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Abstract

Background: The cremaster arteriole laser-induced injury model is a powerful technique with
which to investigate the molecular mechanisms that drive thrombus formation. This model is
capable of direct visualization and quantification of accumulation of thrombus constituents,
including both platelets and fibrin. However, a large degree of variability in platelet accumulation
and fibrin formation is observed between thrombi. Strategies to understand this variability will
enhance performance and standardization of the model. We determined whether ablation injury
size contributes to variation in platelet accumulation and fibrin formation and, if so, whether
incorporating ablation injury size into measurements reduces variation.

Methods: Thrombus formation was initiated by laser-induced injury of cremaster arterioles of
mice (n=59 injuries). Ablation injuries within the vessel wall were consistently identified and
quantified by measuring the length of vessel wall injury observed immediately following laser-
induced disruption. Platelet accumulation and fibrin formation as detected by fluorescently-labeled
antibodies were captured by digital intra-vital microscopy.
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Results: Laser-induced disruption of the vessel wall resulted in ablation injuries of variable
length (18-95 pm) enabling interrogation of the relationship between injury severity and thrombus
dynamics. Strong positive correlations were observed between vessel injury length and both
platelet and fibrin when the data are transformed as area under the curve (Spearman r = 0.80 and
0.76 respectively). Normalization of area under the curve measurements by injury length reduced
intraclass coefficients of variation among thrombi and improved hypothesis testing when
comparing different data sets.

Conclusions: Measurement of vessel wall injury length provides a reliable and robust marker of
injury severity. Injury length can effectively normalize measurements of platelet accumulation and
fibrin formation improving data interpretation and standardization.

Keywords

Animal models; Blood Platelets; Fibrin; Thrombosis

Introduction

Thrombosis contributes to myocardial infarction, thrombotic stroke, peripheral vascular
disease, deep vein thrombosis, pulmonary embolism, and other pathologies characterized by
ischemia and infarction [1-3]. Considerable insight into the mechanisms that drive thrombus
formation have been gained from the use of murine models of thrombosis [4, 5]. None of
these murine models precisely replicates human thrombosis and most experts agree that use
of more than a single model should be employed in evaluating genetically modified animals
or new therapeutic interventions [6-8].

The cremaster arteriole laser injury model of thrombosis has been adopted by investigators
worldwide [5]. The cremaster arteriole laser injury model uses a focussed laser pulse to
cause a localized injury to the vessel wall in cremaster arterioles that serves as a nidus for
accumulation of platelets and fibrin [9]. Advantages of the laser-injury model are the ability
to control the thrombus in space and time, to generate many thrombi in a single animal, to
monitor thrombus kinetics intravitally, and to quantitatively evaluate several thrombus
parameters simultaneously. Most of these advantages are also shared by other models of
arterial thrombosis such as the mesenteric arteriole ferric chloride model and the femoral
artery electrolytic injury model [10-14]. Platelet accumulation, fibrin formation, tissue
factor and phosphatidylserine externalization, intraplatelet calcium flux, coagulation factor
binding and thrombo-embolization have all been measured using this technology [9, 15-19].
The model has also been used to evaluate the architecture of the platelet mass and to assess
the relationship between signalling pathways and clot structure [20, 21].

A major limitation of the laser-injury model of thrombus formation, however, is the
significant degree of variability observed among injuries [17, 22, 23]. To overcome the
degree of variability observed in the model, investigators typically use large group sizes (~30
injuries per group). Nonetheless, large variance within a group frequently limits conclusions
when comparing different conditions. Although acknowledged as a significant problem, the
sources of the variability in this model are poorly understood. We postulated that ablation
injury size following laser injury is a significant determinant of thrombus size. We sought to
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determine the extent to which variation in the severity of vessel wall injury contributes to

observed variance in thrombus formation in the cremaster arteriole laser injury model by

measuring injury length in this model and determining its correlation to platelet and fibrin
accumulation.

