent neointima
formation. When the blood flow ceased for 20 min within the
laser specific area, retrospectively, the time to occlusion was
documented.

Experimental Intracerebral Hemorrhage. This model was essentially
as described by Clark et al. (32). Briefly, mice (8–12 weeks of
age) were prepared for surgery and anesthetized by i.p. injection
of sodium pentobarbital (70 mg�kg). A sagittal incision was
made caudal to rostral, allowing the scalp to be retracted and
held in place with microclips. A small hole, 1.0 mm posterior and
3.0 mm lateral of bregma, was drilled to perforate the skull. A
1-�l Hamilton syringe was used to deliver 500 nl of bacterial
collagenase (150 units�ml)�saline to the caudate�putamen at a
depth of 4.0 mm unilaterally. After the injection of collagenase�
saline (�30 sec), the needle remained in place for another 2 min
to prevent reflux of fluid. The surgery was concluded with the
closing of the scalp skin by using 4-0 nylon sutures. Twenty-four
hours after initiation of hemorrhage, the mice were perfused
with PBS, the brains were harvested, and 14-�m sections were
prepared by using a cryostat and mounted on glass slides.
Sections were stained with hematoxylin, and an Olympus
(Melville, NY) BX60 upright systems microscope with a digital
camera was used to capture images. The hemorrhage volume was
measured by using the STEREOLOGER software system. Alterna-
tively, harvested perfused brains were divided midline sagittally,
and the hemoglobin levels were determined in the hemorrhage
and contralateral hemispheres by using a spectrophotometric
assay as a measure of the extent of hemorrhage in the lesioned
hemispheres of the mice (32, 33).

Results
To investigate the role of platelet PN2�A�PP in regulating
thrombosis in vivo, we generated Tg-rPF4�APP transgenic mice,
which express the human A�PP-770 isoform specifically in
circulating blood platelets under control of the rPF4 promoter
(Fig. 1a). The 770 isoform of A�PP was chosen because this
secreted KPI domain-containing form of A�PP, analogous to
PN2, is naturally abundant in platelets (24, 34). The Tg-rPF4�
APP mice were generated by microinjection of the human

APP-770 construct into oocytes of an FVB�N background,
which were subsequently backcrossed into a pure C57BL�6
background. The presence of the human A�PP transgene was
confirmed by PCR analysis (Fig. 1b).

Tg-rPF4�APP mice showed expression of human PN2�A�PP
in platelets, and the level of human PN2�A�PP was �2-fold
higher in homozygous Tg-rPF4�APP mice compared with mice
heterozygous for the transgene (Fig. 1c, lanes 3 and 2, respec-
tively). As expected, no human PN2�A�PP was detected in the
nontransgenic wild-type mice (Fig. 1c, lane 1). Although human
PN2�A�PP expression was readily found in platelets, there was
no detectable expression in other various tissues from perfused
Tg-rPF4�APP mice (Fig. 2a). Quantitative immunoblot analysis
using an mAb that detects both mouse and human A�PP
revealed that expression of transgene-encoded human A�PP in
homozygous Tg-rPF4�APP mice was modest and only approx-
imately doubled the total amount of platelet A�PP compared
with wild-type mice (190 � 8 vs. 86 � 10 ng per 108 platelets) as
estimated by quantitative immunoblot analysis (Fig. 2 b and c).
The level of transgene-encoded human A�PP expression in
platelets did not change over the course of 18 months (data not
shown).

Stimulation of platelets with physiological agonists results in
the strong release of PN2�A�PP, which is normally stored in the
platelet � granules (24, 25, 35). Therefore, we determined
whether agonist stimulation of Tg-rPF4�APP platelets similarly
caused release of transgene-encoded human PN2�A�PP. In
unstimulated control Tg-rPF4�APP platelets, virtually all of the
human PN2�A�PP was recovered in the platelet pellet (Fig. 3a,

