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Abstract
Purpose: Platelets are known to play an important role in venous thrombogenesis, 
but their role in thrombus maturation, resolution, and postthrombotic vein wall re-
modeling is unclear. The purpose of this study was to determine the role that circulat-
ing platelets play in the later phases of venous thrombosis.
Methods: We used a murine inferior vena cava (IVC) stenosis model. Baseline stud-
ies in untreated mice were performed to determine an optimal postthrombotic time 
point for tissue harvest that would capture both thrombus maturation/resolution and 
postthrombotic vein wall remodeling. This time point was found to be postoperative 
day 10. After undergoing IVC ultrasound on day 2 to confirm venous thrombus for-
mation, mice were treated with a daily injection of platelet-depleting antibody (anti-
GP1bα) to maintain thrombocytopenia or with control IgG until postoperative day 10, 
at which time IVC and thrombi were harvested and thrombus length, volume, fibro-
sis, neovascularization, and smooth muscle cell invasion analyzed. Vein wall fibrosis 
and intimal thickening were also determined.
Results: Mice that were made thrombocytopenic after venous thrombogenesis had 
thrombi that were less fibrotic, with fewer invading smooth muscle cells. Furthermore, 
thrombocytopenia in the setting of venous thrombosis resulted in less postthrom-
botic vein wall intimal thickening. Thrombus volume did not differ between thrombo-
cytopenic mice and their control peers.
Conclusions: This work suggests that circulating platelets contribute to venous 
thrombus maturation, fibrosis, and adverse vein wall remodeling, and that that inhibi-
tion of platelet recruitment may decrease thrombus and vein wall fibrosis, thus help-
ing thrombolysis and preventing postthrombotic syndrome.
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1  | INTRODUC TION

Venous thromboembolism (VTE) is a relatively common disease, 
with an estimated incidence of 300 000 to 600 000 events in the 
United States annually.1 Venous thromboembolism recurs in approx-
imately 30% of patients within 10 years after an event and is associ-
ated with not only reduced survival, but also significant morbidity 
and substantial health care costs, with an estimated $7 to $10 billion 
spent annually in the treatment of acute VTE and its complications.1

Currently, anticoagulation remains a mainstay of treatment for 
patients with deep vein thrombosis (DVT).2 Anticoagulation pre-
vents DVT extension, but does not significantly accelerate throm-
bus lysis.3 Pharmacomechanical thrombolysis can accelerate DVT 
lysis, but it can only be used in a select subset of patients and is as-
sociated with significant bleeding risks.4,5 Between 20% and 60% 
of those who experience DVT go on to develop chronic leg pain, 
swelling, redness, and ulcers, a collection of symptoms known as 
postthrombotic syndrome (PTS).1,6 At the anatomic level, PTS is 
associated with venous valve destruction leading to reflux, venous 
outflow obstruction, and decreased venous compliance, charac-
terized at the histologic level by vein wall (VW) thickening, fibrosis, 
and neointimal thickening.6-10 Studies have shown slow throm-
bus resolution to be a predictor of PTS development.3,11 With 
no effective treatments for PTS after its onset, efforts should be 
focused on PTS prevention.12 Although the pathophysiology un-
derlying PTS is incompletely understood, thrombus remodeling 
and the process of vein recanalization are thought to contribute 
to its development.13 Therefore, there continues to be a need for 
research that focuses on the mechanisms underlying thrombus 
maturation, resolution, and VW remodeling.

Thrombus resolution is a complex process, not dissimilar to 
wound healing, involving the influx of inflammatory cells, smooth 
muscle cells, and fibroblasts, followed by thrombus fibrosis, re-
traction, fibrinolysis, and neovascularization.14-24 As thrombi re-
solve, the injury to the VW conferred by the thrombus becomes 
evident.6,8,9 Points of anchoring between the thrombus and the 
VW appear to serve as a bridge for invading endothelial cells, fi-
broblasts, and smooth muscle cells, allowing for thrombus mat-
uration, but these also tend to be areas of high VW fibrosis and 
intimal thickening.14,15 The importance of neutrophil and mono-
cyte invasion to timely thrombus resolution is well established, 
but the role of other circulating cells and blood components re-
mains unclear.9,19,25,26

Platelets are rich in both pro- and anti-angiogenic factors, as 
well as transforming growth factor β (TGF-β), a known driver of tis-
sue fibrosis, and PAI-1, an inhibitor of fibrinolysis.27-30 Studies have 
shown that, on balance, platelets tend to be pro-angiogenic and play 
a critical role in both driving and supporting normal angiogenesis 
both in vitro and in vivo.30-34 These findings suggested that plate-
lets may play an important, yet underappreciated, role in thrombus 
maturation.

The purpose of this study was to determine, using a mouse 
model of DVT known to produce thrombi structurally similar to 

human venous thrombi, whether or not platelet depletion after 
thrombogenesis would alter thrombus maturation, resolution, and 
postthrombotic VW remodeling.35 Specifically, we sought to eval-
uate the role of platelet depletion on thrombus fibrosis and neo-
vascularization, in addition to VW thickening, fibrosis, and intimal 
thickening.

