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ABSTRACT

Characteristics ofarterial thrombus formation induced by FeClsin
different concentrations of FeCls and strains of mice

Yeseul Shim

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Ji Hoe Heo)

The ferric chloride (FeCl;)-induced thrombosis model is widely used for thrombosis
research. However, it lacks standardization with uncertainty in the exact mechanism of
thrombosis. This study aimed to characterize thrombus formation in a mouse model.

We investigated thrombus formation and stability using various FeCls concentrations
(10%, 20%, 30%, 40%, and 50%, w/v) in carotid arteries of the Institute of Cancer
Research and C57BL/6N mice using the FeCls-induced thrombosis model. We also
investigated thrombus histopathology using immunohistochemistry and electron

microscopy.

Higher FeCls concentrations induced dose-dependent, faster, larger, and more stable
thrombus formation in both strains of mice. However, the Institute of Cancer Research
mice showed better dose-responses in thrombus formation and stability compared to
the C57BL/6N mice. Thrombi were fibrin- and platelet-rich without significant
changes across FeCls concentrations. However, the content of red blood cells (RBCs)

1



increased with increasing FeCls concentrations (p for trend <0.001) and inversely
correlated with time to occlusion (r = -0.65, p <0.001). While platelets and fibrin were
evenly distributed over the thrombus, RBCs were predominantly located near the FeCls
treatment area. Transmission electron microscopy showed that RBCs attached to and
were surrounded by aggregates of degranulated platelets, suggesting their potential

role in platelet activation.

Faster and larger thrombus formation is induced in a dose-dependent manner by awide
range of FeCl; concentrations, but the stable thrombus formation requires higher ferric
chloride concentrations. Mouse strain affects thrombus formation and stability. RBCs
and their interaction with platelets play a key role in the acceleration of FeCls-induced

thrombosis.

Key words : thrombosis, experimental animal models, red blood cells, platelet



Characteristics ofarterial thrombus formation induced by FeClsin
different concentration of FeCls and strains of mice

Yeseul Shim

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Ji Hoe Heo)

I.  INTRODUCTION

Arterial thrombosis is the primary cause of stroke and myocardial infarction.
Thrombosis also manifests in many other diseases such as cancer, autoimmune
diseases, hematologic diseases, and infection. A thrombosis model is essential for
thrombosis researches and developing antithrombotic and thrombolytic agents.
Since thrombi are formed via complex interactions of blood cells and many
coagulating factors, it is limited to replicate such complex system with in vitio
experiments. As such, several in vivo models have been developed, which include
mechanical disruption model, photochemical-induced thrombosis, laser-induced

thrombosis, and ferric chloride (FeClz)-induced thrombosis models.

Among the in vivo thrombosis models, the FeCls model has been widely used for
its simplicity, effectiveness, and reliability.! This model can be easily applied to a
variety of vessels of different diameters, and it also displays a high degree of
reproducibility and sensitivity to both anticoagulants and antiplatelet.? In this
model, the application of FeCls to the surface of a vessel induces thromboss.
Despite previous efforts to characterize the model, it still lacks standardization. '3
A wide range of FeClz concentrations (2.5-80%) have been reported for use in
various strains of mice or rats.*8 However, limited information is available on the
concentration-dependent effects on and sex-based differences in thrombus

formation and stability.® Methodological differences in the FeCl-induced

3



thrombosis model may significantly affect experimental results. !° Moreover, they
complicate inter-study comparisons and challenge researchers in determining the

optimal conditions for their research.

Several mechanisms of FeCls-induced thrombosis have been suggested, including
oxidative stress—induced vascular injury and red blood cell (RBC)-mediated
platelet recruitment.!!'* However, the exact mechanisms of FeCl-induced
thrombosis remain uncertain.!> Knowledge of the thrombus composition is
important as it represents the primary thrombus characteristics and may reflect
some aspects of the thrombosis mechanism. Although several studies have
reported the presence of platelets, RBCs, and fibrin in FeCh-induced thrombi,
limited information is available about the composition of each component.'®
Moreover, whether the composition differs according to FeCl; concentration

remains unknown.

Therefore, despite the wide use of the FeCl;-induced thrombosis model, several
issues are still uncertain. In this study, using the carotid artery thrombosis model
we examined the effects of various FeCly concentrations on the formation and
stability of thrombi in two different strains of mice. We also showed the
ultrastructural features of thrombi with some speculation on the mechanism of

FeCls-induced thrombosis.



