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Article 
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Abstract: We focused on two microenvironments within a 5-min jugular vein puncture wound 
thrombus. The goal was to infer from 3D platelet morphodynamics how microenvironments 
determine platelet activation state. Platelets at the collagen-rich adventitial interface were rod shaped 
and oriented vertical to flow vectors. The net effect was to maximize their interaction with collagen. 
At the wound hole interface, soluble signaling should predominant. Here, the typical platelet 
exhibited what appeared to be a “migratory”, granule-free, leading edge extending toward the 
wound hole from an organelle rich cell body. Morphologically, this structure resembled the leading 
edge of a wound associated fibroblast.  Platelets were aligned parallel with one another and at ~45 
degrees to blood flow. We submit the morphodynamics observed here indicate novel similarities 
between platelets and wound associated nucleated cells. 

Keywords: platelets; interaction; activation; puncture wound; Leading edge; platelet migration; 
signals; SBF-SEM; Volume EM 
 

1. Introduction 

Platelets function as anucleate surveillance cells within the mammalian circulatory system that 
monitor damage to the vessel wall.  In response to a puncture wound, platelets bind to exposed, 
collagen-rich extracellular matrix to generate a platelet-rich aggregate, a thrombus, that caps the 
wound hole. How platelets react to the distinct local microenvironments present within a thrombus 
potentially provides a route to defining discrete platelet activation states and their functional role, 
but the effects of such localized microenvironments on platelet morphodynamics remain poorly 
understood. 

Methods such as light microscopy and transmission electron microscopy (TEM) have advanced 
our understanding of platelet behavior. However, these methods typically provide information only 
in two dimensions and are insufficient to fully capture the complex three-dimensional (3D) 
morphodynamics of platelets within a thrombus, where platelets interact with both structural and 
biochemical cues in their environment. As such, methodology has limited our ability to understand 
how platelets reorganize their structure and orient themselves within different microenvironments 
of a thrombus. 

Our study presents, a pioneering high-resolution, 3D imaging approach using region of interest 
(ROI) serial block-face scanning electron microscopy (SBF-SEM) to investigate how distinct local 
signaling environments within thrombus influence platelet activation states. This technique enables 
a detailed, single-cell level visualization of platelet ultrastructure in vivo [1]. Through detailed 
examination of platelets in two clearly distinguishable microenvironments within a murine jugular 
vein puncture wound thrombus, namely, the collagen-rich adventitial interface and the wound hole 
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platelet interface, we provide a comprehensive 3D analysis of platelet behavior at the single cell level 
in response to adhesive versus soluble activation signals respectively. Our study addresses the 
unique 3D spatial morphodynamics of platelets in each local microenvironment, revealing previously 
unrecognized platelet adaptations. 

These findings offer new insights into the complex behaviors of platelets in response to diverse 
signaling environments and may have the potential to pave the way for future therapeutic strategies 
targeting thrombus formation and stability in a more controlled and localized manner. 

2. Results 

2.1. Experimental System  

We utilized SBF-SEM to 3D image two ROIs within a 5-minute post-puncture mouse jugular 
vein thrombus. As shown in Figure 1A, one ROI is at the collagen-rich adventitial thrombus interface 
and the other is at the wound hole interface, a site protected from intravascular flow within the 
jugular vein (red arrows, Figure 1A). The yellow lines in the higher magnification images (Figure 1B 
& D) indicate that the subsequent analysis was restricted to platelets in direct contract with either 
collagen or the wound hole. Our expectation was that the platelets in these two locations would be 
subject to very different signaling environments that could then establish the respective platelet 
morphodynamics. As shown at higher resolution in Figure 1C & E, the encircled platelets to be 
analyzed in 3D appeared to be devoid of organelles and differed in shape in the 2D image slices with 
those at the wound hole appearing more elongate. Because C and E are single slices, the size of the 
platelet profiles differs greatly and the small profiles may be difficult to see.  Note: with the 
combination of a saline prefusion before fixation and paraformaldehyde fixation, the preparation(s) 
studied retained only components exhibiting molecular interactions, for example, aggregated 
platelets; there are no red blood cells retained within the wound hole or the jugular vein itself. 