2  | METHODS

2.1 | Mice

Eight- to 10-week-old C57BL/6J male mice were used for all stud-
ies. Mice were purchased from Jackson Laboratory (Bar Harbor, 
ME). Thirty mice were operated on in studies to determine the 
natural time-course of DVT resolution (2-day harvest n = 10 [7/10 
thrombus bearing], 8-day harvest n = 10 [8/10 thrombus bearing], 
16-day harvest n = 10 [8/10 thrombus bearing]). A total of 45 mice 
were operated on in studies to determine the role of platelets in 
DVT resolution, with 34/45 mice developing thrombi. Of thrombi-
bearing mice, two died in the perioperative period. Only thrombi 
that could be size matched before initiation of control treatment or 
platelet depletion were included, leading to n = 14 mice allocated to 
the control group and n = 16 mice allocated to the platelet deple-
tion group.

2.2 | Pre-/postoperative blood tests

Twenty-four  hours before surgery and 24  hours after inferior 
vena cava (IVC) stenosis, mice underwent blood testing to ana-
lyze platelet count. Studies in our laboratory have shown that a 
~30% reduction in baseline platelet count is highly predictive of 
IVC thrombus formation.36 All blood was collected from the retro-
orbital sinus using a 25-μL ethylenediaminetetraacetic acid-coated 
capillary tube. Platelet counts in wild-type (WT), untreated mice 
were determined using a Drew Scientific HemaVet. Platelet counts 
in platelet depleted or control IgG treated mice were determined 
using the Leukochek (Biomedical Polymers, Inc BMP-LUKCHK-50) 
platelet count system.

Essentials

•	 Venous thrombosis (VT) is associated with high morbid-
ity and mortality.

•	 Mature, fibrotic venous thrombi are more resistant to 
thrombolysis.

•	 Platelet depletion decreases thrombus fibrosis and vein 
wall intimal thickness.

•	 Circulating platelets contribute to adverse thrombus 
and vein wall remodeling.
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2.3 | IVC stenosis surgery

Mice were anesthetized with 3.5% isoflurane and anesthesia main-
tained at 2% in 100% oxygen. A midline laparotomy was performed, 
and the IVC was exposed. Side branches between the renal and iliac 
veins were ligated with 7/0 polypropylene suture. A 30-G spacer 
was placed parallel to the IVC, and a 7/0 polypropylene suture was 
used to partially ligate the IVC to 10% of its original diameter. The 
spacer was removed, and the mouse was closed in a layered fash-
ion. All mice were given buprenorphine (0.1 mg/kg) subcutaneously 
as an analgesic immediately before surgery and every 12 hours for 
72 hours following surgery.

2.4 | Ultrasound

At 48 hours postoperatively, mice underwent IVC ultrasound (Vevo 
2100) to determine (a) the incidence of thrombus formation and (b) 
thrombus size (length, average width, and volume). Mice were an-
esthetized with 3.5% isoflurane and anesthesia maintained at 2% in 
100% oxygen. The IVC was visualized with a small-animal ultrasound 
probe and examined in transverse and sagittal views from the renal 
veins to the iliac bifurcation. Thrombus volume was calculated from 
thrombus length and average width, assuming the thrombus to be a 
cylinder (Vascular Analysis Package).

2.5 | Platelet depletion with anti-GP1bα antibody

Mice with IVC thrombi at postoperative day 2, as determined by ul-
trasound visualization, were treated with a platelet-depleting anti-
body (2 μg/g, GP1bα antibody, Emfret Analytics, R300) or control IgG 
(2 μg/g control IgG antibody, Emfret Analytics, R301) diluted in ster-
ile saline. Mice without thrombi were excluded. Platelet-depleting 
and control antibodies were tested and found to be endotoxin free. 
Platelet counts were monitored manually using the Leukochek plate-
let count system. Blood was collected from the retro-orbital sinus 
using a 25-μL ethylenediaminetetraacetic acid-coated capillary tube, 
diluted in Leukochek RBC lysis buffer, and examined on a Neubauer 
chamber at 400× magnification to determine platelet count. All 
platelet counts were performed within 3 hours of blood collection.

2.6 | Tissue harvest

Tissue samples were harvested from WT, untreated mice at 2, 8, 
or 16 days postoperatively and from WT platelet-depleted or WT 
control-treated mice at 10 days postoperatively. At time of harvest, 
mice were anesthetized with isoflurane and the IVCs were exposed 
to allow for collection of the IVC VW and thrombi formed within the 
IVC. IVC, thrombus, and aorta were harvested en bloc at the level 
of infrarenal ligature (superior boundary) and iliac bifurcation (infe-
rior boundary). Thrombus length was measured at time of harvest. 

Because these studies were histology based, thrombus length and 
volume were determined on specimens to be used for histology. The 
IVC is translucent enough at harvest that thrombus length can be 
determined. Tissue samples were either embedded in optimal cut-
ting temperature compound and frozen or fixed in 10% neutral buff-
ered formalin for 24  hours and, subsequently, paraffin embedded 
for sectioning.

2.7 | Histologic staining

2.7.1 | Formalin-fixed paraffin embedded 
(FFPE) tissue

Tissue was formalin (10%) fixed for 24 hours, washed, dehydrated, 
and paraffin-embedded for further processing. Thrombus samples 
were serially cross-sectioned throughout the length of the throm-
bus. Sections taken at 400-μm intervals were deparaffinized with 
graded xylene and ethanol, rehydrated in water, and stained with 
Masson's Trichrome Stain (Sigma-Aldrich, HT15), Elastic Van Gieson 
stain (Millipore, 115974), or Alizarin Red, per the manufacturer in-
structions. Trichrome stain was performed for VW and thrombus 
collagen analysis. Elastic Van Gieson stain was performed to deter-
mine VW intimal thickness. Alizarin Red stain was performed to ana-
lyze thrombus and vein-wall calcification.

