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Extensive studies have detailed the molecular regulation of indi-
vidual components of the hemostatic system, including platelets,
coagulation factors, and regulatory proteins. Questions remain,
however, about how these elements are integrated at the systems
level within a rapidly changing physical environment. To answer
some of these questions, we developed a puncture injury model
in mouse jugular veins that combines high-resolution, multi-
modal imaging with functional readouts in vivo. The results reveal
striking spatial regulation of platelet activation and fibrin forma-
tion that could not be inferred from studies performed ex vivo. As
in the microcirculation, where previous studies have been per-
formed, gradients of platelet activation are readily apparent, as is
an asymmetrical distribution of fibrin deposition and thrombin
activity. Both are oriented from the outer to the inner surface of
the damaged vessel wall, with a greater extent of platelet acti-
vation and fibrin accumulation on the outside than the inside.
Further, we show that the importance of P2Y,, signaling in estab-
lishing a competent hemostatic plug is related to the size of the
injury, thus limiting its contribution to hemostasis to specific phys-
iologic contexts. Taken together, these studies offer insights into
the organization of hemostatic plugs, provide a detailed under-
standing of the adverse bleeding associated with a widely pre-
scribed class of antiplatelet agents, and highlight differences
between hemostasis and thrombosis that may suggest alternative
therapeutic approaches.

hemostasis | platelets | coagulation | thrombin | P2Y12

he hemostatic response in humans and other mammals is a

complex process that requires both cellular and molecular
components of the blood. Its goal is to halt the loss of blood after
a breach in a closed, high-pressure circuit. When it fails, as it can
in settings as disparate as trauma and coagulation factor defi-
ciencies, life-threatening bleeding can result. Considerable effort
during the last several decades has been made to understand this
process, focusing on individual coagulation reactions and the
identification of receptors and signaling pathways within plate-
lets. Those studies have most commonly employed a reductionist
approach, attempting to understand the behavior of a complex
system through the study of its isolated parts, often under static
rather than dynamic conditions, and more frequently studied ex
vivo than in vivo.

Recently, we and others have returned to an earlier, systems-
oriented perspective, investigating how the multitude of now
well-defined molecular mechanisms regulating coagulation and
platelet activation are integrated within the dynamic physical
environment present at sites of vascular injury in vivo. A model
of the hemostatic response has emerged from those studies in
which it is now clear that gradients of platelet agonists such as
thrombin, ADP, and TxA, are shaped by physical forces present
within the evolving platelet plug, resulting in a gradient of platelet
activation emanating from the injury site (1). Those physical forces
arise in part from the consequences of piling up platelets, and in
part from the contraction of activated platelets. The net result is
a hierarchical architecture in which the spatial distribution of

WWww.pnas.org/cgi/doi/10.1073/pnas. 1813642116

activated platelets and fibrin is tightly regulated, an architecture
that is very different from the structure of pathological thrombi
in either the arterial or venous circulations (2—4). In the studies
published to date, the ability to reconstruct these events rests in
part on real-time imaging performed in vivo in transgenic mouse
models, and in part on computational studies (5-8).

For technical reasons, the initial evidence describing the hi-
erarchical organization of hemostatic plugs was derived primarily
from observations in the mouse microvasculature after small
(<5 pm) penetrating injuries, leaving unanswered whether the
conclusions are specific to the microcirculation or are more gen-
eralizable. These studies were recently extended to the femoral
artery and saphenous vein, although again the injuries were small
(10-15 pm) and resulted in minimal bleeding (9). Questions
therefore remain regarding the relationship between hemostatic
plug organization and bleeding when the blood vessel and injury
size are sufficient to cause substantial blood loss. In these con-
texts, a large pressure drop occurs across the injury site and the
resulting convective forces as blood escapes are expected to
substantially affect the spatiotemporal regulation of platelet and
coagulation system activation, likely in ways that are different
from pathologic settings that lead to thrombosis without
bleeding.

The studies presented here are intended to answer these
questions by combining high-resolution, multimodal imaging with
functional readouts in vivo to examine the hemostatic response in
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a way that has not been done before. The results show that some
of the conclusions drawn from studies in the microvasculature are
in fact scalable to the macrovasculature, despite large differences
in blood flow, vessel wall composition, vessel wall thickness, and
injury size. The results also speak to the contribution of ADP in
the setting of larger injuries, the spatially restricted contribution of
platelet procoagulant activity, the adverse effect of a widely prescribed
class of antiplatelet agents, and the apparent lack of a requirement
for dense red cell packing to the achievement of an effective he-
mostatic response. The results also show that adopting a structure-
and-function approach at the cellular as well as the molecular level
offers insights into the organization of hemostatic plugs and high-
lights critical differences between hemostasis and thrombosis.

