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Key Points

•Human, canine, ovine,
and porcine platelets
exhibit disparate bio-
physical signatures,
whereas human and
murine platelets are
similar.

•Multiple biophysical
parameters integrate
during clot formation,
measured by bulk clot
contraction, and atten-
uate biophysical
differences.

Introduction

Clotting is an inherently mechanical process, as demonstrated by recent studies showing that
biophysical parameters, such as platelet margination,1 thrombus porosity,2 shear forces,3 compression
forces,4 and single-platelet forces,5 affect hemostasis and may be pathologically altered in disease
states.6 However, little is known about the most basic biophysical differences between platelets of
various animal species, especially dogs, mice, pigs, and sheep, that are commonly used as models for
investigations into hemostasis and thrombosis because of their anatomical similarity to human blood
vessels, organs, and cellular physiology. This lack of biophysical information hinders our interpretation of
the animal models that have been used for various antiplatelet and anticoagulant therapeutic
discoveries, including clopidogrel and bivalirudin,7 and models of various disease states, such as heart
failure,8 trauma,9 hemophilia,10 and Glanzmann’s thrombasthenia.11,12 To address this knowledge gap,
we leveraged characterized and novel biophysical assays, to map out and define a biophysical signature
for the platelets of each species. These biophysical assays have shown the influence of cytoskeletal
signaling pathways on the behavior of platelets, specifically the myosin light chain kinase13 and
r-associated protein kinase5 pathways. Our study specifically focused on understanding the differences
in platelet adhesion on collagen and fibrinogen, spreading area, single-platelet contraction forces, and
volumetric bulk clot contraction, all of which may influence the initiation, propagation, and stability of
blood clots. As the first study, to our knowledge, to comprehensively investigate interspecies biophysical
differences, our work complements the existing literature that has demonstrated that platelet
aggregation,14 coagulation,15 and dense granules16 differ among various animal species. Our new
data help provide a rich picture of the interspecies biophysical differences that inform findings from
various animal models of hemostasis.

Methods

We performed a comprehensive study of platelet biophysics in humans, C57bl/6 mice, Yucatan pigs,
mixed-breed hound dogs, and Hampshire cross sheep. Blood collection for this study was approved by
the University of Georgia’s Institutional Animal Care and Use Committee. Gel-filtered platelets were
used for the adhesion assays, spreading area, and single-platelet contractile forces, as described
previously.5 (Details are provided in the supplemental Methods.)

Cell adhesion and spreading assay

Platelets were diluted to 203 109/L to ensure the measurement of single platelets, not the aggregated
ones; incubated on coverslips on 100 mg/mL human fibrinogen (Enzyme Research Laboratory) or type 1
rat tail collagen (VWR); and allowed to adhere for 2 hours. After imaging with bright-field microscopy, the
cells were then counted and analyzed. (Details are provided in the supplemental Methods.)
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The data sets generated and/or analyzed during the current study are available from the
corresponding author upon reasonable request (Wilbur A. Lam; wilbur.lam@
emory.edu).

The full-text version of this article contains a data supplement.
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Figure 1. Single-platelet biophysics highlight differences among common models of hemostasis and thrombosis. Although murine, canine, ovine, and human

platelets adhere similar to fibrinogen (A) and collagen (B), porcine platelets exhibit the opposite pattern, in which adhesion to collagen is significantly higher than adhesion to

fibrinogen. Bright-field images at original magnification of 330 were obtained demonstrating stark differences in adhesion between human and porcine platelets. Bars repre-

sent 10 mm. Using the platelets from the adhesion assays, we measured their spreading area on fibrinogen (C) and collagen (D), normalizing the spreading area by dividing by

the mean platelet volume (MPV). The accounting of the platelet volume showed that murine platelets spread to similar surface areas, as compared with human platelets on

both fibrinogen and collagen. Compared with other species, ovine platelets exhibited increased spreading on those surfaces. Adhesion and spreading data are shown as

median 6 standard error of the mean (SEM; n 5 4, 6, 6, 7, and 6 for humans, mice, dogs, pigs, and sheep, respectively). All species were compared with humans, and

statistical significance was determined by 1-way ANOVA followed by Tukey’s multiple-comparisons test. *P # .05, ***P # .001, ****P # .0001. (E) Platelets from dogs

generated single-platelet forces that were 230% higher than that of human platelets, whereas ovine and murine platelets contracted the most similarly at 75% and 73% the