[I. MATERIALS AND METHODS

1. Animals

All animal procedures were approved by the Institutional Animal Care and Use
Committee of Yonsei University College of Medicine and performed in
accordance with the Association for Assessment and Accreditation of
Laboratory Animal Care. Seven- to 9-week-old mice from the Institute of
Cancer Research (ICR) (male 32-34 g, female 27-29 g) and C57BL/6N mice
(male 20-22 g, female 18-20 g) were purchased from Orient Bio Inc.
(Seongnam, South Korea) to be used in the study. All mice were acclimatized
for a week in a room with a 12/12 hours light and dark cycle at an adequate
temperature and humidity before they were used in the experiments. They were

given free access to regular food pellets and water.

2. Study design

First, to compare the effects of different concentrations of FeCl; on thrombus
formation in the two different mouse strains, the time to occlusion and thrombus
area were determined, and the thrombus composition was evaluated. Then, the
effects of different concentrations of FeCl on thrombus stability were compared.
The ultrastructural morphology of the thrombi was examined by transmission

electron microscopy (TEM) in ICR mice treated with 10% and 50% FeCls.

3. FeClz-induced arterial thrombosis model

The animals were anesthetized with 5% isoflurane in a mixture of 70% nitrous
oxide and 30% oxygen; anesthesia was maintained with 2% isoflurane during
the operative procedure. Body temperature was monitored and maintained at

37.0°C+ 0.2°Cusing a homoeothermic blanket control unit and a heating pad

(Harvard Apparatus, Holliston, MA, USA). A midline cervical incision was
5



made, and the left common carotid artery (CCA) was isolated under a surgical
microscope. Carotid blood flow was monitored using an ultrasonic Doppler flow
probe (MAO.7PSB; Transonic Instruments, Ithaca, NY, USA) connected to a
Transonic TS420 blood flow meter (Transonic Instruments, Ithaca, NY, USA)
and aniWorx IX-304T dataacquisition system (iWorx Systems, Inc., Dover, NH,
USA). Bascline flow was recorded for 5 min before the FeCl; treatment.
Vascular injury was induced on the CCA by placing a filter paper (1 mm x 0.5
mm) saturated with different concentrations (10, 20, 30, 40, and 50% [w/v]) of
FeClk (F2877; Sigma-Aldrich Inc., St. Louis, MO, USA) for 5 min. The CCA
was washed and excised at the end of the flow recording for 25 min after the

FeCl; treatment.

4. Determination of time to and duration of occlusion

Time to occlusion was defined as the initial time from FeCls application to the
ceased blood flow (0 mL/min) during the 25 min of flow recording. The duration
of occlusion was defined as the time from the initial occlusion to flow increase
to 10% of the baseline flow. Recanalization was defined as restoration of blood

flow to at least 50% of the baseline level during the 2 hr of flow recording.

5. Measurement of thrombus size

The excised CCAwas fixed in 4% paraformaldehyde and embedded in paraffin.
CCA paraffin blocks were sectioned longitudinally into 4-um slices and stained
with hematoxylin and eosin. The thrombus area was measured in the slide
representing the largest part of the thrombus under a light microscope (Zeiss
Imager D2, Carl Zeiss Imaging Solution, Oberkochen, Germany) and Zeiss
AxioVision software (AxioVs40 V 4.8.1.0; Carl Zeiss Imaging Solution) using

Image J software.

6. Immunohistochemistry of thrombus



Sectioned slices were deparaffinized and subjected to heat-induced epitope
retrieval with retrieval solution (IHC World, Inc., MD, US). After blocking wih
5% horse serum, the sections were incubated with primary antibodies against
fibrinogen/fibrin (ab34269; Abcam, Cambridge, UK), CD41 (ab63983; Abcam)
for platelets, TER119 (BL116202; Biolegend, San Diego, CA, USA) for RBCs,
Ly6G (BL127602; Biolegend) for neutrophils, and coagulation factor XIIla
(FXIIIa, PA5-22110; Invitrogen, Carlsbad, CA, US). Endogenous peroxidase
activity was blocked using 0.03% hydrogen peroxide. The sections were
incubated for 30 min with 1:200-diluted biotin-conjugated secondary antibodies
(goat anti-rabbit immunoglobulin G [IgG] antibody, BA-1000, and goat anti-
rabbit IgG antibody, BA-9401; Vector Laboratories, Burlingame, CA, USA) and
then with horseradish peroxidase (HRP)—conjugated streptavidin-biotin
complex (ABC Elite Kit; Vector Laboratories). After counterstaining with
hematoxylin, the colors were developed using NovaRed (NovaRed Kit; Vector

Laboratories).

7. Measurement of thrombus composition

Thrombus composition was measured as previously described. ! Briefly, images
of immunostained thrombi were captured using a Zeiss light microscope and
AxioVision software and processed using Image J software. After manual
drawing of the thrombus contour, imaging analysis was performed semi-
automatically using the color devolution module for Nova Red in Image J. Pixel
density was determined using the auto threshold. The fraction (%) of each
component (platelet, RBC, and fibrin) was calculated as the pixel density
percentage for the entire thrombus. For neutrophils, Ly6G-positive cells were
manually counted in the entire thrombus area using a motorized stage mounted

on the microscope.

