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Abstract

Background: Platelet adhesion to the subendothelial collagen fibrils is one of the first
steps in hemostasis. Understanding how structural perturbations in the collagen fi-
bril affect platelet adhesion can provide novel insights into disruption of hemostasis
in various diseases. We have recently identified the presence of abnormal collagen
fibrils with compromised D-periodic banding in the extracellular matrix remodeling
present in abdominal aortic aneurysms (AAA).

Objective: In this study, we employed multimodal microscopy approaches to charac-
terize how collagen fibril structure impacts platelet adhesion in clinical AAA tissues.
Methods: Ultrastructural atomic force microscopy (AFM) analysis was performed on
tissue sections after staining with fluorescently labeled collagen hybridizing peptide
(CHP) to recognize degraded collagen. Second harmonic generation (SHG) microscopy
was used on CHP-stained sections to identify regions of intact versus degraded col-
lagen. Finally, platelet adhesion was identified via SHG and indirect immunofluores-
cence on the same tissue sections.

Results: Our results indicate that ultrastructural features characterizing collagen fibril
abnormalities coincide with CHP staining. SHG signal was absent from CHP-positive
regions. Additionally, platelet binding was primarily localized to regions with SHG sig-
nal. Abnormal collagen fibrils present in AAA (in SHG negative regions) were thus
found to inhibit platelet adhesion compared to normal fibrils.

Conclusions: Our investigations reveal how the collagen fibril structure in the vessel
wall can serve as another regulator of platelet-collagen adhesion. These results can
be broadly applied to understand the role of collagen fibril structure in regulating

thrombosis or bleeding disorders.
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1 | INTRODUCTION

Collagen fibrils in the vessel wall not only provide tensile strength to
the underlying tissue but also dictate cell-matrix interactions. Upon
vascular injury, platelets adhere to the subendothelial collagen fi-
brils as the first step in the coagulation cascade. Platelet-collagen
interaction is dependent on the accessibility of the binding sites of
glycoprotein VI (GPVI)! and von Willebrand factor (VWF) on the col-
lagen fibril.2”7 A perturbation in the collagen fibril structure could
thus impact platelet-collagen interaction and ensuing thrombus
formation.®? Vascular diseases such as abdominal aortic aneurysms
(AAA) and atherosclerosis are characterized by significant, atypical

remodeling of the vessel wall'®*!

and an imbalance in collagen syn-
thesis and degradation.’?'® However, little attention has been given
to the thrombogenic potential of the remodeled, collagen-rich vessel
wall, which initiates the coagulation cascade by modulating platelet
adhesion to collagen fibrils.

We have recently identified the presence of abnormal collagen
fibrils with compromised D-periodic banding in the remodeled re-
gions of AAA,'* by using ultrastructural atomic force microscopy
(AFM) and transmission electron microscopy (TEM). However, the
functional consequences of these abnormal fibrils remain to be in-
vestigated. In this study, we employed multimodal microscopy ap-
proaches to understand how the collagen fibril structure affects
platelet adhesion in clinical AAA tissue. To identify abnormal col-
lagen via histochemical staining, AFM analysis was performed on
tissue sections stained with collagen hybridizing peptide (CHP), a
reagent that recognizes degraded collagen.’>” Second harmonic
generation (SHG) microscopy (which recognizes intact collagen) was
used on CHP-stained sections to identify regions of normal versus
abnormal collagen. Finally, platelet adhesion was identified via SHG
and indirect immunofluorescence on the same sections. Our results
indicate how platelet adhesion in AAA is localized to regions with
normal fibrils. These insights can be used to better understand the
hemostatic mechanisms involved in the pathogenesis of AAA and
other diseases.

2 | MATERIALS AND METHODS

2.1 | Aortic tissue

Human AAA tissue was obtained in accordance with an approved
institutional review board (IRB) protocol from The Ohio State
University.14 A ~3 x 3 cm segment of anterior aortic sac was excised
from patients who were undergoing elective open aneurysm repair.
Tissues were obtained from (n = 3) non-Hispanic White male pa-
tients (ages 65-75 years). Non-aneurysmal control samples (n = 3)
were from the infrarenal segment of aorta obtained from autopsies
within 24 h of death, in accordance with an approved IRB protocol
from Wayne State University.18 Murine aortic tissue was obtained
from saline (control) or angiotensin-Il (AAA model) infused animals via
approved animal-use protocols as described in our previous study.**
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Essentials

e Platelet adhesion to collagen is dependent on the col-
lagen fibril structure.

e Remodeling of the vessel wall in abdominal aortic aneu-
rysms (AAA) consists of abnormal collagen fibrils with
compromised structure.

e Multimodal microscopic analysis could discern regions
of normal and abnormal collagen fibrils in AAA tissue
sections.

o Native collagen fibrils facilitate platelet binding, while
abnormal collagen in AAA was resistant to platelet
binding.

2.2 | Collagen hybridizing peptide staining

Aortic tissues were fixed with 4% paraformaldehyde, embedded in
optimal cutting temperature (OCT) compound, flash frozen in lig-
uid nitrogen, and stored at -80°C. For CHP staining, a solution of
1 uM Cy3-conjugated CHP (3Helix) in phosphate buffered saline
(PBS) was heated at 80°C for 5 min followed by quenching on ice
cold water and centrifugation. Cryosections (5 pm) of aortic tissue
were mounted onto glass slides, washed with PBS, and incubated
with CHP solution overnight at 4°C. Thereafter, the samples were
washed and either mounted and cover-slipped for fluorescence mi-

crocopy or air dried and left unmounted for AFM analysis.