Results

A Model for Examining the Composition and Morphology of Hemostatic
Plugs in Large Veins. We developed a mouse jugular vein puncture
injury model to examine hemostatic plug formation in the macro-
circulation. The jugular vein of a mouse was exposed and pierced
with a 30-gauge needle (300 pm diameter), followed by fixation
at predetermined points. The time until bleeding stopped was
recorded as the bleeding time. A multimodal, correlative micros-
copy approach was used to examine the resulting hemostatic
response. Confocal and 2-photon fluorescence imaging provided
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detail of molecular components, such as the localization of the
platelet activation marker P-selectin and formation of fibrin,
followed by scanning electron microscopy (SEM) of the same
hemostatic plugs to observe cellular composition and detailed
morphological features at high resolution. Different hemostatic
plugs were prepared and observed from either the intravascular
or extravascular side of the blood vessel to compare molecular
and structural features in these two regions.

Platelet Activation Gradients and Hierarchical Organization of
Hemostatic Plugs. In response to puncture injury of the jugular
vein, a large hemostatic plug formed over the injury site on the
intraluminal side of the vessel wall (Fig. 1 A-C). In addition to
the images included in Fig. 1, Movie S1 shows a 3D reconstruction
of the same hemostatic plug based on fluorescence imaging, and
an interactive image file shows additional SEM views (Dataset S1;
video and dataset legends are included in the SI Appendix). Jugular
vein hemostatic plugs were composed almost exclusively of plate-
lets, with minimal incorporation of red blood cells. Virtually no
white blood cells were observed during the hemostatic phase of
the response to injury (up to 5 min postinjury), consistent with
prior studies performed in the microcirculation (10).

Multiple platelet morphologies were observed demonstrating
a gradient of platelet activation extending from the injury site.
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Fig. 1. Jugular vein hemostatic plug morphology: intravascular side. (A) Low-magnification SEM image of a representative hemostatic plug fixed 5 min
postinjury. (Scale bar: 100 um.) The sample is tilted to provide a profile view. Gold arrow indicates direction of blood flow. (B) The same hemostatic plug
shown in A viewed from above. (Scale bar: 100 pm.) Locations of the zoomed images shown in D and E are indicated. Gold arrow indicates direction of blood
flow. (C) Corresponding fluorescence image of the same hemostatic plug shown in A and B, oriented as in B. (Scale bar: 100 pm.) The image is a maximum
intensity projection of a series of z-plane images acquired using 2-photon microscopy. A 3D reconstruction of the fluorescence images is included in Movie S1.
(D and E) Higher magpnification (Scale bar: 10 pm.) images of the regions indicated in B. White arrows (E) indicate platelets that appear to have fragmented
into smaller vesicular bodies. Asterisks note intact platelets in the same field of view. Micrographs shown are representative of >10 hemostatic plugs imaged
from the intravascular side 5 min postinjury. An interactive image file presenting multiple perspectives of the hemostatic plug shown is included in the S/

Appendix (Dataset S1).
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On the luminal surface, platelets exhibited morphologic features
indicating minimal activation (Fig. 1D). Many of these platelets
retained a discoid shape or had changed shape minimally, pro-
truding a small number of projections. In some cases, spindle-
shaped platelets were observed, elongated in the direction of
flow. Consistent with a minimal activation state, platelets on the
luminal surface of hemostatic plugs were also P-selectin-negative,
indicating that they had not undergone a-granule exocytosis (Fig.
1C). Importantly, despite their apparent minimal activation state,
platelets on the luminal surface were closely associated with one
another and resisted dislodgment during wash procedures, indi-
cating cohesive interactions (Fig. 1D).

In sharp contrast, platelets at the boundary of the injury site
and within the hole created by the injury had a dramatically al-
tered morphology. Platelets in this region were characterized by
ultradense packing, such that cell bodies were squeezed tightly
together, interwoven with filopods (Fig. 1E and Dataset S1). A
striking feature in this region was the presence of numerous
platelets that appeared to be fragmented, resulting in small
spheroidal bodies ~0.5-1 pm in diameter (Fig. 1E, white arrows).
In some cases, these bodies appeared to be the result of platelets
squeezed so tightly together that a portion of the cell protrudes
out into open space, whereas in other cases, these bodies may be
distinct structures (microvesicles). In all cases, these dramatically
altered cell morphologies were derived from platelets, as they
were CD41 positive. When viewed from the lumen, P-selectin
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positivity (indicating robust platelet activation including a-granule
secretion) was also observed primarily at the injury site boundary
(Fig. 1C and Movie S1). Fibrin was sometimes observed here as
well, but was otherwise largely absent from the platelet mass that
formed on the intraluminal side of the injury site, as observed
using either SEM or fluorescence imaging. In intermediate layers
of hemostatic plugs, platelets appeared activated, but remained
intact, with a more rounded appearance and abundant filopods
(Dataset S1). Again, they were densely packed and no other cell
types were observed.