2.7.2 | Frozen tissue

Tissue was embedded in optimal cutting temperature compound, 
frozen on dry ice, and stored at −80°C until further processing. 
Thrombus samples were serially cross-sectioned throughout the 
length of the thrombus. Tissue samples at 400-μm intervals were 
hematoxylin and eosin-stained or immunostained with the fol-
lowing primary antibodies: anti-CD31 (BD Pharmingen, 550274, 
1:600); anti-VWF (DAKO, A0082, 1:800); anti-alpha smooth muscle 
actin (Abcam, ab5694, 1:200). Tissue samples were subsequently 
stained with the following secondary antibodies: AlexaFluor 488 
donkey anti-Rat (Thermo Fischer Scientific, A21208, 1:1000) or 
AlexaFluor 568 donkey anti-Rabbit (Thermo Fischer Scientific, 
A10042, 1:1000).

2.8 | Image analysis

Images were acquired using a Zeiss Axioplan microscope in conjunc-
tion with a Zeiss AxioCam HR camera and Axiovision software.

2.8.1 | Thrombus volume measurement

Harvest thrombus volume (μm3) was calculated using thrombus 
length and average thrombus cross-sectional area, assuming the 
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thrombus to be a cylinder (V  =  average cross-sectional area × L). 
Average thrombus cross-sectional area was measured using serially 
sectioned, trichrome-stained FFPE sections and hematoxylin and 
eosin-stained frozen sections. ImageJ software was used to measure 
the thrombus cross-sectional area (μm2).

2.8.2 | Vein wall/thrombus collagen and vein wall/
thrombus area measurement

Formalin-fixed paraffin embedded IVC/thrombus samples were 
cross-sectioned at 400-μm intervals throughout the length of the 
IVC and stained with Masson's Trichrome (Sigma Aldrich). Images 
of each stained cross section were captured at 40× magnification, 
allowing for visualization of the entire circumference of the IVC, 
thrombus, and surrounding tissue. ImageJ software was used to 
calculate the total VW area (μm2). The Threshold Color plugin was 
used to select for collagen stained areas and, subsequently, used 
to determine the total VW area occupied by collagen (μm2). The 
same methods were used to determine the total thrombus cross-
sectional area (μm2) and intrathrombus collagen content (μm2). All 
images for each individual study were acquired under the same ex-
posure conditions and were subject to the same color threshold 
parameters.

2.8.3 | Intimal thickness measurement

Formalin-fixed paraffin embedded IVC/thrombus samples were 
cross sectioned at 400-μm intervals throughout the length of the 
IVC and stained with Elastic Tissue Van Gieson stain (Millipore). 
Images of the VW in all four quadrants around the lumen were cap-
tured at 400× magnification. ImageJ software was used to meas-
ure the intimal thickness in each 400× image: three measurements 
of intimal thickness were taken per image, for a total of 12 intimal 
measurements per cross section. Average intimal thickness was cal-
culated for each thrombus-bearing mouse (Figure S1).

2.8.4 | Quantification of thrombus 
neovascularization and smooth muscle cell invasion

Frozen IVC/thrombus samples were cross sectioned at 400-μm 
intervals throughout the length of the IVC and costained with 
rat anti-CD31 and rabbit anti-VWF or anti-smooth muscle actin 
primary antibodies. To visualize CD31 and VWF staining, Alexa 
Fluor 488 anti-Rat and Alexa Fluor 568 anti-Rabbit antibod-
ies were used, respectively. To visualize smooth muscle actin 
staining, Alexa Fluor 555 anti-Rat antibody was used. To quan-
tify thrombus neovascularization, PECAM/VWF double-positive 
cells in six high-powered fields (400× magnification) through-
out each thrombus cross section were counted. Three of the 

six high-powered fields (HPFs) were from the periphery of the 
thrombus, and the remaining three HPFs were from the center 
of the thrombus (Figure S1). Alpha smooth muscle actin positive 
cells were counted in six high-powered fields per cross section in 
the same fashion.

2.8.5 | Quantification of calcium deposition

Two 10-μm thick, mid-thrombus cross sections of FFPE IVC/
thrombus samples were stained with Alizarin Red. Images of the 
IVC/thrombus cross sections were captured at 40× magnification. 
ImageJ software was used to measure the fractional area of throm-
bus occupied by stain for calcium deposits.

2.9 | Statistical analysis

Data were analyzed by using GraphPad Prism statistical software. 
P <  .05 was considered significant. The following tests were used: 
χ2 test, unpaired Student's t test (reported as mean ± standard error 
of mean [SEM]), Mann-Whitney U test (reported as median with in-
terquartile range [IQR]), and multiple t tests for grouped analyses 
(reported as mean ± SEM).

3  | RESULTS

3.1 | Natural course of thrombus resolution and 
vein wall fibrosis initiation

To understand the natural course of thrombus resolution and VW 
remodeling in the murine IVC stenosis model of DVT, thrombus and 
surrounding VW were harvested from WT mice 2, 8, and 16 days 
postoperatively for detailed analysis (Figure S2).