 

Figure 1. Overview of the Region of Interest through representative SBF-SEM raw images at various thrombus 
formation stages in 5-minute post-puncture wound in a mouse. A Raw image, SBF-SEM, 100 nm XY pixel size 
in a raw captured image (The solid red arrow indicates the direction of major blood flow inside the vessel, while 
the dotted red arrow indicates the direction of bleeding from the puncture wound). B Collagen-rich adventitia 
platelets interface (tan marking indicates the specific interface of interest). All 15 segmented cells were selected 
from this marked region. C Fifteen cells selected for the analysis from collagen-rich adventitia platelets interface 
were marked up with 15 different colors (image collection each voxel size is 6 nm x 6 nm x 50 nm). D Wound 
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hole exposed platelet interface (tan marking indicates the specific interface of interest). All 25 segmented cells 
were selected from this marked region. E Twenty-five cells selected for the analysis from wound hole exposed 
platelet interface were marked up with 25 different colors (image collection each voxel size is 6 nm x 6 nm x 50 
nm). 

2.2. Platelet Morphodynamics at the Collagen-Rich Adventitial Interface 

As shown in Figure 2A, the ROI volume imaged was sufficient to include both full platelet 
volumes and to image their relationship to interfacial collagen fibers. The 3D shapes of the rendered 
platelets revealed vertically oriented, flattened cylinders that aligned with one another and showed 
few to no pseudopods (Figure 2B & Supplemental Movie 1). The vertical orientation was 
perpendicular to both venous and puncture flow vectors (Figure 1A). In 3D, each platelet appeared 
to be enveloped in collagen (light gray cloud, see also Supplemental Movie 1). To reveal the 
arrangement of organelles within the platelets the membrane was rendered transparent (Figure 2C 
& Supplemental Movie 2). Mitochondria (purple) and alpha-granules (condensed, blue and 
decondensed, yellow, secreted contents [2,3]), the two major platelet organelles, were located 
primarily towards the thrombus. Of the 15 rendered platelets, about half retained mitochondria and 
only about one-quarter contained alpha-granules (Figure 2D, E & Supplemental Movie 2). In all cases, 
the number of retained organelles, be they mitochondria or alpha-granules was substantially less 
than that of circulating mouse platelets [2]. 

  

Figure 2. A Three orthogonal slices delineate a complete collagen-rich adventitia platelet interface SBF-SEM 
image data sets. B 3D surface rendered model of randomly chosen 15 platelets at the collagen-rich adventitia 
platelet interface. C The spatial arrangement of surface rendered organelles: condensed alpha-granules, 
decondensed alpha-granules and mitochondria (organelles have been color-coded: plasma membrane – green, 
condensed alpha-granules – blue, decondensed alpha-granules – yellow, mitochondria – purple, and light gray 
– collagen). D Bar plot representing the distribution of organelles across 15 randomly selected platelets at the 
collagen-rich adventitia platelet interface. E Dot plot summarizing the organelle counts of 15 randomly selected 
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platelets at the collagen-rich adventitia platelet interface. F/F’ Three representative platelets located on the 
boarder of the collagen-rich adventitia platelet interface G/G’ Three representative platelets surrounded by 
collagen-rich adventitia. The visualizations were rendered using Amira software for 3D modeling. 

At the higher magnification of Figure 2F & G, the ortho-slices showed that the collagen fibers 
tended to wrap around the embedded platelets. We observed a random distribution of residual 
organelles in platelets located closer to the collagen-rich adventitia interface (Figure 2F-F’). Platelets 
located deeper within collage-rich adventitia had fewer organelles and the residual organelles were 
positioned more towards the thrombus (Figure 2G-G’, & see also Supplemental Movie 2). Overall, 
the 3D shape of these organelle-deficient platelets maximized their exposure to collagen 
(Supplemental Movie 1 & 2). 