Platelet and Fibrin Deposition Viewed from the Extravascular
Perspective. The extravascular portion of the hemostatic plug
had a dramatically different appearance than the intravascular
portion (Fig. 2). Rather than a condensed platelet mass localized
over the injury site, the extravascular portion of the hemostatic
plug was characterized by platelets colocalized with an extensive
fibrin network over a large surface area extending well beyond
the edge of the injury site (Fig. 2 A-C, Dataset S2, and Movie
S2). The majority of platelets found on the extravascular side of
the vessel were highly activated and similar in morphology to the
highly activated platelets observed at the boundary of the injury
site when viewed from the intravascular side (Fig. 2 D and E).
Platelet adhesion at the periphery of the injury site on the ex-
travascular side resulted in significantly increased total platelet
volume in this region compared with the intraluminal portion of

Fig. 2. Jugular vein hemostatic plug morphology: extravascular side. (A) Low-magnification SEM image of a representative hemostatic plug fixed 5 min

MEDICAL SCIENCES

postinjury. (Scale bar: 300 pm.) The sample is tilted to provide a profile view. (B) The same hemostatic plug shown in A viewed from above. (Scale bar: 300 pm.)
Location of the zoomed image shown in D is indicated. (C) Corresponding fluorescence image of the same hemostatic plug shown in A and B, oriented as in B.
The image is a maximum-intensity projection of a series of z-plane images acquired using 2-photon microscopy. A 3D reconstruction of the fluorescence
images is included in Movie S2. Dotted line in B and C indicates the injury site. (Scale bar: 300 pm.) (D) Higher-magnification image of the region indicated in B,
showing abundant highly activated platelets interspersed with fibrin at the injury site. (Scale bar: 50 um.) (E) Higher-magnification image of the region
indicated in D showing highly activated platelets. (Scale bar: 10 pm.) Some fibrin is also seen at the lower right of the image. Asterisk notes an intact platelet
in the same field of view for comparison. Micrographs shown are representative of >10 hemostatic plugs imaged from the extravascular side 5 min postinjury.
An interactive image file presenting multiple perspectives of the hemostatic plug shown is included in the S/ Appendix (Dataset S2).
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the hemostatic plug (Fig. 3 A-C). Platelet P-selectin was also
highly expressed on the extravascular side of the injury site,
indicating robust platelet activation with a-granule secretion,
compared with the minimal P-selectin expression observed
intraluminally (Fig. 3 4, B, and E; P < 0.01). Platelets uniformly
filled the hole created by the injury (Figs. 2 A-C and 3B). They
also formed smaller islands interconnected by fibrin fibers as
they adhered to the extravascular surface of the blood vessel at
the periphery of the injury site (Fig. 2B). Red blood cells were
often observed trapped in the fibrin network (Fig. 2D and
Dataset S2), but were a minimal component relative to platelets
and fibrin.

The different platelet activation states observed between the
extravascular and intravascular portions of hemostatic plugs us-
ing SEM and fluorescence imaging demonstrate the existence of
a gradient of platelet activation, with the most robustly activated
platelets at the base of the plug on the extravascular side, and the
least activated platelets on the luminal surface on the in-
travascular side. This gradient of platelet activation overlapped
with a striking asymmetric distribution of fibrin deposition, which
was restricted almost entirely to the portion of the hemostatic
plug filling the hole in the vessel wall and extending into the
extravascular space (Fig. 4). These regional distributions of
platelet activation and fibrin localization are also clearly visible
in cryosections of separate samples. Cross-sections of hemostatic
plugs showed P-selectin-positive platelets at the base of plugs
extending into the extravascular space, whereas the platelets ex-
tending into the lumen on the intravascular side were P-selectin-
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negative (SI Appendix, Fig. S1 A-C). Fibrin deposition was simi-
larly localized primarily outside of the vessel lumen (SI Appendix,
Fig. S1D).

Time Course of Hemostatic Plug Formation. The hemostatic re-
sponse was observed in the same manner 1, 5, and 20 min after
injury. Although a fully mature hemostatic plug had not yet been
formed 1 min postinjury, several of the morphological features
described at 5 min postinjury (Figs. 1 and 2) were already present
(SI Appendix, Fig. S2). Highly activated platelets were observed
at the boundary of the injury site and on the extravascular por-
tion of the hemostatic plug 1 min postinjury, demonstrating that
these platelets are robustly activated rapidly on injury (SI Ap-
pendix, Fig. S24). Fibrin was also already abundant on the ex-
travascular side of the vessel. On the intravascular side, the
developing platelet mass was incomplete, with platelets accu-
mulated to the largest extent around the edge of the hole (S/
Appendix, Fig. S2B). This is consistent with real-time imaging
findings from prior studies showing that platelet aggregation
initiates at the edge of the injury site, and the center of the hole
is filled in as platelets continue to accumulate (11). By 5 min
postinjury, a large platelet mass had formed over the hole, al-
though it typically had a “cauliflower”-type appearance, with
crevasses separating large columns of platelet aggregates (Fig.
1). 3D reconstructions of hemostatic plugs after optical sec-
tioning using 2-photon microscopy demonstrated the existence of
large open spaces within the volume of the platelet aggregate
that were often connected to the aggregate surface (Movie S1).
These open spaces are consistent with the appearance of platelet