3.1.1 | Thrombus size decreased significantly 
between weeks 1 and 2 after stenosis of the IVC

Three groups of mice (n  =  10 per group) were operated on and 
monitored until tissue harvest on postoperative day 2, 8, or 16. 
Mice across all three groups showed statistically significant drops 
in baseline platelet count 24  hours after IVC stenosis (482  ±  32 
vs 908 ± 17 k/μL, P <  .0001) (Figure 1A). Thrombus incidence did 
not significantly differ between any groups (Figure 1B). Thrombus 
length and volume peaked at postoperative day 2 compared to post-
operative days 8 and 16. Between postoperative day 2 and 8, no 
significant difference in thrombus length (7.2 ± 0.9 vs 6.1 ± 0.5 mm, 
P = .2753) or volume (18.58 ± 3.30 vs 14.26 ± 2.29 mm3 P = .2639) 
was observed. Between postoperative day 8 and 16, however, 
thrombus length (6.1 ± 0.5 vs 3.2 ± 0.3 mm, P = .0003) and volume 
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(14.26 ± 2.29 vs 3.37 ± 0.66 mm3 P = .0004) decreased significantly 
(Figure 1C,D).

3.1.2 | Vein wall fibrosis begins during the first 
week after thrombogenesis in the murine IVC stenosis 
model of DVT

To determine the natural history of VW fibrosis in this mouse 
model of DVT, cross sections of VW and thrombi harvested from 
mice 2 (n = 4), 8 (n = 5), or 16 (n = 4) days after IVC stenosis were 
paraffin embedded and stained with Masson's Trichrome for 
analysis of collagen content and distribution (Figure 2A-F). VW fi-
brosis began as early as the first week after thrombus formation 
and continued to steadily increase into the second week. The VW 
area occupied by collagen increased between postoperative days 
2 and 8 (2.16 × 104 ± 2.52 × 103 vs 7.34 × 104 ± 1.83 × 104 μm2, 
P  =  .0420) and days 8 and 16 (7.34  ×  104  ±  1.83  ×  104 vs 
1.68  ×  105  ±  1.42  ×  104  μm2, P  =  .0059) (Figure  2G). There was 
a highly significant increase in VW collagen between days 2 and 
16 (P =  .0001). Total VW area increased from postoperative days 
2 to 8 (2.10 × 105 ± 1.32 × 104 vs 3.36 × 105 ± 3.48 × 104 μm2, 
P  =  .0176) and from day 2 to 16 (2.10  ×  105  ±  1.32  ×  104 vs 
3.76 × 105 ± 2.96 × 104 μm2, P =  .0021), but not between days 8 
and 16 (P = .4248) (Figure 2G-I).

3.1.3 | Thrombus fibrosis increases in the second 
week postoperatively while thrombus cross-
sectional area decreases

Fibrosis and average cross-sectional area were examined as a proxy 
for thrombus maturation. Average thrombus cross-sectional area 
occupied by collagen increased significantly between postoperative 
days 8 and 16 (4.31 × 103 ± 1.11 × 103 vs 3.72 × 104 ± 4.96 × 103 μm2, 
P  =  .0002) and 2 and 16 (3.81  ×  103  ±  1.09  ×  103 vs 
3.72  ×  104  ±  4.96  ×  10  μm2, P  =  .0006) but not between days 2 
and 8 (P  =  .7618). Average thrombus cross-sectional area de-
creased significantly between postoperative days 8 and 16 
(1.96 × 106 ± 2.31 × 105 vs 1.01 × 106 ± 2.72 × 105 μm2, P = .0316) 
and 2 and 16 (2.50 × 106 ± 3.00 × 105 vs 1.01 × 106 ± 2.72 × 105 μm2, 
P = .0103) but not between days 2 and 8 (P = .1885) (Figure 2J-L). 
The percent of thrombus area occupied by collagen was highest on 
postoperative day 16 (Figure 2L).

3.1.4 | Thrombus neovascularization gradually 
increases during the first 2 weeks after thrombogenesis 
in the murine IVC stenosis model of DVT

To understand the natural history of thrombus neovascularization 
in the murine IVC stenosis model of DVT, cross sections of VW 

F I G U R E  1   Thrombus length and volume decrease over time in the IVC stenosis model of DVT. A, Pre- and postoperative platelet counts 
were measured in all mice 24 h before and 24 h after IVC stenosis surgery (n = 30). B, Thrombus incidence in mice that underwent tissue 
harvest on postoperative day 2 (n = 10), 8 (n = 10), or 16 (n = 10). C, Thrombus length and (D) thrombus volume on postoperative days 2, 8, 
and 16. Data are reported as mean ± SEM. Unpaired, Student's t test and χ2test used for statistical analysis. (P < .05*, P < .01**, P < .001***, 
P < .0001****)
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and thrombi harvested from mice 2 (n = 3), 8 (n = 3), or 16 (n = 4) 
days after IVC stenosis were stained with immunofluorescent an-
tibodies against endothelial markers (PECAM/CD31 and VWF) 
(Figure  3A-F). Thrombus neovascularization occurred, initially, at 

the periphery of the thrombus, near the thrombus/VW interface 
(Figure  3B). As the thrombus matured, neovascular channel-like 
structures increased in abundance and were observed in both the 
periphery and the center of the thrombus (Figure  3C). PECAM/