2.3. Platelet Morphodynamics at the Wound Hole Interface 

In contrast to the collagen-rich, adventitial interface, much of the signaling here should be due 
to soluble molecules within the blood outflow which could act as chemo-attractants. Platelets lining 
the wound hole were selected from a mid-stack slice, verified for full volume inclusion, and then 
analyzed in 3D (Figure 3A). In Figure 3B & C, all 25 rendered platelets are shown. Surface rendering 
revealed they aligned parallel with one another in the XY plane at ~45 degrees to either blood flow 
within the puncture hole or within the Jugular vein. The aligned platelets were flattened in the YZ 
plane. Unexpectedly, many of the platelets extended large, vertical segments in the Z dimension, 
typically distal from the wound hole (Figure 3B & Supplemental Movie 3). As seen in Figure 3C and 
Supplemental Movie 4 when the platelet plasma membrane was rendered transparent, the rendered 
organelles, mitochondria (purple) and condensed (blue) and decondensed alpha-granules (yellow) 
were concentrated in the vertical, wound hole distal portions of the platelets while the hole proximal 
portions contained little to no mitochondria or alpha-granules. When viewed in ortho-slices (Figure 
3B & C). the hole proximal portions of the platelets appeared to be deficient in all cytoplasmic 
organelles. Quantitatively about 3/4th of the scored contained either alpha-granules, mitochondria or 
both (Figure 3H). The number of mitochondria or alpha-granules retained (Figure 3I) was low in 
comparison to circulating mouse platelets [2], most -granules were decondensed indicating 
extensive content release [3]. 

Individually displayed, transparent, rendered examples demonstrated striking organelle 
partitioning with what appears to be the “leading edge” of each platelet extending towards the 
wound hole being deficient in organelles (Figure 3D-G). Each of these platelets displayed a striking 
boot like shape with organelles being concentrated in the boot “upper”. This overall platelet shape 
was frequent within the 25 platelets. A second common shape class was “tube-like” with little to no 
mitochondria nor -granules (< 3). Members of this class were concentrated proximal to the hole, 
suggestive of platelet partitioning and subsequent platelet fission (Figure 4). We conclude from our 
3D analysis that platelets near the wound hole are partitioning their content with the major organelles 
being retained in vertical portions distal to the hole while portions proximal to the wound hole 
appeared to be acting as an organelle-free leading edge that exhibits migratory behavior. In brief, 
these results suggest that platelets are capable of both cell fission and chemotactic migration toward 
presently unknown signals within the blood outflow. 
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Figure 3. A Three orthogonal slices delineate a complete wound hole platelet interface SBF-SEM image data sets. 
B 3D surface rendered model of randomly chosen 25 platelets at the wound hole platelet interface. C The spatial 
arrangement of surface rendered organelles: condensed alpha granules, decondensed alpha granules and 
mitochondria (organelles have been color-coded: plasma membrane – green, condensed alpha-granules – blue, 
decondensed alpha-granules – yellow, and mitochondria – purple). D-G Four representative platelets located at 
the wound hole platelet interface. The visualizations were rendered using Amira software for 3D modeling. H 
Bar plot representing the distribution of organelles across 25 randomly selected platelets at the wound hole 
platelet interface. I Dot plot summarizing the organelle counts of 25 randomly selected platelets at the wound 
hole platelet interface. 

 
Figure 4. A 3D surface rendered boot shape cells at the wound hole platelet interface. B The spatial arrangement 
of surface rendered organelles: condensed alpha granules, decondensed alpha granules and mitochondria of 
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boot shape cells at the wound hole platelet interface. (organelles have been color-coded: plasma membrane – 
green, condensed alpha-granules – blue, decondensed alpha-granules – yellow, and mitochondria – purple), 
Organelle count > 3, (Mean = 9.4). C 3D surface rendered tube-like cells at the wound hole platelet interface. D 
The spatial arrangement of surface rendered organelles: condensed alpha-granules, decondensed alpha-
granules and mitochondria of tube-like shape cells at the wound hole platelet interface. (organelles have been 
color-coded: plasma membrane – green, condensed alpha-granules – blue, decondensed alpha-granules – 
yellow, and mitochondria – purple), Organelle count < 3, (Mean = 0.9). 