8. Assessment of thrombus stability



Blood flow was measured for 2 hr. All measurements were standardized by
subtracting the minimum blood flow. Blood flow restoration for 2 hr was
calculated by dividing the average blood flow by baseline flow and represented

as a percentage.

9. Transmission electron microscopy

The excised arteries containing thrombi of ICR mice were immediately fixed
with 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4) overnight. The thrombi were post-fixed using 1% OsO4 for 2 hr. The
thrombi were dehydrated, treated with propylene oxide for 10 min, and
incubated overnight to allow penetration. The thrombi were then embedded
using a Poly/Bed 812 Kit (Polysciences, Bergstrasse, Germany) and subjected
to thermal polymerization in an electron microscope oven (TD-70; DOSAKA,
Kyoto, Japan) for 12 hr. The thrombiwere sectioned at 200-nm slices and stained
with toluidine blue. Areas of observation were selected, sectioned into 80
sections, and double-stained with 3% uranyl acetate for 30 min and 3% lead
citrate for 7 min. The sections were imaged using a TEM (JEM-1011; JEOL,
Tokyo, Japan) equipped with a Megaview III CCD camera (Soft Imaging

System, Muenster, Germany).

10. Fibrin zymography

Blood samples were drawn into citrate tubes via cardiac puncture 30 min after
the FeCl; treatment from five mice, each of the ICR and C57BL/6N mice with
sham surgery, 10% FeClz treatment, or 50% FeClz treatment. The plasma was
isolated by centrifuging the blood at 1000 g for 15 min in a refrigerated
centrifuge and stored at -80°C until use. Sodium dodecyl sulfate—
polyacrylamide gel electrophoresis was performed using 10% gels containing
0.075% fibrinogen (bovine; Sigma-Aldrich, St. Louis, MO, USA) and 1 NIH
unit/mL of thrombin (human; Sigma-Aldrich).



Each plasma sample containing 50 pg of protein was loaded and electrophoresed
under non-reducing conditions. In each gel, 3 ng of recombinant tissue
plasminogen activator was loaded as an internal standard. The gels were rinsed
with 2.5% Triton X-100 and incubated with reaction buffer (30 mM Tris, pH7.4,
200 mM NaCl, and 0.02% NaN3) for 24 hr at 37°C. The gels were stained with
0.1% Amido black for 30 min and de-stained with methanol and acetic acid. The
gels were scanned using a flatbed scanner (Epson Perfection V800 Photo; Seiko

Epson Co., Nagano, Japan) and analyzed by ImageJ software.

11. Statistical analyses

Statistical analyses were performed using IBM SPSS statistics for Windows,
version 25.0 (Armonk, NY: IBM Corp.). Three- or two-way analysis of variance
(ANOVA) was performed for multiple analyses involving concentration, sex,
and strain, followed by the post-hoc Bonferroni method. For trend analyses,
ANOVA p values for trend tests were calculated using the general linear mode.
Correlation analysis was performed using Pearson’s correlation coefficient.
Values are presented as mean + standard deviation. p values <0.05 were

considered significant.



1. RESULTS

1. Thrombus formation by FeCls concentration and mouse strain

Atotal of 50 ICR mice and 50 C57BL/6N mice were used to determine the time
to occlusion according to the various concentrations of FeCls (10%, 20%, 30%,
40%, and 50%, w/v) (five male and five female mice at each FeCl
concentration). Inboth ICR and C57BL/6N mice, higher concentrations of FeCh
induced a faster thrombotic occlusion. Although the time to occlusion was
shortened in a dose-dependent manner in both ICR and C57BL/6N mice (p for
trend <0.001 for both strains), the dose-dependency tended to be dampened from
30% to 50% in C57BL/6N mice (Figure 1A). A significant interaction was
observed between concentration and strain (F = 2.784, p=0.032). No difference
in time to occlusion was found betw een male and female mice (p=0.975, Tables

1 and 2).
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Figure 1. Time to occlusion and thrombus area by different FeCl; concentrations
(A) Overall time to occlusion was shortened in a dose-dependent manner in [CR mice
and C57BL/6N mice. However, it tended to be dampened from 30% to 50% in
C57BL/6N mice. (B) Thrombus size (area) increased in a dose-dependent manner in
ICR mouse but not in C57BL/6N mice (p for trend = 0.020 for ICR, p for trend = 0.111
for C57BL/6N). Bars represent the mean + standard deviation. Ten mice (five male,
five female) of each strain were used at each concentration. ICR, Institute of Cancer