F I G U R E  2   Thrombus and vein wall fibrosis evolution over time in the IVC stenosis model of DVT. Cross sections (CS) of vein wall and 
thrombi harvested from mice 2 (n = 4), 8 (n = 5), or 16 (n = 4) days after IVC stenosis were stained with Masson's Trichrome for analysis of 
collagen content and distribution. A-C, Representative low magnification (bar 500 μm) and D-F, high magnification (bar 50 μm) images of 
vein wall and thrombus collagen staining (white dotted line indicates vein wall thickness). G, Quantification at 2, 8, and 16 d post-stenosis of 
average vein wall collagen area, (H) average vein wall cross-sectional area, and (I) percent vein wall occupied by collagen. J, Quantification at 
2, 8, and 16 d poststenosis of average thrombus collagen area, (K) average thrombus cross-sectional area, and (L) percent thrombus occupied 
by collagen. Data are reported as mean ± SEM. Unpaired, Student's t test used for statistical analysis. (P < .05*, P < .01**, P < .001***, 
P < .0001****) [Colour figure can be viewed at wileyonlinelibrary.com]
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VWF double-positive cells became not only more abundant in more 
mature thrombi but also organized into visible channels (Figure 3F). 
Although nearly no intrathrombus endothelial cells were observed 
in 2-day-old thrombi (9.0 × 10−2 ± 4.0 × 10−2 cells/HPF), 8-day-old 
thrombi showed evidence of neovascularization (7.7  ±  1.2 cells/
HPF), which steadily continued through day 16 (20.6 ± 2.1 cells/
HPF). Statistically significant increases in the number of PECAM/
VWF double-positive cells/HPF were observed between days 2 
and 8 (P =  .0035), days 8 and 16 (P =  .0049), and days 2 and 16 
(P  =  .0004) (Figure  3G). At 16  days postoperatively, neovascular 
cells were more abundant in the thrombus periphery compared 
with the thrombus center (28.9  ±  2.6 vs 15.9  ±  1.3 cells/HPF, 
P = .0229, Figure 3H).

3.2 | Thrombus maturation and vein wall fibrosis in 
platelet-depleted mice

We sought to understand the contribution of platelets to thrombus 
maturation, neovascularization, resolution, and VW remodeling in 
the period after thrombus formation. To do this, we depleted plate-
lets in mice that had been allowed to form stable thrombi over a 
2-day period. Ten days postoperatively, thrombus samples were har-
vested from mice depleted of platelets from postoperative days 2 
through 10 or from mice treated with a control non-platelet-deplet-
ing IgG antibody for an equal duration of time. Vein wall and throm-
bus samples were then carefully analyzed histologically for evidence 
of thrombus and VW remodeling (Figure S3).

F I G U R E  3   Thrombus neovascularization over time in the IVC stenosis model of DVT. Cross sections of vein wall/thrombi harvested from 
mice 2 (n = 3), 8 (n = 3), or 16 (n = 4) days after IVC stenosis were stained with immunofluorescent antibodies against PECAM/CD31 (488λ) 
and VWF (568λ). A-C, Representative low magnification (bar 200 μm) intrathrombus PECAM and VWF staining on postoperative day 2, 8, or 
16 (thrombus/vein wall interface indicated by red arrows, dotted white box indicates area magnified in panel below). D-F, High magnification 
(bar 50 μm) PECAM and VWF staining at postoperative day 2, 8, or 16 in the peripheral aspect of the thrombus. G, Quantification of 
average number of PECAM/VWF dual-positive cells/high-powered field (HPF). Data are displayed as mean number of cells/HPF averaged 
across 6 HPF at 400x magnification. H, Quantification of PECAM/VWF dual-positive cells/HPF in the peripheral (-p) vs central (-c) aspects 
of thrombi. Data are reported as mean ± SEM. Unpaired, Student's t test used for statistical analysis. (P < .05*, P < .01**, P < .001***, 
P < .0001****) [Colour figure can be viewed at wileyonlinelibrary.com]
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3.2.1 | Platelet depletion did not alter thrombus size

The IVC stenosis model of DVT produces thrombi under flow con-
ditions, better mimicking the conditions under which thrombi typi-
cally form in the human body, but it has the limitation of producing 
thrombi of variable sizes. To prevent baseline thrombus size from 
being a confounding variable, we ensured that mice that would be 
treated with a platelet depleting or control antibody had similar 
thrombus sizes/platelet count drops before initiation of treatment. 

Thrombus length and volume at 48  hours after IVC stenosis, as 
determined by ultrasound, did not differ between IgG-treated or 
anti-GP1bα-treated groups prior to starting treatment (7.4  ±  0.6 
vs 7.0 ± 0.5 mm, P = .6310, and 13.32 ± 1.39 vs 13.08 ± 0.92 mm3 
P = .8832, respectively; Figure 4A,B).

Platelet count was measured preoperatively (day −1) and on 
postoperative days 1, 3, 4, 6, 8, and at time of harvest on post-
operative day 10. Before surgery, average platelet count did not 
differ between mice to be treated with control IgG (n  =  14) or 

F I G U R E  4   Sustained platelet depletion after thrombogenesis does not alter thrombus length or volume. A and B, Characteristics 
of thrombi before antibody treatment. Thrombus length and volume 48 hours after IVC stenosis, as determined by ultrasound. C, 
Platelet counts in control (n = 14) and platelet-depleted (n = 16) mice. Surgery occurred on day 0 and platelet depletion was initiated on 
postoperative day 2. D, Thrombus length was measured at the time of harvest. E, Change in thrombus length over time from postoperative 
days 2 through 10 in control-treated and platelet-depleted mice. F, Thrombus volume at postoperative day 10. Data are reported as 
mean ± SEM. Unpaired, Student's t test used for statistical analysis. (P < .05*, P < .01**, P < .001***, P < .0001****) [Colour figure can be 
viewed at wileyonlinelibrary.com]
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platelet-depleting antibody (n  =  16) (963  ±  45 vs 956  ±  43  K/μL, 
P =  .9087). Platelet counts also did not differ between mice to be 
treated with control or platelet-depleting antibody on postoperative 
day 1, before the initiation of control treatment or platelet depletion 
(483  ±  39 vs 457  ±  36  K/μL, P  =  .6268) (Figure  4C). Statistically 
significant platelet depletion was successfully maintained by daily 
injections of platelet-depleting antibody from postoperative day 2 
to postoperative day 10 (Figure 4C, P <  .001). Mouse weight was 
monitored daily. All mice experienced a drop in baseline body weight 
on postoperative day 1, which gradually increased toward baseline 
over the course of 1.5 weeks. No statistically significant differences 

in body weight were detected in platelet-depleted and control anti-
body-treated mice (Figure S4).