Cremaster arteriole laser injury model

Male 8-10 week old C57BL6/J mice (Strain # 000664, Jackson Laboratory, ME) were
anesthetized with a ketamine and xylazine cocktail administered by intraperitoneal injection.
An indwelling catheter was placed in the jugular vein to allow for further intravenous
administration of ketamine to maintain the mouse in an appropriate plane of anesthesia and
for subsequent administration of fluorescently labelled antibodies. A testis was externalized
from the scrotum and secured to a custom intravital imaging tray using a 28G needle (Fig
S1A). Excess connective tissue and fat was removed from the testis using a pair of fine
tipped forceps. An incision was made in the cremaster muscle extending proximally from
the base of the testis allowing the cremaster muscle to be pinned out over a cover slip
mounted in the intravital imaging tray. The cremaster muscle was superperfused with 37°C
bicarbonate buffered saline aerated with 95% N,, 5% CO,. Mice were administered
Dylight647 labeled anti-CD42b (0.1 mg/g body weight; Emfret, Germany) or Dylight488
labeled anti-fibrin (clone 59D8, 0.5 mg/g body weight) by intravenous infusion through the
indwelling jugular catheter.

Cremaster arterioles were subject to injury using a 170 pJ pulsed nitrogen dye laser (peak
power 45 kW, average power 3 mW) at 440 nm using the Micropoint laser system (Andor,
Belfast, UK). The pulse was directed at a point just inside the lumen of the vessel adjacent to
the vessel wall. Each pulse of the laser lasted 3 to 5 ns and had a near diffraction-limited
spot size (~270 nm). For each laser injury location, the laser was fired at four points in a two
by two matrix with 500 nm spacing between each pulse. This pattern was repeated six times
for a total of 24 continuous pulses per ablation at a frequency of 20 pulses per second. The
power of each laser pulse at the site of injury cannot be measured directly, however, based
on the power of the laser source of 170 pJ, estimated attenuation of approximately 97-98%
by the microscope, and estimated attenuation by connective tissue of the cremaster tissue
(approximately 20-40%), we calculate that approximately 40-74 pJ/um? is delivered to the
site of injury as a 3.5 nanosecond pulse that equates to 11 to 21 kJ/um?/s. Vascular injury in
the cremaster arteriole laser injury model is thought to occur through laser injury mediated
activation of the endothelium [16]. The absence of detectable levels of subendothelial
collagen exposure indicates that this model does not result in endothelial denudation [24].
The percentage power of the laser pulse applied was adjusted to cause an injury that resulted
in distortion of the vessel wall (as shown in Fig. S2) and formation of a non-occlusive
platelet thrombus. In this model the power of the laser pulse applied frequently needs
adjustment to accommaodate for differences in thickness of the cremaster muscle and size of
the arteriole. Accumulation of fluorescent signal at the site of thrombus was visualized
through a 60x 1.0 NA water immersion objective (Olympus, Japan) mounted to an AX-70
fluorescence microscope (Olympus Japan) equipped with a CCD camera (ORCA Flash 4.0,
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Hamamatsu Photonics, Japan). Images were captured in three channels (Brightfield, 488/520
nm and 640/670 nm) for 240 seconds at 2 frames/second using a digital camera. Data
acquisition and analysis were conducted using SlideBook software (v6.0, Intelligent
Imaging Innovations, CO). Injuries in which excessive extravasation of erythrocytes was
observed (greater than 10 erythrocytes) or in which the vessel became occluded for greater
than 5 seconds were excluded from subsequent analyses. Data of 1-aminobenzotriazole
pretreated C57BL6/J mice (n=3-4 per group) treated with bepristat 2a (15 mg/kg) or vehicle
control administered intravenously immediately prior to the first injury was also analyzed
[25].

Statistical Analysis

The data were analyzed under non-parametric conditions unless otherwise stated. In studies
correlating injury length and platelet and fibrin accumulation, Spearman correlations were
performed. To assess the reproducibility of injury length measurements intraclass correlation
coefficients were conducted. P-values of <0.05 were considered statistically significant.