Research
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Table 1. Time to occlusion of all groups of mice in FeCls-induced arterial

thrombosis model with different concentrations of ferric chloride

Strain FeCls Male Female

10% 8.2+1.1 8.1+0.2

20% 7.5£0.9 7.2+0.1

ICR 30% 6.5+0.9 6.810.3
40% 5.9+0.4 5.7+0.1

50% 5.5+£0.6 5.240.3

10% 8.0+£0.2 8.2+1.2

20% 7.6£0.8 7.6+0.6

C57BL/6N 30% 6.410.4 6.4+1.1
40% 6.5+£0.7 6.8+1.0

50% 6.4+0.5 6.4+0.9

Time to occlude the common carotid artery of ICR mice (male and female, each N=5)

and C57BL/6N mice (male and female, each N=5). Time to occlusion shortened

concentration-dependently. Three-way ANOVA was done. Significant interaction was

observed between concentration and strain (p =0.032, F=2.784). Values are mean +

standard deviation.

12



Table 2. Statistical analysis of time to occlusion and thrombus area by three-way

ANOVA
Time to occlusion Thrombus area

F p value F p value

Concentration (C) 27.069 0.000 3.983 0.005

Sex 0.001 0.975 0.108 0.743

Strain 4.871 0.300 0.628 0.430

C * Sex 0.223 0.925 0.645 0.632

C* Strain 2.784 0.032 0.079 0.989

Sex * Strain 0.125 0.724 0.444 0.507

C * Sex * Strain 0.349 0.844 0.552 0.698

Higher concentrations of FeCl produced larger thrombi in both ICR and
C57BL/6N mice (Figure 1B; Table 3). Thrombussize (area) increased in a dose-
dependent manner in ICR mice (p for trend <0.020), butnot in C57BL/6N mice
(p for trend = 0.111).

13



Table 3. Comparison of thrombus area produced under different experimental

conditions
Strain FeCls Male Female Total
10% 0.2340.1 0.19+0.1 0.21£0.1
20% 0.28+0.1 0.27+0.2 0.27+0.1
ICR 30% 0.37+0.1 0.33+0.1 0.35+0.2
40% 0.32+0.1 0.35+0.1 0.34+0.1
50% 0.39+0.1 0.32+0.0 0.36+0.0
10% 0.2740.1 0.26+0.1 0.26+0.1
20% 0.324+0.1 0.30+0.1 0.31+0.1
CS7BL/6N 30% 0.32+0.1 0.3720.1 0.3540.1
40% 0.3140.1 0.26+0.1 0.29+0.1
50% 0.35+0.1 0.23+0.2 0.35+0.1

Thrombus cross-sectional areas measured in mm? are shown for ICR mice (male and

female, each N=5) and C57BL/6N mice (male and female, each N=5). Area increased

concentration-dependently. Values are mean + standard deviation. Three-way ANOVA

was done. There was no significant interaction between factors. For each group, five

mice were used for analysis.
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2. Changes of thrombus composition by FeCls concentration

In the present study, topical application of FeCls-soaked filter paper on mouse
carotid artery induced thrombus formation via the diffusion of FeClz through the
vessel wall (Figure 2A). We evaluated the distribution of each thrombus
component in the resulting thrombi (Figure 2B). Fibrin and platelet counts
were evenly distributed throughout the thrombus. RBCs were seen as small
clusters across the thrombus and predominantly accumulated near the regions of
vascular injury induced by the FeCls treatment. Neutrophils were mostly located

in the periphery of the thrombus.

15
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Figure 2. Composition of FeClz-induced mouse carotid artery thrombi at various
FeCl; treatment concentrations (A) Tracings of the representative thrombus in the
cross-section of mouse carotid artery (top) and schematic of thrombus formation by
FeCls (bottom). (B) Representative immunohistochemistry of fibrin, platelet, RBCs,
and neutrophils in mouse thrombus. Fibrin and platelets are evenly distributed.
However, many RBCs are seen as clusters or near the FeCls-treated area. Neutrophils
are located at the periphery of the thrombus. Immunoreactivity is shown as red
(NovaRed stain). Scale bar = 100 um. (C) Comparison of thrombus composition at
various FeCls concentrations for the two mouse strains. %Areas for fibrin, platelets,
and RBCs are shown, while cells/mm2 are shown for neutrophils. RBC content
increased with increasing FeCls concentrations (p for trend <0.001 for ICR mice and
C57BL/6N mice). Ten mice (five male, five female) were used of each strain at each

concentration. Bars represent means + SD. RBCs, red blood cells

17



We investigated whether the concentration of FeCls affected the histological
composition of the thrombus. As the concentration of FeCls increased, RBC
content increased in both mouse strains (p for trend <0.001 for both strains)
(Figures 2C and 3). Other components (fibrin, platelets, and neutrophils) did not
change with different FeCls concentrations (Figure 2C). There were no sex-

based differences in the thrombus composition (Tables 4 and 5).