Merge

“OPlatelets
EP-selectin

g 30 p<0.01

2

E T
§ I
2 204

=

c

o

[}

E 10

£

k1]

@

°

9

o

0- n .
Intraluminal Extraluminal

Fig. 3. Platelet alpha-granule secretion in the intraluminal and extravascular portions of mouse jugular vein hemostatic plugs. (A and B) Micrographs show a
representative hemostatic plug fixed 5 min after puncture injury. The Top panels (A) show the intraluminal portion and Bottom panels (B) show the
extraluminal portion of the same hemostatic plug imaged from each side. The images are maximume-intensity projections of a series of z-plane images ac-
quired using 2-photon microscopy. Platelets (CD41, Left panels and red in the merge) and P-selectin expression (Middle panels, green in the merge) are
shown. (Scale bars: 100 pm.) (C) The platelet volume in the intraluminal and extraluminal portions was calculated from the CD41 fluorescence. (D)
CD41 fluorescence intensity (mean fluorescence intensity per pixel) in the intraluminal and extraluminal portions of hemostatic plugs. (E) P-selectin fluo-
rescence intensity (mean fluorescence intensity per pixel) in the intraluminal and extraluminal portions of hemostatic plugs. CD41 and P-selectin quantifi-
cation was performed on n = 5 hemostatic plugs as described in the S/ Appendix, Supplemental Methods. Graphs show mean + SEM; statistics were performed

using a Student’s t test. NS indicates not significant.
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Fig. 4. Fibrin formation in the intraluminal and extravascular portions of mouse jugular vein hemostatic plugs. (A and B) Micrographs show a representative
hemostatic plug fixed 5 min after puncture injury. The Top panels (A) show the intraluminal portion and Bottom panels (B) show the extraluminal portion of
the same hemostatic plug imaged from each side. The images are maximum-intensity projections of a series of z-plane images acquired using 2-photon
microscopy. Platelets (CD41, Left panels and red in the merge) and fibrin formation (Middle panels, green in the merge) are shown. (Scale bars: 100 pm.) (C)
Fibrin sum fluorescence intensity in the intraluminal and extraluminal portions of hemostatic plugs. Fibrin quantification was performed on n = 6 hemostatic
plugs as described in the S/ Appendix, Supplemental Methods. Graphs show mean + SEM; statistics were performed using a Student's t test.

columns separated by crevasses observed by SEM. By 20 min
after injury, these crevasses had largely been covered over,
resulting in a fairly uniform surface of minimally activated
platelets (SI Appendix, Fig. S3B), although 3D reconstructions of
fluorescence images demonstrated the existence of open cavities
within the platelet mass. At this later point, white blood cells
were observed adhering both to the intraluminal surface of the
hemostatic plug as well as surrounding endothelium (SI Appendix,
Fig. S3B).

Distribution of Platelet Agonists During Hemostatic Plug Formation.
The dramatic differentiation of morphologic and molecular
features between the intravascular and extravascular portions of
hemostatic plugs suggests the biochemical microenvironments in
these regions are distinct. In particular, the observation that
highly activated platelets and fibrin are localized primarily on the
extravascular side implies that thrombin activity is restricted to
this region, consistent with observations from prior studies in
smaller vessels (9, 12). As additional evidence to support this
conclusion, we used annexin V binding to examine the localiza-
tion of phosphatidylserine-positive membranes. We found that
annexin V binding showed a similar overall distribution to P-selectin
positivity, although with a more punctate appearance (S Appendix,
Fig. S4). It was observed primarily in the extravascular space in
regions of highly activated platelets.

Altered Hemostatic Plug Architecture in the Setting of P2Y,, Antagonism
Causes Bleeding. Antiplatelet therapy using a P2Y;, antagonist is
currently the standard of care in multiple patient populations with
elevated risk for atherothrombosis. A common adverse event
associated with antiplatelet therapy is bleeding, resulting in an
increased risk for morbidity and mortality in some patient
populations (13). Here, we asked how P2Y;, antagonism com-
promises the architecture of large hemostatic plugs and how this
leads to bleeding. Administration of a direct-acting P2Y, antag-
onist (cangrelor) immediately before jugular vein injury resulted in

Tomaiuolo et al.

a prolongation of the bleeding time in this hemostasis model. The
intravascular portion of hemostatic plugs formed in the presence of
cangrelor was significantly smaller than controls (Fig. 5F). They
were largely flattened with respect to the endothelial cell sur-
face compared with control hemostatic plugs that extended by
more than 100 pm into the vessel lumen (compare Fig. 54 vs. Fig.
14). All platelets on the intravascular side appeared minimally ac-
tivated at the morphologic level, although P-selectin expression was
still observed at the boundary of the injury site (Fig. 5 C-E). A
residual hole with minimally activated platelets accumulated around
the edges of the injury site was found in cases where bleeding did
not stop within the 5-min observation period (see following).