On postoperative day 10, mice were sacrificed for IVC/throm-
bus harvest. Thrombus length was measured at time of harvest, 
and thrombus volume calculated as described in the Methods 
section. On postoperative day 10, thrombus length did not differ 
between platelet-depleted and control-treated mice (5.2 ± 0.4 vs 
5.5 ± 0.5 mm, P = .6447, Figure 4D). Statistically significant reduc-
tions in thrombus length between postoperative days 2 and 10 
were observed in both control-treated (7.4 ± 0.6 vs 5.5 ± 0.5 mm, 
P  =  .0175) and platelet-depleted (7.0  ±  0.5 vs 5.2  ±  0.4  mm, 

F I G U R E  5   Platelet depletion for 8 d after 2 d of thrombogenesis decreases intrathrombus collagen content, vein wall intimal thickening, 
and intrathrombus smooth muscle cells. Thrombus/vein wall samples from control (n = 7) or platelet-depleted (n = 8) mice stained for 
(A-D) collagen with Masson's Trichrome, (I,J) Elastic Van Gieson for elastin, and (L,M) anti-αSMC actin for smooth muscle cells. A-D, 
Representative low-magnification (bar 500 μm) and high-magnification (bar 50 μm) images of trichrome-stained tissue shown above. White 
arrow indicates region of intrathrombus collagen deposition, and dotted line indicates vein wall thickness. E and F, Quantification of average 
vein wall collagen area and percent vein wall occupied by collagen over time. G-H, Quantification of average thrombus collagen area and 
percent thrombus occupied by collagen. I and J, Images of Van Gieson stained thrombus/vein wall cross sections at high magnification 
(bar 50 μm). Images shown above are representative of cohort (white dotted line indicates intimal thickness). K, Quantification of intimal 
thickness in mice treated with platelet-depleting antibody or control IgG. L and M, Representative low-magnification (bar 200 μm) images 
of smooth muscle (red) and DAPI (blue) staining in thrombi from control and platelet-depleted mice. White arrows indicate the approximate 
borders of the thrombus/vein wall interface, coming from the vein wall pointing toward the thrombus. N, Quantification of intrathrombus 
smooth muscle cell staining, performed across 6 HPF at 400×. Data are shown as mean ± SEM (E-H) or median with IQR (K-N). Unpaired, 
Student's t test (E-H) or Mann-WhitneyUtest (K-N) were used for statistical analysis. (P < .05*, P < .01**, P < .001***, P < .0001****) [Colour 
figure can be viewed at wileyonlinelibrary.com]
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P  =  .0045) mice. A similar decrease in thrombus length from 
postoperative day 2 to postoperative day 10 was observed in 
platelet-depleted (25% reduction in thrombus length) and con-
trol-treated (23% reduction in thrombus length) mice (Figure 4E). 
Thrombus volume on postoperative day 10 also did not differ be-
tween platelet-depleted and control-treated mice (10.45 ± 1.05 vs 
12.05 ± 1.43 mm3, P = .3701) (Figure 4F).

3.2.2 | Platelet depletion decreases thrombus 
fibrosis, vein wall intimal thickness, and intrathrombus 
smooth muscle cell invasion

Images of trichrome stained thrombus/VW cross sections from plate-
let depleted (n = 8) and control-treated mice (n = 7) were captured at 
low and high magnification (Figure 5A-D). Mice treated with platelet-
depleting antibody had similar VW collagen area and percentages 
of VW occupied by collagen compared with control-treated mice 
(9.23 × 104 ± 7.04 × 103 vs 1.05 × 105 ± 5.25 × 103 μm2, P = .1766 
& 36.2 ± 1.6 vs 33.9 ± 1.5%, P = .3405, respectively) (Figure 5E-F). 
However, mice treated with platelet-depleting antibody had signifi-
cantly lower intrathrombus collagen areas compared with controls 
(11.74 × 104 ± 2.26 × 103 vs 2.24 × 104 ± 3.49 × 103 μm2, P = .0251) 
and a strong trend toward decreased percentage of thrombus oc-
cupied by collagen (0.8 ± 0.1 vs 1.4 ± 3%, P = .0596, Figure 5G-H). 
In parallel, we also analyzed tissue sections for evidence of calci-
fication. Postthrombotic VW calcium deposition was not detected. 
Thrombus calcification was observed in control and platelet-de-
pleted mice, with no difference in calcium deposition between con-
trol and platelet-depleted mice (Figure S5).

Van Gieson staining identified the elastic lamina within the vein 
and, therefore, helped to delineate the thickness of the intima. 
Images of Van Gieson stained thrombus/VW cross sections were 
captured at high magnification (Figure 5I,J). A reduction in intimal 
thickening was observed in platelet-depleted mice (n  =  8) com-
pared with controls (n = 7) (11.5 ± 1.1 vs 17.9 ± 1.9 mm, P = .0092) 
(Figure 5K).