10% 20% 30% 40% 50%

o i

Figure 3. Dose-dependent effect of FeCl; on RBC content Representative images of
cross-sectional mouse thrombi immunostained for RBCs in (A) ICR mice and (B)
C57BL/6N mice. The numbers above images indicate the FeCl concentrations used.
As the FeCl; concentration increased, the RBC content increased in the thrombus and
near the FeCls-treated area. The upper panel shows mice thrombus and the lower panel
shows higher-magnification images of the regions of severe damage induced by FeCk.
RBCs are shown in red (NovaRed staining). Scale bar = 100 pm. ICR, Institute of
Cancer Research; RBC, red blood cells
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Table 4. Comparison of thrombus compositions of all groups of mice

Strain Egrgjclf Sex  Fibrin Platelet RBC Neutrophils
10% Male  49.0£0.6 35.3x6.7 2.8+1.5 106+56
Female 47.6+3.17 35.3+t3.4 2.6+0.6 118+47
0% Male  49.6+1.2 37.2+5.7 3.5+2.8 108+56
Female 49.1+1.3 36.8+8.8 3.2+2.7 125+86
ICR 30% Male  49.9+14 31.2+6.9 6.0+1.9 62+36
Female 48.9+t1.4 35.3+6.4 5.2+2.0 10472
40% Male  49.3+t1.0 35.2+7.7 10.0#+45 9031
Female 49.8+0.7 37.3+t9.1 10.5£1.3 55%45
0% Male  49.8£1.2 40.3x7.3 10.6+6.4 83+39
Female 49.5+0.2 38.3+5.8 10.7£3.6 9355
10% Male  49.4+1.0 39.4+9.8 2.7+1.3 98+50
Female 50.1+x1.5 35.1+10.1 2.9+0.7 100+34
20% Male  50.5£1.1 36.4+2.3 2.6£0.6 99+38
Female 48.4+4.0 32.69+8.3 3.8£2.2 78t49
C57BL/6N 30% Male  40.1+156 29.8+114 7.9+2.4 1574137
Female 49.6+0.6 31.8+7.0 6.2+2.0 137+37
40% Male  49.4+0.9 32.7+8.3 7.6+3.2 116+44
Female 48.6+3.2 37.1+9.1 8.6+3.4 64+47
0% Male  49.8£0.7 36.8+t9.1 9.8+7.0 10461
Female 46.2+7.3 37.3£7.3 8.6+1.1 87+49

Values are the mean percentage (%) of thrombus area + standard deviation for fibrin,

platelet, and RBC. For neutrophils, values are mean cell counts per mm? thrombus +

standard deviation (N=5). Three-way ANOVA was done. There was no significant

interaction between factors.
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Table 5. Statistical analysis of thrombus contents by three-way ANOVA

Fibrin Platelet RBC Neutrophil

F pvalue F pvalue F pvalue F p value
Concentration(C) 0.762 0553 1242 0300 2254 0.000 0.696 0.600
Sex 0.000 0.988 0.001 0.970 0.038 0.846 0.004 0.949
Strain 1330 0252 0880 0351 0452 0503 0201 0.656
C* Sex 1372 0251 0477 0752 0343 0848 1.097 0373
C* Strain 1.143 0342 0355 0840 1.017 0404 1342 0274
Sex * Strain 0418 0520 0.039 0844 0.001 0971 0.119 0.732
C*Sex*Strain  1.814 0.134 0.194 0941 0.176 0950 0.809  0.528

3. Association between RBC content and time to occlusion and thrombus

size

Since the FeCls concentration was associated with time to occlusion and RBC

content, we investigated whether the RBC content in the thrombus correlates

with time to occlusion. There was an inverse correlation between time to

occlusion and RBC content in the entire mouse population (r = -0.65, p <0.001;

Figure 4A). An inverse correlation was observed in [CR mice (male, r = -0.75,
p <0.001; female, r=-0.83, p <0.001) and C57BL/6N mice (male, r = -0.63, p
<0.001; female, r = -0.62, p <0.001) (Figure 5). There was no significant

difference between the two strains (p = 0.131). No significant association was

observed between RBC content and thrombus size (r =0.19, p=10.059) (Figure

4B).
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Figure 4. Correlation of the amount of red blood cells with time to occlusion and

thrombus size in mice (A) Time to occlusion negatively correlated with RBC content.