Measurement of ablation injury length in the cremaster arteriole laser injury model

Results

Ablation injuries were observable by white-light trans illumination of the cremaster muscle,
presenting as a distortion of the vessel wall in the region adjacent to the injury site. This
distortion was quantified by measuring the length of the disrupted region in micrometers.
Using the Slidebook software package (Intelligent Imaging Innovations, CO.), we digitally
captured data every 0.5 seconds in the trans-illuminated channel, as well as in epi-
illuminated fluorescent channels. This approach allowed us to quantify the length of the
disrupted region along the luminal face in the frames following injury. Although we found
that this length remains constant after the initial ablative event, we made all our
measurements in the frame immediately following injury for consistency. These
measurements were exported and further analysed with statistical software (Excel,
Microsoft, WA Prism v8, Graphpad, CA or SPSS Statistics v26, IBM, NY).

Injuries were induced along the cremaster vasculature of the mouse arteriole by laser injury.
Multiple injuries were performed in each of five mice and were made either upstream from
the previous injury or on different branches of the arteriole vascular tree (Figs. S1B and
S1C). To assess the variability observed in this model, platelet and fibrin accumulation were
determined in 59 injuries. Fluorescence intensity values for platelet accumulation (Aey =
647) and fibrin accumulation (Ao, = 488) were plotted over time. An overlay of the platelet
and fibrin accumulation tracings for all 59 thrombi demonstrated the substantial variability
of these data (Figs. S1D and S1E). A median curve derived from the 59 individual tracings
was generated by taking the median platelet or fibrin fluorescence values of the 59 thrombi
at each 0.5 second time point (Figs. S1F and S1G). To provide an overall measure of
thrombus size, area under the curve (AUC) measurements were made for each thrombus
(Figs. S1H and S11). Such measurements reflect the overall accumulation of platelets and
fibrin during the time course of thrombus formation. It is important to note that platelet AUC
measurements provide a single measure that integrates the dynamic accumulation,
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disintegration and reaccumulation of the platelet mass at the site of injury. Figs. S1J and
S1K illustrate the means and distribution of the AUC data in each parameter. Both platelet
and fibrin accumulation were significantly non-normal in this data set as assessed by
Pearson D’agostino normality tests (P<0.05), with histograms demonstrating a marked
degree of skew and curtosis (Figs. S1L and S1M). Coefficients of variation (CoV), a
measure of variability within a single dataset, were 120% and 66% for platelet and fibrin
AUCs, respectively.

Laser-induced injury resulted in the formation of a region of vascular disruption. This region
of vascular disruption appeared as a distortion of the vessel wall adjacent to the site of laser
injury (Figs. 1A-C; Fig. S2A). To establish a quantitative measure of injury severity, the
length of the region of vascular disruption in contact with the vessel lumen was determined
and is referred to as the laser ablation injury length (Figs. 1A—C). This laser ablation injury
length varied markedly between injuries, ranging between roughly 20 ym and 100 pm, and
resulted in different sized thrombi (Fig. 1). Measurements of laser ablation injury length was
similar between two blinded investigators and demonstrated a normal distribution (Fig. S2).
A strong agreement between investigator measurements was observed by intraclass
correlation coefficient analysis (ICC=0.87, P<0.0001). To evaluate the relationship between
injury severity and the dynamics of thrombus formation, platelet accumulation and fibrin
generation were plotted as a function of injury length (Figs. 1J-M). A highly significant
positive correlation was observed between injury length and platelet accumulation
represented by AUC measurements (Spearman r = 0.80, P<0.0001, Fig. 1J). Similarly, a
strong positive correlation was observed between injury length and fibrin accumulation
represented by AUC measurements (Spearman r = 0.76, P<0.0001, Fig. 1K). A strong
correlation was also observed between injury size and measurements of peak platelet
accumulation (Spearman r = 0.76, P<0.0001, Fig 1L) and fibrin accumulation (Spearman r =
0.66, P<0.0001, Fig 1M).