Cross sections of VWs and thrombi harvested from platelet-de-
pleted (n = 8) or control (n = 7) mice 10 days after IVC stenosis were 
stained with an immunofluorescent antibody against alpha smooth 
muscle actin (Figure 5L,M). In thrombi from both groups of mice, ro-
bust smooth muscle staining was observed in the periphery of the 
thrombus, with decreased smooth muscle cell staining in the center 
of the thrombus. A decrease in total intrathrombus smooth muscle 
cell invasion was observed in thrombi harvested from platelet-de-
pleted mice compared with those harvested from control mice (me-
dian 39.1, IQR 31.9-59.1 vs 65.6, IQR 53.7-78.4 cells/HPF, P = .0401) 
(Figure 5N).

Vascular smooth muscle cells are known to infiltrate resolving 
thrombi and line neo-vessels. To examine the role of platelets in 
thrombus neovascularization, cross sections of VW and thrombi 
harvested from platelet-depleted (n  =  8) or control (n  =  7) mice 
10 days after IVC stenosis were stained with immunofluorescent 

antibodies against endothelial markers (PECAM/CD31 and VWF) 
(Figure S6). Although the median of endothelial cells in thrombi 
from platelet depleted mice was half the number of that observed 
in control mice, the difference was not statistically significant (me-
dian 7.6, IQR 4.9-15.3 vs 17.6, IQR 9.4-21.7 cells/HPF, P =  .0939, 
Figure S6).

4  | DISCUSSION

Almost one-half of patients with proximal DVT may go on to develop 
PTS despite anticoagulation therapy.37 Characterized by edema, 
swelling, chronic leg pain, leg heaviness, skin changes, and ulcera-
tions, PTS is associated with a significantly decreased quality of life, 
in addition to substantial health care costs.1,10,37,38 Hallmarks of PTS 
include venous reflux and hypertension, VW fibrosis, and neointimal 
hyperplasia. Given the significant impact of PTS on patient quality 
of life and disability, finding therapies that can prevent or lessen the 
severity of PTS is of the utmost importance.

This study was performed to determine the role of platelets in 
thrombus maturation, resolution, and postthrombotic VW remod-
eling. We found that circulating platelets play an important role in 
directing the cellular organization of resolving thrombi. Platelet de-
pletion decreased thrombus fibrosis and smooth muscle cell inva-
sion, while still allowing for a normal reduction in thrombus size over 
time. Importantly, platelet depletion decreased VW intimal thicken-
ing, a recognized histological feature associated with PTS.6

Overall, platelet depletion was well tolerated by mice, despite 
our initial concerns regarding thrombocytopenia in the setting of a 
recent operation and DVT, injurious, and inflammatory events.39-42 
Studies have shown that thrombocytopenia alone does not result 
in spontaneous hemorrhage in mice, but that thrombocytopenia in 
the setting of an inflammatory event (eg, lung irritation, dermatitis, 
stroke) results in hemorrhage. In mouse models of DVT, markers of 
both local and systemic inflammation peak at 6 hours after surgery 
and are significantly reduced 48  hours postoperatively.40,41 Our 
laboratory has previously shown that depleting platelets after such 
DVT surgery does not cause excessive bleeding.35 Initiating platelet 
depletion after peak thrombus size is reached at 48 hours helped to 
avoid bleeding; we narrowed our study to the effect of circulating 
platelets on an established thrombus, therefore avoiding the con-
founding variable of altering thrombogenesis, a process in which 
platelets are known to play a critical role.29,35,43,44 Although the 
mechanisms by which platelets drive smooth muscle cell invasion, 
thrombus fibrosis, and VW intimal hyperplasia were not explored in 
this initial study, with these preliminary data and an understanding 
of platelet physiology, we can begin to generate several mechanis-
tic hypotheses, which will require future investigation. Platelets are 
rich in TGF-β, a known regulator of extracellular matrix secretion and 
pro-fibrotic growth factor.7,16,27,45-49 TGF-β requires activation, but 
the factors that mediate its activation, including plasmin and matrix 
metalloproteinases, are all locally found within the thrombus envi-
ronment.7,45 Although TGF-β function is dependent on the receptor 
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subtype with which it interacts, vascular lesions have been shown to 
be rich in type II TGF-β receptors, which when activated, promote 
ECM production.7,46 Furthermore, soluble TGF-β inhibition has been 
shown to decrease fibrosis in vascular lesions, although it should be 
noted that these studies were carried out in arterial, as opposed to 
venous, vascular lesions.48 We speculate that the decrease in throm-
bus fibrosis observed in platelet-depleted mice could potentially be 
due to decreased delivery of platelet-derived TGF-β.

Although collagen deposition occurs naturally during DVT reso-
lution and wound healing, excessive collagen deposition, known as 
fibrosis, can be detrimental to the healing process.16 That thrombus 
fibrosis can be reduced by platelet depletion is a novel and excit-
ing finding. A less fibrotic thrombus may be easier to pharmacome-
chanically lyse and may pose less of a threat to the VW, as thrombi 
are incorporated into the VW during the process of resolution, and 
smooth muscle cells may even proliferate after this.50-52 Along with a 
significant decrease in intrathrombus collagen, a significant decrease 
in smooth muscle cell invasion into the thrombus was also observed 
in platelet-depleted mice. Platelets are known to contain several 
growth factors that can direct vascular smooth muscle cell activity, 
including TGF-β, basic fibroblast growth factor (bFGF), and plate-
let-derived growth factor (PDGF), all of which have been identified 
as key regulators of vascular smooth muscle cell migration, prolifer-
ation, and phenotype.7,27,34 We, therefore, speculate that reductions 
in platelet-derived TGF-β, bFGF, and PDGF in anti-GP1bα-treated 
mice may be responsible for the decrease in smooth muscle cell in-
vasion into resolving thrombi.