(B) Thrombus size and RBC content did not show a significant relationship.

Correlation analysis was performed using Pearson’s correlation. Pearson’s coefficient

r and p values are presented. A total of 100 mice were included in the correlation

analysis. RBC, red blood cell.
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Figure 5. Dose-dependent effect of FeCls on the amount of red blood cells in each
mouse group Correlation graphs between time to occlusion and RBC content in
thrombus for (A) ICR male, (B) ICR female, (C) C57BL/6N male, and (D) C57BL/6N
female mice. Time to occlusion showed a significant negative relationship with RBC
content in each group. Correlation analysis was done using Pearson's correlation.
Pearson's coefficient r and p values are presented. A total of 25 mice (five in each

concentration) was used for analysis for each group.

4. Ultrastructural morphology of thrombus

The ultrastructure of the thrombus was examined using TEM. Mouse thrombi
induced by 50% FeCls showed increased RBC accumulation and larger RBC
aggregates compared to those induced by 10% FeClz (Figures 6A and 6B).
Polyhedrocytes and intermediate forms of RBCs were observed after 10% and

50% FeCl; treatment. RBCs were surrounded by closely attached platelets.
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RBCs were attached to and surrounded by aggregates of degranulated platelets.
These features were observed in RBCs adjacent to the injured vessels as well as
those in the middle of the thrombus (Figures 6A—6C). Platelets were aggregated
and packed throughout the thrombus, and some were attached to the
endothelium. Platelets adjacent to the FeCls-treated endothelium also showed
degranulation, although to a lesser degree than those attached to RBCs (Figure
6D). Fibrin fibers were interposed between RBCs and platelets. Degranulated
platelets were more frequently noted in thrombi induced by 50% FeCls than in
those treated with 10% FeCls (Figure 6).
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Figure 6. Red blood cell aggregation and platelet degranulation in 10% and 50%
FeCls-induced mouse thrombi Representative transmission electron microscopic
images of mouse thrombi induced by (A) 10% FeCl; and (B-D) 50% FeCls. The lower
panel images are magnified views of the upper panel images. Red blood cells are
surrounded by degranulated platelets in (A) and (B). Fibrin fibers are observed within
the red blood cell aggregates (arrows). Images of the thrombus near the FeCls-treated
endothelium (C and D). Many degranulated platelets are seen around the red blood
cells attached to the endothelium (C). Degranulated platelets are attached to the FeCls-
treated endothelium. Thrombi from three mice treated with 10% FeCl; and those from
four mice treated with 50% FeCls were observed. R, red blood cell; P, platelet; dP,
degranulated platelet; gP, granulated platelet. Upper panel: original magnification =
%1500, scale bar = 20000 nm, (A-B) Lower panel: original magnification = x10000,
scale bar = 2000 nm, (C-D) Lower panel: original magnification = x6000, scale bar =
5000 nm.

5. Thrombus stability according to FeClz concentration and mouse strain

For this experiment, blood flow was monitored for 2 hr after the FeClz-induced
thrombosis. Only male mice were used, as there were no sex-based differences
in the time to occlusion results. For both mouse strains, the mean blood flow for

2 hr of recording decreased with higher FeClz concentrations (p for trend = 0.005
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for ICR, p for trend = 0.001 for C57BL/6N; Figure 7A), suggesting that the
thrombus was more frequently resolved at lower concentrations. However, the
restoration of blood flow differed between ICR mice and C57BL/6N mice at
lower (10% and 20%) FeClz concentrations. The mean blood flow for 2 hr was
significantly lower in ICR mice than in C57BL/6N mice (21.9% vs. 71.2% in
10% FeCls, and 11.8% vs. 62% in 20% FeCl3, p <0.050), which suggests that
thrombus resolution at lower concentrations occurs more frequently in
C57BL/6N mice than in ICR mice. The duration of occlusion was prolonged at
higher concentrations (p for trend <0.001 for ICR, p for trend = 0.002 for
C57BL/6N; Figure 7B). At every FeClz concentration, at least one of five
C57BL/6N mice had recanalization during 2 hr of monitoring, and all C57BL6
mice treated with 10% FeCl: show ed recanalization. However, among ICR mice,

none showed recanalization after 40% or 50% FeCls treatment (Table 6).