Fig. 2. Platelet-specific expression of transgene-encoded human PN2�A�PP
in Tg-rPF4�APP mice. (a) Immunoblot analysis of human PN2�A�PP expression
in homogenates prepared from various tissues of Tg-rPF4�APP mice: platelets
(lane 1), brain (lane 2), heart (lane 3), kidney (lane 4), liver (lane 5), lung (lane
6), and skeletal muscle (lane 7). (b) Immunoblot analysis of endogenous mouse
and transgene-encoded human A�PP in wild-type mouse platelets (lanes 1
and 2) and Tg-rPF4�APP mouse platelets (lanes 3 and 4) homogenates. The
mAb 22C11 was used, which detects both human and mouse A�PP. (c) The
levels of total A�PP were determined in wild-type mouse platelets (left bar)
and Tg-rPF4�APP mouse platelets (right bar) by quantitative immunoblotting
measurements as described in Methods. The data presented are the mean �
SD of measurements from n � 3 mice for each group.
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lane 1). However, when Tg-rPF4�APP platelets were stimulated
with either collagen or thrombin, �90% of the human PN2�
A�PP was recovered in the platelet releasates (Fig. 3a, lanes 4
and 6, respectively). These findings indicate that transgene-
encoded human PN2�A�PP is properly packaged in the platelet
� granule and is released by physiological agonist stimulation of
Tg-rPF4�APP mouse platelets.

To begin to determine whether platelet PN2�A�PP altered
platelet function and thrombosis, we first performed platelet
aggregation assays. Gel-filtered platelets were prepared from
wild-type mice and Tg-rPF4�APP mice, and we also included
A�PP KO mice in these studies. All mice were on the same pure
C57BL�6 background and had very similar platelet counts
(wild-type � 8.0 � 2.0 � 108 per ml, Tg-rPF4�APP � 7.5 � 0.5 �
108 per ml, and A�PP KO � 7.4 � 1.3 � 108 per ml), ensuring
meaningful comparisons. There were no appreciable differences
in collagen- or thrombin-stimulated platelet aggregation be-
tween any of the different genotypes (Fig. 3b). Similarly, analysis
of in vitro clotting of platelet-poor plasma by using an APTT
assay revealed no substantive differences in the time to clot
formation among any of the genotypes (data not shown). In
contrast, compared with wild-type mice, PRP samples prepared
from Tg-rPF4 mice, which release modestly elevated levels of
platelet PN2�A�PP, exhibit a highly significant (P � 0.001) near
doubling in the time to clot formation (Fig. 3c). However, PRP
samples prepared from A�PP KO mice show a highly significant
decrease (P � 0.001) in the time to clot formation. These results
clearly show that modulating the levels of PN2�A�PP in mouse
platelets can significantly affect PRP clotting in vitro and sug-
gested similar findings may be observed in vivo.

To further investigate this function, we performed experi-
ments to determine the effect of platelet PN2�A�PP on carotid
artery thrombosis. Fig. 4a shows representative experiments
measuring thrombosis and loss of carotid artery blood flow in
mice of the different genotypes. Measurement of carotid artery
thrombosis in wild-type mice revealed a mean time of 47.6 � 9.4
min to cessation of blood flow (Fig. 4b). In contrast, Tg-rPF4�
APP mice, with a modest doubling of the total amount of platelet
PN2�A�PP, exhibited a pronounced increase in time to vessel
occlusion (76.6 � 13 min, P � 0.00001). However, A�PP KO
mice, which lack PN2�A�PP, showed decreased times for vessel
occlusion compared with wild-type mice (36.0 � 6.5 min, P �
0.0002). Together, these in vitro and in vivo thrombosis assays
strongly indicate that platelet PN2�A�PP plays a significant role
in limiting thrombosis.

We next determined whether PN2�A�PP might influence
cerebral thrombosis during a brain vascular injury event such as
intracerebral hemorrhage. Tg-rPF4�APP mice presented with

much larger hematomas and A�PP KO with smaller hematomas
compared with wild-type mice in experimentally induced intra-
cerebral hemorrhage (Fig. 5a). Quantitative measurement of
hematoma volumes showed that, compared with wild-type mice,
the hematomas of Tg-rPF4�APP mice were 	50% larger (P �
0.0001), whereas the hematomas of A�PP KO mice were nearly
40% smaller (P � 0.002). Similar findings were obtained by using
the measurement of hemoglobin levels in hemorrhagic brain
tissue as an independent indicator of hemorrhage severity.
Hemoglobin levels in hemorrhagic brain hemispheres of Tg-
rPF4�APP mice were �75% higher when compared with wild-
type mice (2,666 � 445 �g vs. 1,522 � 607 �g, respectively, P �
0.0005). Again, A�PP KO mice, which are prothrombotic, had
nearly 40% lower hemoglobin levels in their hemorrhagic brain
hemispheres compared with wild-type mice (980 � 382 �g, P �
0.02). Together, these data demonstrate that alterations in
PN2�A�PP levels have significant effects on cerebral thrombosis
during hemorrhagic brain injury.