Long ago, our laboratory showed that circulating platelets pro-
mote angiogenesis and prevent bleeding of angiogenic vessels both 
in healthy tissue and in tumors.31,53 Thrombus neovascularization 
is consistently observed during thrombus resolution in both human 
DVT and mouse models of DVT.15,18,22 As venous thrombi mature, 
cells with endothelial characteristics (CD31+, VWF+, laminin, and 
smooth muscle cell lined) appear within the body of the throm-
bus.9,18,19,22,54 These neovascular channels are thought to contrib-
ute to lumen recanalization, although their exact role in thrombus 
resolution remains debated.19,20,22,23,54,55 Anticipating that neovas-
cularization would follow smooth muscle cell infiltration and matrix 
deposition, we hypothesized that platelet-depleted mice would have 
fewer neovascular cells within thrombi than their control-treated 
peers. Although we observed a weak trend toward decreased throm-
bus neovascularization in platelet-depleted mice, a statistically sig-
nificant reduction in thrombus neovascularization was not achieved. 
This may be due to significant variation between animals, analyz-
ing a timepoint too early in thrombus resolution, or lack of effect. 
Analyzing a later timepoint in thrombus resolution (ie, 3-4  weeks) 
would be an ideal subsequent study; however, we were limited by 
the number of days platelet-depleting antibody can be administered 
before an immune response is mounted and platelet depletion is no 
longer effective. Although a reduction in thrombus neovascular-
ization was not demonstrated in platelet-depleted mice, this study 
produced a valuable finding for the field of angiogenesis research. 
The IVC stenosis model of DVT in WT mice represents a model of 

naturally occurring angiogenesis that is not induced by injection of 
growth factors, such as bFGF, into artificial tissue (ie, Matrigel) or 
tissues that usually are devoid of blood vessels (ie, cornea, bead 
implantation model). A pilot study from our laboratory involving 
systemic India ink perfusion at time of death in mice 10 days after 
IVC stenosis showed India ink within neovascular channels of the 
thrombus, suggesting that these neovascular channels participate in 
systemic circulation. This pilot study was, however, underpowered, 
and additional mice should be added in the future to draw mean-
ingful conclusions. IVC stenosis produces tissue that will naturally 
become vascularized, and this process can be inhibited, enhanced, 
and quantified. Thus, this model provides an opportunity to examine 
the efficacy of anti- or pro-angiogenic drugs in a natural setting.

Importantly, we have shown that intimal thickening was re-
duced in platelet-depleted mice compared with control treated mice. 
Intimal thickening or neointimal hyperplasia, characterized by the 
invasion of smooth muscle cells from the vessel media and excessive 
extracellular matrix deposition, is one of the hallmarks of adverse 
post-thrombotic VW change.6,56,57 Evidence exists that in the set-
ting of both arterial and venous endothelial injury, as occurs during 
arterial angioplasty and vein harvest for bypass, platelets accumu-
late on injured endothelium and drive neo-intimal hyperplasia.58 
Platelet adhesion to VWF, and subsequent activation and secretion 
of factors such as PDGF, bFGF, and TGF-β, all drivers of smooth mus-
cle chemotaxis and proliferation, are suspected to play an import-
ant role in intimal neoplasia after vessel injury.56,57,59 We now show 
that, even in a model of DVT produced without physical injury to 
the endothelium, circulating platelets impact intimal neoplasia. Our 
study indicates that further investigation into the role of platelets in 
post-thrombotic syndrome is merited.

This study is not without limitations. The 10-day time point after 
IVC stenosis fails to capture the final endpoint of VW remodeling 
after complete thrombus resolution. In the mouse IVC stenosis 
model of DVT, complete or near-complete thrombus resolution typ-
ically is achieved 3 to 4 weeks after thrombogenesis. This time point 
was not examined because of the inability to maintain antibody-me-
diated platelet depletion in mice for several weeks. Future studies 
that aim to characterize the mechanism by which platelet depletion 
decreases thrombus smooth muscle cell invasion, fibrosis, and VW 
intimal thickening should be performed, and the impact of platelet 
depletion on platelet burden within the thrombus established.

In conclusion, we found that platelet depletion after thrombogen-
esis fundamentally alters thrombus maturation and postthrombotic 
VW remodeling. Thrombocytopenic mice had less fibrotic thrombi, 
with fewer invading smooth muscle cells, and VWs that showed less 
intimal thickening. These findings are both significant and clinically 
relevant. Decreasing thrombus fibrosis may make the thrombus eas-
ier for the body to naturally resorb and has the potential to improve 
pharmacological thrombolysis or surgical thrombus removal. We 
also found that intimal thickening is reduced by platelet depletion 
after the formation of DVT. Preventing intimal thickening by inhibi-
tion of platelet recruitment after DVT has the potential to lessen the 
severity of PTS, a serious side effect of venous thrombosis. Once it is 
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determined what factors within platelets or what platelet-substrate 
interactions are responsible for driving thrombus fibrosis, smooth 
muscle cell invasion, and vein wall intimal thickening, we can target 
these molecular actors in the treatment of DVT.
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