2.4. Quantitative Comparisons of Platelet at the Collagen-Rich Adventitial Interface (ROI 1) and Wound 
Hole Interface (ROI 2) 

As expected for an experimental system in which all platelets within the ROIs originate from the 
same source, the mean platelet volume in either ROI was not significantly different (2.57 + 1.84 µm3 
and 2.34 + 1.13 µm3, collagen-rich adventitial interface and wound hole interface, Figure 5A) and fell 
within 10 to 20% of that of immediately fixed C57Bl/6 platelets (2.9 + 0.34 µm3) [2]. This is a strong 
indication that the platelet within the analyzed ROIs have the same mass and are little different in 
mass than that of circulating mouse platelets. Consistent with this, mean platelet surface areas had 
no significant differences across the two ROIs (Figure 5B). In brief, differences in platelet surface area 
to volume ratio and in long axis on XY plane length must be due to differences in platelet shape 
between collagen- and wound hole-associated platelets (Figure 5C & D). The numerical analysis is 
entirely consistent with the qualitative imaging; collagen-associated platelets (ROI 1) are 
comparatively thick and elongated in the Z-dimension only while the wound hole-associated 
platelets are thin/flattened in the YZ plane and elongated in the XY plane. 

 

Figure 5. Quantitative platelets parameters summarized in dot plots. A Platelet volume B Platelet surface C 
Platelet surface area to volume ratio D Long axis on the XY plane of the platelets at the collagen-rich adventitia 
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platelets interface (N =15) and the wound hole exposed platelet interface (N = 25) were plotted using 
Kaleidagraph software. Student ttest were used to determine p values. * is for p < 0.05 and ** is for p < 0.005. 

2.5. Platelets Exhibited Leading Edge Behavior in Vaulted Regions of Femoral Artery Puncture Wounds and 
in Ex-Vivo Experiments 

To test if similar platelet leading edge migratory behavior was observed in other examples than 
the jugular vein puncture wound, we next examined a femoral artery puncture wound and an ex-
vivo thrombin stimulated case. In the femoral example, the 5 min puncture wound hole was closed 
by an extravascular cap [4]. Our expectation was that any leading-edge behavior would be most 
obvious in flow protected, vaulted areas of the thrombus where accumulation of soluble signals 
would be relatively protected from flow. As shown in 2D image at mid thrombus depth (Figure 6A), 
we observed several platelets (arrows) which exhibited “migratory” leading edge behavior extending 
outwards from an organelle rich cell body, like that found at the wound hole interface in the still 
bleeding 5 min jugular vein post-puncture wound thrombus. In aggregated mouse platelets 
stimulated ex-vivo for 300 sec with 0.1 U/mL thrombin and imaged by FIB-SEM, we again observed 
lead edge, migratory behavior (arrow, Figure 6B). Leading edge behavior was not observed in 90 sec 
thrombin stimulated platelets, a condition where platelet aggregation had not occurred [see, 5]. These 
data strongly suggest that the formation of a platelet leading edge and platelet partitioning of 
organelles towards the cell body is a common “social” behavior of aggregated platelets in response 
to soluble signals which require platelet-platelet interactions. 

 

Figure 6. Leading edge behavior both within vaulted regions of the puncture wound thrombus in the femoral 
artery & ex-vivo experiment. A Femoral artery 5-minute post puncture wound thrombus. B Mouse platelets 
stimulated with 0.1 U/mL thrombin for 300 seconds. Red arrows show leading edge behavior. 

3. Discussion 

Our investigation into platelet morphodynamics reveal unexpected, signaling-influenced 
platelet shape changes within two distinct regions in a puncture wound thrombus and points to 
platelets exhibiting a migratory response resembling that of fibroblasts within the open wound hole. 
Platelets exhibit distinct shape at the collagen-rich adventitial interface and a wound hole interface. 
In the first case, an orientation that maximizes contact with collagen and places the platelet in a 
vertical orientation with respect to flow. In the second case, apparent thrombus embedded platelet 
movement partitions platelet contents and places a “leading edge” proximal to the wound hole. These 
findings suggest that platelet behavior within a thrombus is highly specialized in response to 
adhesive versus soluble activation signals. 