Based on the non-linear relationship between platelet accumulation and injury length, non-
linear regression lines were fitted to plots of injury length vs platelet AUC
(y=1x109(e9-0593x%) Fig. 1J) and injury length vs fibrin AUC (y=3x10%(e%-0337%) Fig. 1K).
The calculated regression lines demonstrated a good level of agreement with the
experimental data for both platelet AUC (R? = 0.63) and fibrin AUC (R? = 0.58). To
determine if injury length could serve as a normalizing factor for the measures of platelet
and fibrin accumulation, we transformed platelet and fibrin AUC measurements, dividing
individual AUC values by their corresponding injury length. This normalization resulted in a
reduction in the observed coefficients of variation for both platelet AUC and fibrin AUC by
15% (i.e., from 120% to 101%) and 30% (i.e., from 66% to 47%), respectively. These data
demonstrate that platelet and fibrin accumulation vary directly with injury length and that
normalization based on injury length decreases variance among injuries obtained under a
single condition.

Differences in the cremaster preparation and other variables can result in differences in
thrombus size even among genetically identical mice. One potential benefit of correcting for
injury size is to decrease this variation. Analysis of a group of C57BL6/J mice (n = 5)
demonstrated differences in platelet accumulation, fibrin accumulation, and ablation injury
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length among the mice (Figs. 2A-C). A plot of platelet accumulation (Fig. 2D) and fibrin
accumulation (Fig. 2E) as a function of injury length demonstrated that mice with smaller
injuries (e.g., mouse 1) had less platelet accumulation and fibrin accumulation than mice
with larger injuries (e.g., mouse 4). Interestingly, there was some disconnect in the
relationship between injury size and platelet or fibrin accumulation when comparing
individual mice. For example, a marked difference in median platelet and fibrin between
mouse 2 and mouse 3 (Figs. 2A and B) was observed despite the fact that median injury size
was roughly equivalent in these two mice (Fig 2C). Dividing the AUC values by injury
length (Figs. 2F and G) decreased the variance among fluorescence values obtained from
each mouse as indicated by the decrease in the CoV (Table S1). Normalizing data by
dividing fluorescence by injury length also reduced differences in median values. The CoVs
calculated for the median fluorescence values obtained from the five mice decreased after
normalization by injury length when evaluating platelet accumulation (pre-normalization
CoV: 73.7%, post-normalization CoV: 65.2%) and fibrin accumulation (pre-normalization
CoV: 54.9%, post-normalization CoV: 37.8%).

To test the utility of incorporating injury size into an evaluation of a potential
antithrombotic, we determined how fibrin accumulation following laser injury was
influenced by bepristat 2a, a protein disulfide isomerase inhibitor previously shown to
inhibit platelet accumulation [25]. Specifically, we compared a data set of thrombi obtained
in one set of mice following infusion of DMSO alone to a data set of thrombin obtained in a
second set of mice following infusion of bepristat 2a and performed measurements of both
fibrin accumulation and injury length. The uncorrected data set showed 47.0% inhibition of
fibrin accumulation with bepristat 2a, but did not reach statistical significance based on the
variance (P >0.05, Fig. S3A). Measurement of injury lengths showed that there was no
significant difference between groups (P = 0.79; Fig. S3B). However, when AUC was
normalized for injury length in both data sets, the difference between the DMSO control and
the bepristat 2a condition increased to 52.5% inhibition and the difference became
statistically significant (P = 0.027; Fig. S3C). The normalized data indicate that bepristat 2a
inhibits fibrin accumulation following laser injury.