Discussion
In the present study we show that modulating the levels of
platelet PN2�A�PP significantly affects prothrombotic events
during experimental cerebral vascular injury. Aside from serving
as the precursor to A� peptide, little is known about the

Fig. 3. Transgene-encoded human PN2�A�PP is released from Tg-rPF4�APP platelets upon activation and affects clotting in vitro. (a) Platelets isolated from
Tg-rPF4 mice were incubated in the absence or presence of 20 �g�ml collagen or 10 nM thrombin. The platelet pellets (P) (lanes 1, 3, and 5) and platelet releasates
(R) (lanes 2, 4, and 6) were analyzed for human PN2�A�PP by immunoblotting with mAb P2-1 as described in Methods. (b) Gel-filtered platelets were isolated
from PRP prepared from wild-type, Tg-rPF4�APP, and A�PP KO mice and analyzed for aggregation after stimulation with collagen or thrombin as described in
Methods. (Scale bar, 4 min.) (c) PRP was prepared from freshly collected blood from wild-type, Tg-rPF4�APP, and A�PP KO mice and then analyzed for in vitro
clotting by using an APTT assay as described in Methods. Data shown are mean � SD of n � 6 mice per genotype. *, P � 0.001.

Fig. 4. PN2�A�PP affects thrombosis in vivo. (a) Mice of different genotypes
were injected with the photoactivated dye rose bengal at t � 0, and the
carotid artery was exposed to a laser light. Blood flow through the carotid
artery was monitored with a flow probe. Blood flow ceased because of
thrombus formation in the vessel. Representative experiments show wild-type
mice (solid line), Tg-rPF4 mice (dotted line), and A�PP KO mice (dashed line).
(b) Quantitation of the time to cessation of carotid artery blood flow in mice
of different genotypes. Data shown are the mean � SD from Tg-rPF4�APP mice
(n � 11), wild-type (n � 30), and A�PP KO mice (n � 13). *, P � 0.0001.
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physiological function of A�PP and its regulation of potentially
pathological events. Many specific operative domains and func-
tional properties have been identified for A�PP by using in vitro
systems, but most of these remain unresolved in vivo. In many
cases, the use of transgenic mice that overexpress a given protein,
and more so from gene KO mice that lack a given protein, has
provided insight into the functions of proteins in complex
mammalian organisms. Regarding A�PP, however, gene KO
mice have thus far revealed little into functions of this protein.
An initial report indicated that A�PP KO mice were viable and
fertile with some loss in locomotor activity (36). More recent
studies have suggested that A�PP may play a role in maintenance
of synaptic function and modulate Cu2��Zn2��nitric oxide-
catalyzed degradation of glypican-1 (37). The rationale for the
present in vivo investigation was based on earlier in vitro studies
that identified the secreted KPI-containing forms of A�PP,
otherwise known as PN2, as potent inhibitors of several pro-
thrombotic proteinases (18–22). These compelling biochemical
data, coupled with the rich investment of PN2�A�PP in platelets
and in brain, suggested that A�PP may play a role in regulating
cerebral thrombosis. The use of the Tg-rPF4�APP mice de-
scribed here, in conjunction with A�PP KO mice, allowed us to
investigate the inhibition of cerebral thrombosis by PN2�A�PP
when mice are challenged with cerebral vascular injury. The
present results clearly show that modestly elevated levels of
PN2�A�PP in the platelets of Tg-rPF4�APP mice significantly
limited thrombosis in cerebral vascular injury.

Several of our findings indicate that the observed gain-of-
function effect of platelet PN2�A�PP on inhibiting thrombosis was
not merely the result of random artifactual overexpression effects
of PN2�A�PP. First, just a minor doubling of the total amount of
platelet PN2�A�PP in homozygous Tg-rPF4�APP mice led to a
parallel near doubling in time to in vitro clot formation and in vivo
vessel occlusion in carotid artery thrombosis (Fig. 4). Second, using
heterozygous Tg-rPF4�APP mice, with half the amount of in-
creased platelet PN2�A�PP compared with homozygous mice,
showed a corresponding intermediate inhibitory effect on carotid
artery thrombosis (data not shown). Last, A�PP KO mice, which
lack PN2�A�PP, exhibit the opposite phenotype and are signifi-
cantly more prothrombotic than wild-type mice both in vitro and in
vivo (Figs. 4 and 5, respectively).