The extravascular portion of hemostatic plugs from cangrelor-
treated mice was highly variable, and in contrast to controls, it
had an abundance of minimally activated platelets in addition to
highly activated platelets (Fig. 6). A gradient of platelet activa-
tion was observed in which platelets farthest from the injury site
were most activated, similar to the appearance of platelets on the
extravascular side of control hemostatic plugs (Fig. 6B vs. Fig.
6F). Platelets closer to the injury were minimally activated, es-
pecially in cases in which the hole did not close and bleeding
persisted, in contrast to the highly activated platelets found within
the injury site of controls (Fig. 6C vs. Fig. 6F). Fibrin formation
followed a similar spatial distribution pattern. At the periphery of
the extravascular hemostatic plug, fibrin appeared similar in vehicle-
and cangrelor-treated mice (Fig. 6B vs. Fig. 6E). However, fibrin was
much less abundant close to the injury site in cangrelor-treated
mice compared with vehicle-treated controls (Fig. 6C vs. Fig. 6F).
These findings suggest that thrombin activity close to the injury
site is impaired because of the convective forces of blood flowing
out through the injury site.

These results regarding hemostatic plug architecture in the
setting of cangrelor treatment provide an in vivo demonstration
of the importance of P2Y;, signaling for efficient platelet—
platelet cohesion and closure of the injury site. Given its role in hole
closure, we hypothesized that the contribution of P2Y7; signaling to

PNAS | February 5,2019 | vol. 116 | no.6 | 2247
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the hemostatic response becomes more important as the size of
the injury increases. To test this hypothesis, we created different-
sized injuries in the jugular veins of vehicle- or cangrelor-treated
mice. After the smallest injury, made with a 125-pm-diameter needle,
the morphology of hemostatic plugs was similar to that described
earlier (Fig. 74). Vehicle-treated mice formed a three-dimensional
platelet aggregate on the luminal side of the injury site. In
cangrelor-treated mice, platelets effectively filled the hole, but
the platelet aggregate did not extend substantially into the lumen
of the vessel (Fig. 7 Ai and Aii). In contrast, when a much larger
injury was made with a 600-pm needle, platelets failed to fill the
hole in the vessel wall when cangrelor was present (Fig. 7 Ci and
Cii). As a result of this disrupted architecture, hemostatic plug
effectiveness was substantially impaired. There was no difference
in bleeding time between vehicle- and cangrelor-treated mice with
the smallest injury (Fig. 74iii). At an intermediate-sized injury of
300 pm diameter, ~50% of the injuries did not stop bleeding within
the 5-min time frame of the experiment in cangrelor-treated mice
(Fig. 7Biii). After the largest injury (600 pm diameter), none of the
cangrelor-treated mice were able to form a hemostatically effective
platelet plug (Fig. 7Ciii). Taken together, these results demonstrate
that below a threshold injury size, P2Y;, signaling becomes dis-
pensable for hemostasis, but as injury size increases, P2Y, signaling
becomes critical for the formation of an effective platelet plug.

Discussion

Studies in the microcirculation have suggested a dynamic model
of the hemostatic response whereby the physical microenviron-
ment within a platelet plug regulates and is regulated by the
distribution of soluble platelet agonists resulting in a gradient of
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were performed using a Student’s t test.

platelet activation extending from the site of injury (1, 7-9, 12,
14). However, in most microcirculation experimental models,
blood loss is minimal or nonexistent, questioning the extent to
which this model of the hemostatic response applies to larger
injuries in the macrocirculation where blood loss is a defining
component. In the present study, we have addressed these
questions using high-resolution correlative microscopy to exam-
ine the molecular and morphological features of hemostatic
plugs formed after puncture injuries in mouse jugular veins. The
results show in detail the architecture of hemostatic plugs
formed in this setting, including the establishment of a gradient
of platelet activation that extends across the vessel wall and into
the vessel lumen, with the most activated platelets found on the
extravascular side. Fibrin formation, and by extension thrombin
activity, was localized primarily on the extravascular side of the
vessel wall where tissue factor is found (15). Finally, we showed
the consequences of P2Y;, antagonism on hemostatic plug ar-
chitecture and found that an incompetent platelet plug that does
not stop blood flow through the injury site also impairs thrombin
localization at the site of injury. Accordingly, the contribution of
P2Y, signaling to formation of a competent hemostatic plug
scales with the size of the hole created in the vessel wall.