Discussion

This study demonstrates that laser ablation injury length in the cremaster arteriole model
correlates directly with accumulation of platelets and fibrin (Fig. 1). Laser injury in the
cremaster arteriole model resulted in a region of vascular disruption, consistent with
observations by others in laser induced injury models [24, 26-29]. Unlike the previous
report of Hechler and colleagues [26], however, we observed a significant degree of
variability - nearly fivefold - in the length of the region of vascular disruption (Fig. S2B).
The variability in injury size is an important observation and explains some of the large
variability in platelet and fibrin accumulation observed in the cremaster arteriole laser injury
model. It is intuitively clear that thrombus size should vary with injury size; however, there
are several potential applications of this simple measurement that warrant consideration.

Interpretation of thrombus formation data is improved by inclusion of injury length
measurements. Calculating platelet and fibrin AUC measurements as a direct function of
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injury length markedly reduced the observed CoV when compared with fluorescence
measurements alone. Normalization of fibrin accumulation by injury size resulted in a more
marked reduction in the coefficient of variance than normalization of platelet accumulation
likely owing to the more linear relationship between fibrin accumulation and injury size.
Normalization of thrombus formation measurements as a function of injury length also
modified the mean platelet and fibrin fluorescence. In the case of comparing genetically
identical mice, incorporation of ablation injury length measurements brought the means of
individual mice closer together (Fig. 2), indicating that differences in injury size contributed
to differences in platelet accumulation and fibrin accumulation. Differences in injury size
could result from the surgical preparations as these vary somewhat from mouse to mouse.
For example, the amount of residual connective tissue left associated with the blood vessel
or other cross-vessel structures could impact the light path of the laser, thereby affecting
injury size and contributing to differences in thrombus size between genetically identical
mice. Normalization by injury length improves interpretation of fluorescence measurements
by correcting for variables that contribute to differences in ablation injury size.

The evaluation of mechanisms of thrombus formation can also be improved by consideration
of injury severity. The work of Welsh and colleagues used severe laser injury of cremaster
arterioles to investigate the contribution of platelets to vascular sealing in response to
penetrating vascular injury [30]. The contribution of specific proteins or pathways to
thrombus formation can vary depending on injury size, making injury size a relevant
consideration in assessing mechanism. In a mesenteric arteriole laser injury model, Nonne et
al. found that deletion of phospholipase C-y2 impaired thrombus formation in superficial
lesions, but not in more severe lesions, whereas Ga.q deletion inhibited thrombus formation
in both lesion types [28]. Similarly, deletion of VWF strongly blunted thrombus formation
after both superficial and severe injuries, but immunodepletion of glycoprotein VI,
selectively blunted thrombus formation in superficial injuries [26]. We have found that
separation of data by ablation injury measurements revealed a differential effect of tissue
factor between small and large injuries (Sol Schulman, personal communication). By
segregating data by injury severity using measurements of injury length, investigators can
identify previously undetected differential effects of coagulation and platelet proteins in
thrombi of different sizes.

Standardization and quality control of the laser induced injury model could also be improved
by consideration of ablation injury size. Unlike fluorescence measurements, which are
reported as relative fluorescence units and vary between different laboratories because of
differences in microscopy set-up, camera types, and antibody specificities and batches,
ablation injury length provides an absolute measurement in microns. This measurement can
be compared among different users within a laboratory to ensure uniformity of technique
and enable comparisons between laboratories to determine if different laboratories are
inducing similar injury lengths. Other investigators have used different laser pulse
frequencies and pulse numbers to modulate injury severity [26]. The findings of this study
may not extrapolate to those in which prolonged injury protocols are used. However, the
approach described herein offers a useful endpoint measurement that has the potential to
facilitate cross study comparison when different methods of laser injury induction are used.
Determining whether ablation injury length differs between the control and experimental
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data sets can be a useful quality control measure. Such evaluation can determine whether
observed differences in thrombus formation result from differences in injury length or
thrombus formation per se. Normalization of fluorescence measurements by ablation injury
length will help decrease variability both within and among laboratories using the cremaster
laser injury model. If this method could be applied to other laser injury models (e.g. the
mesenteric artery model) requires further investigation.