force of human platelets, respectively. Representative single-platelet contraction confocal images are shown for each species, with a reference image. All species were com-

pared with humans, and statistical significance was determined by mixed model, to account for within-subject variation. Bars represent 4 mm. Contraction force data are shown

as median 6 SEM (n 5 8, 8, 7, 5, and 3 for humans, mice, dogs, pigs, and sheep, respectively). *P # .05, ****P # .0001. (F) Because our system allows for the generation of

single-platelet forces at high throughput, force profiles generated for each species further highlight the stark differences between humans and dogs.
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Figure 2. Bulk clot contraction integrates multiple single-cell biophysical parameters and demonstrates that the differences in single-platelet biophysics that

exist across species attenuate during clot formation. (A) When observed collectively in 5 single-platelet assays (ie, including single-platelet contraction cytometry, adhe-

sion on fibrinogen and collagen, and spreading area on fibrinogen and collagen), the murine platelet exhibited the most similarity to the human platelet, with a relative similarity
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Platelet contraction cytometry

Polyacrylamide hydrogels with pairs of fluorescently labeled
fibrinogen (Fisher) microdots were fabricated at 75 kPa stiffness,
and 2 3 109/L thrombin-activated platelets (1 U/mL thrombin;
Haematologic Technologies) were then plated, causing the patterned
microdot to displace. This concentration of platelets was used
to eliminate platelet-platelet interactions, to ensure that the force
of individual platelets could be measured. Individual platelet
force is directly proportional to the microdot displacement, as
we have demonstrated.5 (Details are provided in the supple-
mental Methods.)

Bulk clot contraction assay

Platelets are washed as described previously5 and then diluted to
200 3 109/L in a solution of fibrinogen (2 mg/mL), CaCl2 (5 mM),
and thrombin (1 U/mL). Clots were left to form in cuvettes lined with
gridded paper and measured after 2.5 hours. Samples that lacked
sufficient platelets were not assessed.

Matrix protein

For the various biophysical assays, a common matrix protein was
chosen for all animals, specifically human fibrinogen and type 1 rat
tail collagen, as they are highly conserved. 17-20 It has also been
shown that aIIbb3 is a highly conserved integrin, especially among
vertebrates.21-23 Moreover, mixing platelets and proteins from
different species is commonly reported.24 Finally, this approach
eliminates artifacts that may be introduced from isolated proteins of
each animal.

Results and discussion

In this study, we found both significant biophysical differences and
similarities among the platelets of the different species. When
interspecies differences of platelet adhesion to fibrinogen and
collagen were examined, we found that murine, canine, and ovine
platelets all adhered in a manner similar to that of human platelets.
However, pigs showed a pattern that was the absolute reverse of
that of the other species, preferentially adhering to collagen over
fibrinogen (Figure 1A-B; supplemental Figure 1). Collagen is
involved early in the hemostatic process in which platelets adhere
to exposed collagen after endothelial damage, and platelets from
pigs may therefore exhibit enhanced binding to subendothelial
collagen during these initial stages of clot formation,25 compared
with platelets of other species. Conversely, during the later stages
of hemostasis, when platelets adhere and interact with fibrin(ogen),
the data suggest that platelets from pigs may have decreased or
weaker interactions.

Because studies have demonstrated that the platelet-spreading
area is a measure of platelet activation and functionality,26,27

we examined the extent of spreading for each species when normalized
to the platelet volume, which varies from 3.2 to 5.4 fL in sheep and
mice and from 7.5 to 10 fL in humans, dogs, and pigs.28,29 On both
fibrinogen and collagen, the normalized spreading area of murine
and porcine platelets was not different from that of human platelets.
Canine platelets had smaller spreading areas relative to their volume
on fibrinogen and collagen. Conversely, ovine platelets spread
;40%more than those of humans when normalized to their volume
(Figure 1C-D; supplemental Figure 2).

Single-platelet contraction force, measured with a novel “bio-
physical” cytometer developed by our laboratory,5 identified the
most significant differences between human platelets and those of
the various nonhuman species (Figure 1E-F). Ovine and murine
platelets were the most similar to human platelets with respect to
contractile force, averaging 75% and 73% of the forces of human
cells, respectively, whereas porcine platelets possessed signifi-
cantly reduced forces, averaging 58% of that of human platelets.
Surprisingly, canine platelets generated average forces that were
230% more than forces in human platelets. Although the biological
significance of single-platelet contractile force is still being defined,
mechanistically impaired single-platelet forces have been shown to
correlate with phenotypic bleeding in humans,6 and our assay
helped identify consistent functional differences between the
various species.