The finding that hemostatic plugs formed in a large vein ex-
hibit a gradient of platelet activation is largely consistent with
previous observations in the microvasculature made by us and
others. However, there are informative differences as well. Small
breaches in the vessel wall of small arterioles or venules result in
a characteristic hemostatic plug architecture including a region
of highly active, densely packed, and degranulated platelets im-
mediately adjacent to the injury site that is overlaid by multiple
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Fig. 6. The effect of P2Y,; inhibition on extravascular hemostatic plug formation. The photomicrographs show a representative hemostatic plug from a
vehicle- (A-C) or cangrelor-treated (D-F) mouse fixed 5 min postinjury. (A and D) Low-magnification SEM images of the extravascular portion of the he-
mostatic plug. (Scale bar: 300 pm.) Note that the hole in the vessel wall did not completely seal within the 5-min observation period in the cangrelor-treated
mouse (the bright region in the center of the image in D is the open hole). (B and E) Higher-magnification SEM image of a region at the periphery of the
hemostatic plug, as indicated by the arrows in A and D. (Scale bar: 10 pm.) Note the presence of highly activated platelets (white arrows) and regions of fibrin
and red blood cells (arrowheads) in both vehicle- and cangrelor-treated mice. (C and F) Higher-magnification SEM images of a region of the hemostatic plug
close to the injury site, as indicated by the arrows in A and D. (Scale bar: 10 pm.) Note that platelets in this region appear highly activated in the vehicle-

treated (C) and minimally activated in the cangrelor-treated mouse (F).

layers of loosely adherent platelets that are not sufficiently ac-
tivated to secrete their a-granules (12, 14). In the microcircula-
tion studies, we referred to these populations of differentially
activated platelets as the hemostatic plug “core” and “shell”
regions. In the current studies in the macrocirculation, we also
see regions of differential platelet activation and morphology,
albeit on a much larger scale (Fig. 8). In this case, a region of
highly activated, P-selectin-positive platelets is localized within
the hole created by the puncture injury and extends to the ex-
travascular space, forming a large extravascular component of
the hemostatic plug. In contrast, platelets on the intravascular
side of the hemostatic plug form a large 3D aggregate in which
the majority of platelets are P-selectin-negative and the luminal
surface shows platelets with morphologic features consistent with
minimal activation. Thus, the extravascular and intravascular
regions are reminiscent of the “core” and “shell” regions described
in the microvasculature. These findings are consistent with prior
reports dating back to the 1960s showing hemostatic plugs in
multiple contexts as being composed of platelets with varying
degrees of granule secretion, using transmission electron mi-
croscopy (16-19).

As in the microcirculation, the formation of a platelet acti-
vation gradient after vascular injury in a large vein is likely a
result of the formation of biochemical gradients of platelet ag-
onists. In the microcirculation, thrombin is primarily responsible
for robust platelet activation leading to a-granule secretion. The
colocalization of extensive fibrin formation with P-selectin-
positive platelets in the present study is consistent with thrombin
generation driving robust platelet activation in large vessel hemo-
stasis. It is also consistent with the localization of phosphatidylserine-
expressing membranes in which tenase and prothrombinase
coagulation factor complexes assemble, which were also observed
primarily on the extravascular side of hemostatic plugs. Thrombin
activity is likely further restricted to the extravascular space be-
cause of the physics of the pressure drop preventing extravascular
solutes from back-propagating into the lumen and the physical

Tomaiuolo et al.

hindrance of transport through the platelet mass as the platelets
become densely packed (5, 7, 8, 20), as well as by biochemical
anticoagulant mediators such as antithrombin.

The observed differences in platelet morphology and activa-
tion state have other implications as well. Because thrombin
activity appears to be restricted primarily to the outer reaches of
the vessel wall, additional platelet agonists must regulate platelet
aggregate formation on the intravascular side of hemostatic
plugs. In the microcirculation, TxA,/TP and ADP/P2Y,, signal-
ing act in concert to promote low-level platelet activation and
adhesion in the outer shell region of a hemostatic plug, where
thrombin activity is predicted to rapidly decline (12, 14). P2Y,
signaling appears to play a similar role in large vein hemostasis,
as inhibition of P2Y;, signaling abrogated the formation of a
large three-dimensional platelet aggregate extending into the
vascular lumen. However, an important distinction between
small injuries in the microvasculature and larger injuries in the
macrovasculature is that P2Y, signaling is also required to
promote platelet—platelet cohesion within the hole created by
the injury in large vessels. Lack of platelet—platelet cohesion
within the hole in the presence of a P2Y, antagonist results in
increased bleeding. In contrast, in studies in the microcircula-
tion, the holes created by the injury were not large enough to
require robust platelet—platelet cohesion to plug the hole (12,
14). These findings suggest that the importance of P2Y, sig-
naling during the hemostatic response scales with the size of the
vascular injury. We tested this hypothesis here and showed that
the increase in bleeding associated with P2Y;, antagonism is
directly linked to the size of the injury, and that below a threshold
injury size, P2Y7, signaling becomes dispensable for hemostasis.
This result helps to explain the lack of a role for platelet P2Y,,
signaling in the maintenance of vascular integrity, where small
breaches in the vessel wall require platelet-mediated repair
(21).