It is important to note, however, that a significant proportion of the observed variability
cannot be accounted for by injury size alone. Indeed, a disconnect between injury size and
platelet or fibrin accumulation was observed between some mice. Further, differences
between injuries and between mice were still apparent after normalization. It is likely that
additional factors, such as vessel geometry, contribute to the observed variation. Variation in
blood flow within and between arteriole beds, vascular responsiveness, and vessel anatomy
could all affect fluid dynamics at the site of injury and contribute to variability [31, 32].
Changes in blood flow would likely alter vessel wall shear stress which is a critical regulator
of platelet activation and accumulation [33, 34]. While it is also possible that serial injuries
of a single arteriole could affect thrombus formation, we have not observed an impact of
distal injuries on platelet or fibrin accumulation on subsequent proximal injuries [35, 36].
Differences in residual connective tissue will also affect the path of fluorescence light and is
a variable not accounted for by ablation injury size. Furthermore, the specific mechanism of
the vascular disruption is unclear. This work has focussed on the relationship between vessel
injury size and area under the curve measurements for fibrin and platelets. Area under the
curve measurements provide a useful measure of thrombus burden over a defined time
period. Further work is required to determine if normalization is effective for other
parameters of thrombus formation.

Taken together our data demonstrate that ablation injury size is an important determinant of
platelet and fibrin accumulation in the cremaster arteriole laser injury model. Measurement
of ablation size is determined by standard brightfield microscopy and is readily applicable to
any laboratory that uses the cremaster laser injury ablation model for assessment of
thrombus formation. Normalizing data to measurements of ablation injury size by dividing
fluorescence measurement by injury size can correct for the considerable variability in this
model and improve data interpretation. Furthermore, measurements of injury size may also
prevent the introduction of unintentional bias by ensuring equivalent injury severities
between control and experimental groups. We contend that measurements of injury length
should be routinely incorporated into the analysis of thrombi in the cremaster arteriole laser
injury model.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Essentials

. The cremaster arteriole laser injury model is a powerful tool to study
mechanisms of thrombosis

. This model is associated with a significant degree of variability between
injuries
. Injury size strongly correlated with measurements of platelet and fibrin

accumulation

. Normalizing platelet or fibrin accumulation to injury size reduced coefficients
of variance
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Figure 1: Normalizing to injury size reduces platelet and fibrin coefficients of variation.
(A-C) Brightfield images of the cremaster arteriole immediately following laser induced

injury were used to identify the region of vascular disruption (white dotted outline). The size
of the region of vascular injury in contact with the vessel lumen was then determined (red
line) allowing for quantitative measures of injury size to be made. An apparent correlation
between the size of vessel injury observed in (D-F) brightfield images and the resultant
accumulation of (H-1) platelets and fibrin was detected. (J) Injury size when plotted against
the platelet area under the curve (AUC) measurements revealed a strong positive correlation
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(Spearman rank, P<0.0001). (K) Similarly, when injury size was plotted against the fibrin
AUC measurements, a strong positive correlation was also observed (Spearman rank,
P<0.0001). Strong positive correlations were also observed between injury size and (L) peak
platelet accumulation and (M) peak fibrin accumulation.
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Figure 2: Evaluation of platelet accumulation, fibrin formation, and ablation injury size in

genetically identical mice.

(A) Platelet fluorescence (AUC), (B) fibrin fluorescence (AUC), and (C) ablation injury size
measurements are shown for the 5 different mice that were used for the evaluation of 59
thrombi presented in Figure 1. Fluorescence values and ablation injury size is plotted for
each of the 5 mice to demonstrate the relationship between (D) platelet AUC versus injury
size and (E) fibrin AUC and injury size. (F) Platelet fluorescence (corrected AUC) and (G)
fibrin fluorescence (corrected AUC) are shown following normalization for injury size. Data

represented as individual values with the median.
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