To assess our data from a more global perspective and incorporate
the 5 individual biophysical characteristics explored, we found that
each species possessed a unique biophysical signature, which
could help explain the difficulties in translating animal models to
humans. Although murine platelets are smaller than those of
humans, our data, as shown in radar plots, demonstrated that they
are the most biophysically similar to human platelets, with a relative
similarity of 95.4% based on the shape and area of the shaded
regions (Figure 2A; supplemental Table 1). This finding is
interesting, given that mice are the most used animal model for
studying human disease. Minor differences between mice and
humans could be attributable to surface receptor availability and
density, which could explain differences between other species as
well.30-32

Although the platelets of each species exhibit unique biophysical
signatures based on those 5 parameters, each in isolation, how
those different biophysical variables ultimately interplay as the
process of clot formation proceeds at the more global level has not
been assessed. To that end, using platelets from different species,
we compared the biophysics of clot contraction, which depends on
and integrates those biophysical properties, specifically platelet
adhesion, platelet spreading, and single-platelet contraction over
time (Figure 2B), according to a well-established volumetric bulk

Figure 2. (continued) of 95.4%. Mean and standard deviations were obtained for all single-platelet experiments for each species, and the percentage relative to humans was

calculated. (B) The clotting environment requires a multitude of biophysical interactions. In the early stages, it requires platelet adhesion and spreading to collagen on the

damaged vessel wall and platelet adhesion and spreading within a clot through fibrin(ogen) interactions linking platelets together. In the later stages of clot formation, platelets

undergo canonical contraction to stabilize the clot. (C) An assay that combines many of these different aforementioned biophysical parameters and takes into account the

entire clot formation process is volumetric bulk clot contraction. When focusing on this assay alone, we found that, despite all the single-platelet biophysical differences we

noted in adhesion, spreading, and platelet contraction forces between species, there were no significant differences in bulk clot contraction between species. This result leads

to the conclusion that biophysical differences attenuate during bulk clot formation, as deficiencies in some biophysical aspects could be overcome by surpluses in others. Bulk

contraction data are shown as median 6 standard error of the mean. All species were compared with humans, and statistical significance was determined by mixed model, to

account for multiple experiments performed on the same subjects. A reference image and representative bulk clot images for each species are shown.

26 JANUARY 2021 x VOLUME 5, NUMBER 2 INTERSPECIES PLATELET BIOPHYSICAL DIFFERENCES 435



clot contraction assay.33 Surprisingly, only minor differences were
seen among the species (Figure 2C; supplemental Figure 3). As
the clot contraction assay is a global assay of clot formation, this
result suggests that the quantitative differences in the biophysical
characteristics of platelets of different species “even out” during the
hemostatic process and that certain biophysical behaviors may
compensate for deficiencies in others.

In this study, we highlighted the importance of single-platelet
biophysical assays and showed that use of the bulk clot contraction
assay in isolation to measure platelet biophysics may lead to the
false conclusion that the biophysical behavior of various species is
largely similar. Our single-platelet data challenge this notion and
provide key biophysical reference data that could be useful when
translating experiments to humans. In contrast to currently used
platelet function tests, such as aggregometry and platelet func-
tion analyzers, a benefit of our experimental assays is that these
single-platelet results are independent of, and therefore are not
confounded by, the platelet count, which thereby enables more
direct comparison of platelet biophysics across different species.
Several studies have shown stark differences between different
species and humans regarding various agonists and inhibitors of
platelet activity34-36; however, the lack of available biophysical
information hinders our ability to develop a complete interpretation
of these differences. As such, given the continual efforts to translate
various animal models to humans and to develop new antiplatelet
therapeutics that must be tested on various animal models, these
single-platelet assays could help identify whether the hindrance
to translation is related to the therapeutic agent or to intrinsic
biophysical differences between humans and common animal
models. Specifically, antiplatelet therapeutic agents are designed
to target relevant biophysical aspects of platelet function, such as
adhesion, aggregation, and contraction, and therefore our more
nuanced examination of the biophysical properties of single

platelets may inform and help address some of the challenges in
translating common animal models to humans.
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