The data also show that P2Y;, antagonists affect thrombin
localization. Thrombin generation and fibrin formation appear
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Fig. 7. The importance of P2Y;, signaling for hemostasis increases with injury size. The photomicrographs show the intravascular portion of representative
hemostatic plugs from vehicle- and cangrelor-treated mice fixed 5 min postinjury. (A) 125-um-diameter needle; (B) 300-um-diameter needle; and (C) 600-um-
diameter needle. In all cases, plugs from vehicle-treated mice are shown in the top row and cangrelor-treated mice in the second row. The intact endothelium
lining the vessel is pseudocolored light blue to provide contrast. (Scale bar in all images: 100 pm.) The samples have been tilted to provide a profile view of the
hemostatic plugs. Kaplan-Meier plots in the bottom row show percentage of mice bleeding versus time for vehicle- and cangrelor-treated mice subjected to
puncture injuries with the indicated needle sizes (31). Experiments were terminated at 5 min postinjury (300 s). For 125 pm injury, vehicle (n = 15) and
cangrelor (n = 12); 300 pm injury vehicle (n = 18) and cangrelor (n = 19); and 600 pm injury vehicle (n = 12) and cangrelor (n = 8). Statistics were performed

using a log rank (Mantel-Cox) test.

normal on the extravascular side of a hemostatic plug at the
periphery of the injury site, but little fibrin or robust platelet
activation is seen at the injury site itself. This observation is likely
explained by intact initiation of thrombin generation as a result
of the tissue factor pathway, but impaired spatial propagation of
thrombin generation toward the center of the hole as long as
blood continues to flow through the injury site. This conclusion is
consistent with computational and in vitro studies demonstrating
the effect of fluid forces on the propagation of thrombin gen-
eration away from tissue factor-bearing surfaces (22, 23). Thus,
in this setting, P2Y, antagonists exert an indirect anticoagulant
activity in addition to their direct antiplatelet activity.

Just as interesting as what was observed during the hemostatic
response in this study is what was not observed. One of the more
obvious examples is the lack of blood cells other than platelets
making up hemostatic plugs in a large vein. Erythrocyte-rich “red
clots” are commonly associated with the venous circulation because
of their association with deep vein thrombosis (and subsequent
pulmonary embolism). Further, the formation of highly compacted

polyhedral-shaped

blood is clotted in vitro (24) and in coronary artery thrombi har-
vested from patients after arterial thrombosis (myocardial in-
farction) (2, 3). Because of the highly compacted nature of
polyhedral erythrocytes, it has been suggested that they may be an
important component of the hemostatic response helping to seal a
blood vessel and prevent blood loss (25). The results of the pre-
sent study instead show that a compacted erythrocyte-rich clot is
not required to provide a seal for damaged vessels. This role is
provided by platelets. Thus, the incorporation of erythrocytes into
pathologic thrombi represents a significant distinction between
hemostasis and thrombosis that could potentially have value as a
therapeutic target, as recently demonstrated by studies showing
reduced thrombus size when erythrocyte incorporation into
thrombi is attenuated (26, 27). The lack of white blood cell
contribution to the hemostatic response in large veins serves as
an additional distinction between hemostasis and thrombosis,
as it has been reported that white blood cells are a mechanisti-
cally important component of venous thrombi (28).

Finally, the mouse jugular vein used in these studies serves as a
representative vessel of the macrocirculation, and we would ex-
pect a similar hemostatic response in other large vessels with
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Fig. 8. Spatial heterogeneity of platelet activation and fibrin formation. An illustrated summary of the morphologic and molecular features of platelets and
fibrin in different spatial domains of hemostatic plugs formed after puncture injury of mouse jugular veins. (Magnification: 5,000x.)

similar properties. However, the data also show that there are
particular aspects of the hemostatic response that depend on
physiologic context. Given the importance of extravasating flow
and tissue factor, we anticipate that additional details of the he-
mostatic response, including plug architecture, the involvement of
specific platelet signaling pathways, and the relative contribution
of elements of the coagulation system, may vary in large vessels
with different pressures, wall thickness, and tissue factor concen-
trations. Additional studies that explore contextual dependencies
of the hemostatic response and how they relate to settings of
pathologic thrombosis are clearly warranted.

In conclusion, the present study provides a characterization of
the hemostatic response that takes into account the spatiotem-
poral regulation of coagulation and platelet activation. The re-
sults show that the distribution of platelet agonists after a breach
in a larger blood vessel wall dictates as well as reflects hemostatic
plug architecture, resulting in spatial heterogeneity in the extent
of platelet activation and localization of fibrin formation. P2Y,
signaling is required for efficient platelet—platelet cohesion to
e spatial propa-
0 hemostasis is

limited to specific physiologic contexts. Taken together, these results
offer insights into the organization of hemostatic plugs, provide a
detailed understanding of the adverse bleeding associated with
P2Y,, antagonists, and highlight differences between hemostasis
and thrombosis that may suggest alternative therapeutic approaches.