Substantial evidence indicates that the primary pathway lead-
ing to thrombin formation involves the extrinsic coagulation
pathway, which is initiated by tissue factor and includes factor
VIIa, factor IXa, and factor Xa as part of multiprotein complexes
that assemble on the surfaces of activated and damaged cells
(38). Deficiencies in any of these extrinsic coagulation pathway
factors in mice result in a strong, and in some cases lethal,
hemorrhagic phenotype (39–42). Although the intrinsic coagu-
lation pathway involving factor XIIa and factor XIa appears to
be less involved in thrombosis, deficiency of the latter can also
be associated with a variable hemorrhagic disorder (43, 44).
Regulation of the extrinsic coagulation pathway has been shown
to be largely mediated by antithrombin III, activated protein C,
and tissue factor pathway inhibitor, which like PN2�A�PP, is a
KPI (45–47). During cerebral vascular challenge in Tg-rPF4�
APP mice the local activation of platelets causes release of
PN2�A�PP (Fig. 3). The suppression of thrombosis in these mice
likely results from inhibition at the level of the extrinsic pathway
prothrombotic proteinases factor IXa, factor Xa, and tissue
factor–factor VIIa, and possibly some contribution through
inhibition of factor XIa, by the released PN2�A�PP.

The deletion of the genes for tissue factor pathway inhibitor
or protein C in mice results in lethality due to unregulated
thrombosis (48, 49). The finding that deletion of the gene for
PN2�A�PP in mice is not lethal or did not result in an even more
robust prothrombotic phenotype is likely confounded by the
presence of endogenous homolog amyloid precursor-like pro-
tein-2 (APLP2). The gene for APLP2 was shown to also contain
a KPI domain that is 68% identical to the KPI domain contained
in PN-2�A�PP (50, 51). It is noteworthy that, similar to PN2�
A�PP, mRNA for APLP2 is found in many tissues and is very
abundant in brain and in platelets (50, 51). We previously
reported that the prothrombotic proteinase inhibitory properties
of APLP2 and PN2�A�PP strongly overlapped, and both pro-
teins could inhibit thrombosis in vitro (52). This finding suggests
that each of these proteins, abundant in platelets and in brain,
may have shared and compensatory activities in regulating
thrombosis during cerebral vascular injury. Mice that are defi-
cient for both A�PP and APLP2 are postnatal lethal (53).
Although the basis for this lethality in the A�PP�APLP2 double-
KO mice is presently unknown, further study is needed to
determine whether it involves the overlapping prothrombotic

Fig. 5. PN2�A�PP affects the severity of intracerebral hem-
orrhage. (a) Mice were stereotaxically injected with collage-
nase in the caudate�putamen. Twenty-four hours later, the
brain was removed and analyzed for hematoma as described
in Methods. Stained brain sections are presented from Tg-
rPF4�APP (Left), wild-type (Center), and A�PP KO (Right) mice.
(b) Quantitation of hematoma volume from Tg-rPF4�APP
mice (n � 12), wild-type mice (n � 14), and A�PP KO mice (n �
7) at 24 h. The data presented are the mean � SD. *, P � 0.0001;

**, P � 0.002. (c) Quantitation of hemoglobin levels in the
hemorrhagic (H) and contralateral control (C) hemispheres
from Tg-rPF4�APP mice (n � 7), wild-type mice (n � 15), and
A�PP KO mice (n � 7) at 24 h. The data presented are the
mean � SD. *, P � 0.0005; **, P � 0.02.
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proteinase inhibitory roles or some other redundant function
between the two proteins.

Nevertheless, localized increased levels of PN2�A�PP may be
associated with antithrombotic pathology. For example, in se-
vere cases of cerebral amyloid angiopathy, as found in hereditary
cerebral hemorrhage with amyloidosis Dutch-type, it was shown
that there is pathologic accumulation of PN2�A�PP in the
amyloid laden cerebral blood vessel walls (54). This accumula-
tion could result in a cerebral vessel wall that possesses an
abnormally high antithrombotic potential. Such a localized
cerebral thrombotic imbalance could contribute to the hemor-
rhagic condition that is characteristic of familial cerebral hem-

orrhagic disorders and in severe cases of cerebral amyloid
angiopathy. Similarly, in normal individuals cerebral PN2�A�PP
may play an important local role in regulating prothrombotic
events during hemorrhagic and ischemic stroke. In any case, the
present findings suggest that PN2�A�PP is a significant addi-
tional, and perhaps regional, modulator of the complex proteo-
lytic pathways regulating thrombosis.
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