At the adventitial interface, platelets elongated vertically to flow, exhibited a flattened-
cylindrical shape that enhanced their ability to bind collagen. This orientation maximized surface 
exposure to the physical signal collagen while allowing platelets in collagen-rich environment to 
undergo organelle degranulation. Consistent with previous 2D intravital microscopy and wide-area 
transmission electron micrograph observations [4–6] collagen associated platelets at adventitial 
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interface were highly activated and extensively degranulated. Our 3D analysis revealed the 3D 
spatial embedding of these degranulated platelets between collagen bundles and that degranulation 
was selective for -granules versus mitochondria. At the adventitial interface platelets preferentially 
retained mitochondria. Platelet shape changes at the adventitial interface likely facilitate platelet 
activation, by supporting adhesion to collagen fibers and potentially enhancing initial steps in platelet 
recruitment to generate thrombus. 

In contrast, platelets at the wound hole interface presented a set of unique morphological traits 
suggestive of "migratory" leading edge behavior. This behavior, reminiscent of the “leading edge” 
phenomenon first described by Abercrombie et al., (1970) for fibroblasts [7], suggest that platelets 
may possess a similar capacity for directed movement in response to chemotactic signals within the 
thrombus environment. In our study, this was most clearly observed in boot-shaped platelets, where 
an organelle-poor, leading edge extended toward the wound site outward from the residual cell body 
which was comparatively rich in organelles. The perpendicular arrangement of the leading edge with 
respect to the cell body suggests an active mechanism and is difficult to explain through more passive 
mechanisms such as clot contraction [8]. Instead, our data suggest that this behavior is a chemotactic 
response to soluble signals in the wound hole. Additionally, we identified a second shape class of 
apparent migratory platelets, tube-like platelets extending toward the wound hole. We suggest that 
these could be migratory fragments resulting from the fission of boot-shaped platelets. The presence 
of tube-like platelets vertically oriented in relation to blood flow further supports the idea of fission, 
that leaves the upper portion of the boot behind. Together, these traits imply that platelets are actively 
responding to soluble signals in the blood flow, forming “migratory” leading-edge structures that 
may well be critical for thrombus formation.   

Previous in-vivo 2D studies by Nechipurenko et al. (2019) demonstrated that procoagulant 
platelets are localized at the periphery of thrombi, where they contribute to thrombus stability 
through enhanced interactions with clotting factors [8]. This peripheral positioning allows 
procoagulant platelets to create a negatively charged surface by exposing phosphatidylserine, which 
promotes the assembly of coagulation complexes essential for thrombin generation [9]. The organelle-
poor, leading-edge structures observed in our study at the wound hole regions may represent a step 
within a multistep procoagulant platelets formation process. An organelle-depleted region is a key 
feature in the formation of procoagulant platelets and may enhances their role in coagulation by 
optimizing the surface area for binding clotting factors. 

Our ex-vivo example indicates that organelle partitioning within a platelet requires platelet 
interaction and that one candidate soluble signal for organelle partitioning is thrombin. Previous 
isolated platelet studies [e.g., 5,10], show that low-dose, ex-vivo thrombin stimulation does not 
produce organelle partitioning in non-adherent, non-aggregated platelets. However, we found 
repeated examples of organelle partitioning within thrombin-induced, ex-vivo platelet aggregates. 
Whether other soluble signals such as ADP are sufficient to produce organelle partitioning within 
platelet aggregates remains an important and open question. Humbert et al., 2009 show in 
aggregometer experiments with ADP stimulated human platelets that the platelets on the periphery 
of the formed aggregates are devoid of organelles while those more centrally located are rich in 
organelles [11]. However, the 2D electron micrograph presented in that study is insufficient to 
provide spatial evidence on how these platelets originated. In sum, our data suggest thrombin as a 
candidate protein for such signaling in-vivo with ADP being a second putative candidate. Based on 
these findings, we suggest that, modulating platelet behavior within specific regions of a thrombus 
might be a viable strategy for controlling clot formation without disrupting overall hemostasis.  