Methods

Mice and Reagents. Male C57BL/6 mice (Jackson Laboratories), 8-12 wk old,
were used for all studies. The Institutional Animal Care and Use Commit-
tee of the University of Pennsylvania approved all procedures. Anti-CD41
[MWReg30, F(ab),] and anti-P-selectin (RB40.34) antibodies were pur-
chased from BD Bioscience. Both were fluorescently labeled using Alexa
Fluor (488, 568, or 647) monoclonal antibody labeling kits according to the
manufacturer’s instructions (Life Technologies). Fluorescently labeled fi-
brinogen and Annexin V were purchased from Life Technologies. All fluo-
rescent labeling reagents were infused i.v. before performing the jugular vein
injury model. Fluorescently labeled fibrinogen was used to image fibrin for-
mation. The relatively low concentration of fibrinogen infused (25 pg/mouse)
resulted in robust fluorescence only when fibrin accumulated at the injury
site. This was confirmed by showing that fibrin(ogen) fluorescence over-
lapped entirely with an anti-fibrin antibody that does not recognize fibrin-
ogen (29) (S/ Appendix, Fig. S5) and was abolished in the presence of a
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thrombin inhibitor (S/ Appendix, Fig. S6). The P2Y,, antagonist cangrelor
was a generous gift from The Medicines Company. Because of its short half-
life (3-6 min) (30), cangrelor was administered as an initial bolus (0.3 mg/kg),
followed by a continuous infusion (0.1 mg/kg/min) via a cannula placed in
the left jugular vein. Vehicle (normal saline) was administered at the same
rate for control experiments.

Mouse Jugular Vein Puncture Injury. The right external jugular vein was iso-
lated and gently cleaned of connective tissue. After infusion of fluorescently
labeled imaging reagents, a puncture injury was created in the vein using
either a 23-, 30-, or 35-gauge needle (600, 300, and 125 pm diameters, re-
spectively). In all cases, the puncture injury resulted in bleeding. Extravasated
blood was continually rinsed away from the injury site by slow superfusion of
normal saline delivered via a syringe pump. The time to cessation of bleeding
as visualized through a dissecting microscope was recorded as the bleeding
time. The hemostatic response was stopped at predetermined points post-
injury via transcardiac perfusion of sodium cacodylate buffer (0.2 M sodium
cacodylate, 0.15 M sodium chloride at pH 7.4), followed by perfusion of 4%
paraformaldehyde. After perfusion, the vein was excised, placed in a 35-mm
dish coated with silicone, and submerged in paraformaldehyde. Control
studies in which the vein was excised without prior perfusion wash/fixation
demonstrated that this procedure did not substantially alter hemostatic plug
structure. The vein was then carefully cleaned of any remaining connective
tissue and either pinned to the silicone pad intact with the extravascular
portion of the injury site face up or cut along its length, opened, and pinned
with the intraluminal portion of the vessel face up. The vessel remained in
fixative at 4 °C until fluorescence imaging was performed.

Fluorescence Microscopy. Fluorescence imaging was performed using a Leica
TCS SP8 multiphoton confocal microscope with a Coherent Chameleon Vision
Il infrared laser, resonant scanner, and HyD nondescanned detectors. The
infrared laser was used for multiphoton imaging of Alexa Fluors 488 and
568 at an excitation wavelength of 780 nm. Alexa 647 imaging was per-
formed using traditional visible light excitation (640 nm DPSS laser). A 25x
(1.0 NA) water dipping objective was used. All images were acquired using
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LAS X imaging software (Leica Microsystems) and analyzed using Slidebook
6.0 imaging software (Intelligent Imaging Innovations). For each hemostatic
plug, a stack of z-plane images (1,024 x 1,024 pixels) with 2.5-5 pm spacing
was acquired. For the extraluminal portion of hemostatic plugs that excee-
ded a single field of view, composite images of multiple fields of view were
acquired and stitched together, using the LAS X imaging software. Isosur-
face view 3D reconstructions included in S/ Movies were created using
Volocity imaging software (PerkinElmer). A detailed description of fluores-
cence image quantification is included in the S/ Appendix.

SEM. After fluorescence imaging, the jugular vein samples were processed for
imaging by SEM, as previously described (24). Briefly, the samples were rinsed
three times for 15 min with sodium cacodylate buffered solution, dehy-
drated serially for 15 min each in 30, 50, 70, 90, and 95 vol% ethanol, and
last, three times with 100 vol% ethanol, and then rinsed twice for 15 min
with hexamethyldisilazane and left to dry overnight. A thin film of gold-
palladium was layered on the samples, using a sputter coater (Quorum Q
150T ES; Quorum Technologies). Micrographs were taken using a Quanta
FEG250 scanning electron microscope (FEI) at 10 mm working distance. Scale
bars are indicated on each micrograph.

Supplemental Materials. S/ Movies showing z-series images and 3D recon-
structions are included. S/ Appendix files accompany Figs. 1 and 2. Additional
SI Appendix figures as well as video and dataset legends are included in the
SI Appendix file.
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