We further examined whether spontaneous recanalization at lower FeCls
concentrations and the difference between mouse strains were associated with
endogenous fibrinolysis or fibrin retraction. In fibrin zymography, there were no
differences in the fibrinolytic activities of tissue-type plasminogen activator and
urokinase-type plasminogen activator between ICR and C57BL/6N mice (p =
0.321) or between 10% and 50% FeClz concentrations (p = 0.988) (Figures 7C
and 7E). However, the optical density of FXIIIa in thrombus, which plays a roke
in thrombus (fibrin) stability, was significantly lower in C57BL/6N mice than in
ICR mice (p <0.001; Figures 7D and 7F).
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Figure 7. Evaluation of thrombus stability and stability-related factors by FeCl;
concentration and mouse strain Blood flow of the occluded carotid arteries was
recorded for 2 hr. Five male mice of each strain were used at each concentration. (A)
Flow restoration decreased dose-dependently in both ICR and C57BL/6N mice (p for
trend = 0.005, p for trend = 0.001, respectively). At 10-20%, ICR mice showed
significantly lower blood flow restoration. (B) Duration of occlusion increased dose-
dependently in both ICR and C57BL/6N mice (p for trend <0.001, p for trend = 0.002,

respectively) Overall, more stable thrombi were produced in ICR mice compared to
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C57BL/6N mice. (C) Fibrin zymography analysis showing fibrinolytic activities of
plasminogen activators in the plasma of mice with either sham surgery, 10% FeCls
treatment, or 50% treatment. (D) Representative images of immunohistochemistry
against FXIIla in thrombi from (a) ICR mice and (b) C57BL/6N mice. Scale bar = 200
pum. (E) The relative optical density of plasminogen activator activity was not different
across all concentrations or mouse strains. (F) The relative intensity of FXIIIa was
significantly higher in ICR mice at all FeCl; concentrations. Bars represent mean =+
standard deviation. * p <0.050 versus C57BL/6N. Five male mice of each strain were

used at each concentration. ICR, Institute of Cancer Research

Table 6. Recanalization rate during 2 hr of monitoring after occlusion

Ferric chloride concentration

Mouse strain 10% 20% 30% 40% 50%

(n=5) (n=5) (n=5) (n=5) (n=5)

Institute of Cancer
3 (60) 2 (40) 2 (40) 0(0) 0(0)
Research

C57BL/6N 5(100)  4(80)  1(20) 1(20)  1(20)
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IV. DISCUSSION

This study demonstrated that FeCls has dose-dependent effects on arterial
thrombosis. The time to occlusion was shortened with increasing FeCls
concentration from 10% to 50%. Moreover, thrombus size increased with
increasing FeCls concentration. Previous studies using a fluorescent video
microscope showed that higher FeCls concentrations induced faster thrombus
formation in the range of 2.5% to 20% of FeClk.?!0 Findings in this study are
consistent with those of previous studies and further demonstrated the dose-

dependency at much higher FeClz concentrations.

However, the reason why higher FeClz concentrations accelerate thrombosis
remains unknown. The thrombus composition may reflect some aspects of the
thrombosis mechanism. This study showed that FeCl-induced thrombus is
primarily fibrin- and platelet-rich, which suggests that platelets are engaged in
FeCls-induced thrombosis. However, the compositions of the platelets and fibrin
were independent of FeCls concentration. They were not localized to the area of
FeCls treatment but were more evenly distributed throughout the entire thrombus.
In contrast, the proportion of RBCs increased with increasing FeCls concentration,
the amount of RBC was inversely correlated with time to occlusion, and RBCs
were predominantly localized near FeClz treatment area. These findings suggest
that, while platelets are involved in FeCk-induced thrombosis, RBCs play an

important role in the FeClz concentration-dependent acceleration of thrombosis.

The exact mechanisms of thrombosis in the FeChk-induced model remain
uncertain. FeCl-induced oxidative stress was suggested to result in vascular
injury and lead to platelet adhesion to the injury site and subsequent aggregation
of platelets with thrombus formation.!* Recent studies suggested that RBCs may
be the initial cells to participate in thrombosis by binding to the FeCls-treated
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endothelial surfaces.!'2 The studies showed that, upon FeCls; treatment, RBCs
adhered to Fe’* ions via their physiochemical properties and formed initial
aggregates by recruiting platelets.!!-'2 Mice with a high hematocrit exhibited a
faster time to artery occlusion in the FeClz model.'® In a previous study using a
microfluidic device designed to replicate the endothelium-blood environment, the
flocculation activity of FeCls increased with increasing FeCls concentrations,
aggregating RBCs and other blood components. 12 Those findings, along with ours,
suggest that RBCs and platelets play an important role in FeCl-induced

thrombosis.

Furthermore, we found that platelets attached or adjacent to RBCs were
extensively degranulated. Platelets have dense granules containing countless
small molecules.!??° These granules are released upon platelet activation and
recruit more platelets to the vessel injury.!® Previous studies demonstrated that
RBCs activate adjacent platelets by releasing substances such as ADP and
thromboxane A2.2!22 Our findings indicate that platelets adjacent to RBCs
extensively release granules immediately after FeCls treatment. The released
platelet granules may contribute to the activation, aggregation, and further

recruitment of platelets.