In summary, our study provides 3D spatial evidence of differential platelet morphodynamics in 
response to localized signaling environments within a thrombus, with platelets adopting specialized 
structures and putative function depending on whether they are interacting with collagen or 
responding to soluble factors at the wound site. These findings point to platelets exhibiting a similar 
migratory behavior to that of fibroblast in culture and contribute to a growing understanding of the 
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complexity of platelet behavior in-vivo. They may have implications for developing more refined 
therapeutic interventions for thrombotic disorders. 

4. Materials and Methods 

4.1. Mice and Reagents  

Wild-type C57BL/6 mice aged 8-12 weeks were purchased from Jackson Laboratories, Bar 
Harbor, Maines. Animal usage protocols were approved by the Institutional Animal Care and Use 
Committee. Reagents are described elsewhere [12]. For ex-vivo experiments, isolated platelets were 
stimulated with 0.1 Units/ml as previously described [3]. 

4.2. Jugular Vein and Femoral Artery Puncture Wounds and Sample Preparation for Serial Block Face-
Scanning Electron Microscopy (SBF-SEM) 

A jugular puncture wound with a nominal diameter of 312 microns was produced with a 30-
gauge needle as previously described [2,4]. At 5-min post-puncture the jugular vein wound was fixed 
in situ by perfused 4% paraformaldehyde in buffer and subsequently processed for SBF-SEM [13,14]. 
The sample was embedded in plastic and pre-stained with heavy metals (osmium, uranyl and lead).  
Femoral puncture wounds were done using a 33-gauge needle, 210 microns nominal diameter as 
previously described [14]. 

4.3. Election Microscopy - Region of Interest (ROI) Imaging 

The 5-min post-puncture jugular vein sample was mounted for SBF-SEM as previously 
described [12,14]. Progressive SBF-SEM microscopy at a XY resolution of 100 nm and a Z-step size of 
200 nm produced a series of exposed block faces and an image approximately 25% into the puncture 
thrombus was used to select ROIs for detailed analysis. Two ROIs, one at the collagen-rich adventitial 
interface and the other at the wound hole interface, were imaged at 6 x 6 nm XY pixel size and Z-step 
size of 50 nm. Images were collected over a total of 8.8 microns depth, 176 image slices. 

For focused ion beam scanning electron microscopy (FIB-SEM), thrombin treated platelets were 
prepared as previously described [3,14].  For thin section, wide area transmission electron 
microscopy, femoral artery puncture wounds were prepared as described [12,13].  

4.4. ROI Analysis 

Amira software, version 2022.2 (Thermo Fisher Scientific, Waltham, MA, USA) was used to 
segment platelets, their organelles, and associated collagen as previously described [3]. In total, 
fifteen platelets from collagen-rich adventitial interface and twenty-five platelets from the wound 
hole exposed platelet interface were selected for the analysis. 3D rendering and subsequent numerical 
analysis of platelet volume, platelet surface area, platelet surface area to volume ratio, and organelle 
parameters were all calculated within the Amira environment.  Supplemental Movies 1-4 were 
prepared in Amira software. 

4.5. Statistical Analysis 

Dot plots were prepared, and statistical analyses were preformed using the Student t-test to 
calculate P values (Kaleidagraph software, Synergy Software, Reading, PA, USA).  

4.6. Data Availability 

The respective ROI data sets will be deposited in the European Bioinformatics image data base 
[13]. 

Supplementary Materials: The following supporting information can be downloaded at: Preprints.org, 
Supplemental Movie 1, Rendered platelets at collagen-rich adventitial interface;  Supplemental Movie 2, 
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Transparent platelets showing organelles at collagen-rich adventitial interface;  Supplemental Movie 3, 
Rendered platelets at puncture hole interface, soluble signaling; Supplemental Movie 4, Transparent platelets 
showing organelles at puncture hole interface, soluble signaling 
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