However, it is unknown how FeCls affects RBCs and how RBCs interact with
platelets. FeCls may generate free radicals, and exposure of RBCs to FeClz is
known to result in lipid peroxidation.'# In this study, FeClz rendered RBC
morphological changes in polyhedrocytic or intermediate forms. RBC
fragmentation was seen in the FeCls model.!! Oxidative stress induced by FeCls
treatment might be associated with the changes in RBC morphology.
Phosphatidylserine is exposed when cells are damaged by oxidative stress or shear
stress.?2425 Externalization of phosphatidylserine on RBC membranes generates

thrombin burst.?! Thrombin produces fibrin and further activates platelets. The
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presence of fibrin fibers between RBC aggregates on TEM in this study suggests
that thrombin might play a role in fibrin production. These findings suggest that
the damage to RBCs induced by FeCls might contribute to thrombosis by platelet

activation and thrombin generation.

However, in this study, RBCs comprised only about 10% of the thrombi
Additionally, degranulation of some platelets in the absence of RBCs was also
observed near the FeCl-treated endothelium, implying that FeCls might also
affect platelets. The externalization of phosphatidylserine on activated platelets is
also known to possess hypercoagulability.26-?” These findings suggest that FeCl
may affect various cells in the blood and mediate thrombosis via more diverse and

complex mechanisms.

Most previous studies on FeClz-induced thrombosis focused on the initial stage of
thrombosis and measured the time to occlusion to determine effective thrombosss.
The stability of a thrombus induced by FeCls is less well known. In this study, the
stability of the thrombus differed by FeCls; concentration and mouse strain. In both
ICR and C57BL/6N mice, higher FeCls induced the formation of a more stable
thrombus in a dose-dependent manner. However, we found that ICR and
C57BL/6N mice showed different thrombus stabilities, especially at lower
concentrations of FeCl. ICR mice produced more stable thrombi with less
variation than C57BL/6N mice. This information on thrombus stability may be
helpful for designing mechanistic studies that require stable clots and evaluating

the efficacy of thrombolytic drugs.

Resolution of the thrombus that formed after FeCls treatment might be related to
spontaneous fibrinolysis or insufficient clot contraction. We evaluated the key
mediators of these processes, which include fibrinolytic activity by plasminogen
activators and fibrin stability by FXIIIa. In this study, fibrinolytic activities did
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not differ by FeCls concentration or mouse strain. However, the immunoreactivity
of FXIIIa was higher in ICR mouse thrombi than in C57BL/6N mouse thrombi.
FXIlla catalyzes the crosslinking of fibrin fibers, contributing to enhanced
thrombus stability and resistance to thrombolysis.?-3! The less stable thrombus in
C57BL/6N mice may be partly explained by the lower levels of FXIIlain their

thrombi.

This study had some limitations. Although we visualized direct evidence of
platelet activation in relation to RBCs by showing the degranulation of platelets
adjacent to them, the mechanism of RBC—platelet interaction by FeCls; remains
unknown. Also, the response to FeCls may differ according to filter paper size and
exposure duration. Furthermore, although we investigated the role of RBC in the
FeCl; model, the contribution of neutrophils, which have an emerging role in
arterial thrombosis, was not evaluated in this study. Neutrophils, which are known
to accumulate with thrombus age3?, may be better studied in thrombi that are more
aged than the very fresh thrombi analyzed in this study. Lastly, as we tested two
mouse strains, the responses to FeCls in other mouse strains and other species are

unknown.

Nonetheless, our findings provide evidence of RBC-associated thrombosis
acceleration and platelet activation to the recent notion that emphasizes the active
role of RBCs in thrombosis.?? Our results provide some insight into optimizing
experiments using FeCls. FeCls did not significantly alter thrombus composition
across all concentrations (10-50%), except for RBCs. Furthermore, all animals
had occlusions within these concentration ranges. Thus, any FeCls concentration
tested in our study may be used to evaluate thrombus formation. However, in cases
requiring stable thrombus, including mechanistic studies using aged thrombi and
evaluating thrombolytic agents, higher concentrations are needed. Of the two

mouse strains tested in this study, ICR mice were more reliable than C57BL/6N
31



mice in terms of better dose-dependency and thrombus stability.
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V. CONCLUSION

In conclusion, we showed that the FeCls model produces thrombirich in fibrin
and platelets. The visualization of possible RBC—platelet interactions in mouse
thrombi may help expand our understanding on the mechanisms of FeCls-induced
thrombosis. The FeCls model showed different responses in thrombus formation
and stability according to FeClz concentration and mouse strain. These findings

may help researchers plan future experiments using the FeClz model.
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