2.3 | Second harmonic generation microscopy

Imaging was performed using a 25x water immersion objective lens
on an Olympus FV1000 MPE Multiphoton Laser Scanning Confocal
Microscope equipped with a Mai Tai DeepSee titanium-sapphire
laser. Two-photon imaging of forward scattered light was utilized for
SHG of collagen with an excitation wavelength of 950 nm. Single-
photon images were acquired from the very same regions to detect
CHP or immunofluorescence signal via a tetramethyl rhodamine
(TRITC) filter. Olympus FluoView software was used to control the
laser scanning and image acquisition at fixed exposure times.

2.4 | Atomic force microscopy

CHP-stained sections were imaged using a Bruker Resolve AFM cou-
pled to a Zeiss Observer light microscope. AFM images (10 x 10 um,
1024 x 1024 pixels) were acquired in ambient air from selected (at
least n = 3) CHP-positive (or -negative) regions in each fluores-
cence image using the MiroView feature in ScanAsyst mode. The
AFM height and error images were used to identify normal versus
abnormal collagen fibrils based on the contrast and depth of their
D-periods as shown earlier.**
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2.5 | Platelet adhesion assay

Whole blood (~10 ml) was obtained from male or female healthy
adults (aged 18-50 years) in 3.2% sodium citrate tubes via venipunc-
ture in accordance with our IRB protocol (#2011H0365). Human
platelet-rich plasma (PRP) was isolated from whole blood by cen-
trifugation at 200 g for 10 min and used within 30 min. Platelet-poor
plasma (PPP) was extracted by centrifugation of PRP at 1000 g for
10 min. Cryosections of aortic tissue were washed in PBS, blocked
with 2% bovine serum albumin (BSA), and incubated with 10% PRP
(diluted in PPP) at room temperature for 30 min under static con-
ditions. Sections were then washed to remove unbound platelets,
blocked with 2% BSA, and incubated with primary anti-GP1b anti-
body (1:1000) followed by Alexa Fluor 568 conjugated secondary
antibody (1:2500). After final washes, the sections were mounted
and imaged for collagen (SHG) and platelet adhesion (indirect im-
munofluorescence) signal. Experiments were repeated with whole
blood from n = 3 donors and results were compared across (n = 3)
AAA and control tissues for each matched blood donor.

2.6 | Image analysis

ImageJ (National Institutes of Health) was used to ascertain areal
fraction of degraded (CHP) to total collagen (SHG + CHP) signal in

Control

Human

Adventitia

Mouse

multiphoton images by analyzing n = 3 images per sample. The ex-
tent of platelet adhesion in AAA and control tissues was ascertained
by comparison of areal fraction of indirect immunofluorescence with
SHG signal in (n = 3) 50 um diameter regions of interest (ROls) in
fluorescence images from each sample. For AAA tissues, platelet ad-
hesion was also compared in ROIs from SHG-positive versus SHG-
negative regions.

Statistically significant differences for the two group compari-
sons were determined using a two-sided t-test (SAS JMP software,

version 14.0). A P-value <.05 was considered significant.

3 | RESULTS AND DISCUSSION

To detect degraded collagen, we employed histochemical staining
of aortic sections with Cy3-conjugated CHP. As shown in Figure 1A,
control sections of human aortic tissue displayed a low level of CHP
staining in the medial layer and even lower staining in the adventitia.
Clinical AAA sections (Figure 1B), on the other hand, exhibited an
overall higher CHP fluorescence with a number of high intensity “hot
spots” in the remodeled tissue. Unstained tissues (insets) exhibited
negligible auto-fluorescence at this excitation wavelength. A simi-
lar observation was made in murine models of AAA in which CHP
signal was detected in the remodeled regions of abdominal aorta of

angiotensin-Il induced mice but not in that of saline-infused controls

FIGURE 1 Wide-field fluorescence microscopy of control (A, C) and abdominal aortic aneurysms (AAA; B, D) tissues with collagen
hybridizing peptide (CHP) staining as indicated. Only weak CHP staining in the adventitial region of both human and murine control aortas
was observed. Unstained tissues had negligible fluorescence (insets in A and B). The remodeled regions in AAA tissues showed strong CHP
staining indicating presence of degraded collagen. All images were taken at 20x magnification
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(Figure 1C,D). CHP is reported to recognize damaged collagen gen-

1719 and present in human diseases such as osteoar-

erated in vitro
thritis,15 liver ﬁbrosis,20 and intervertebral disc degeneration.21 We
show here how damaged collagen is also present in vascular diseases

such as AAA.

jth L

Little is understood about the ultrastructure of damaged colla-
gen fibrils. To characterize the collagen fibril ultrastructure in re-
gions with/out CHP staining, we utilized AFM, an ultrastructural
microscopy technique. As shown in Figure 2, AFM images were
acquired from CHP-negative or CHP-positive regions identified in

Control

FIGURE 2 Integrated fluorescence and atomic force microscopy (AFM) analysis of collagen hybridizing peptide (CHP)-stained tissues.
AFM images were acquired from regions negative (A-H) or positive (I-L) for strong CHP staining in control or clinical abdominal aortic
aneurysms (AAA) tissues as indicated. Small colored boxes in (A), (E), and () denote the location of AFM images in panels (B-D), (F-H), and
(J-L), respectively. In CHP-negative regions from control aorta or AAA, normal collagen fibrils with distinct D-periodicity (white brackets
in B and F) were observed. D-periodicity refers to the uniform (~66 nm) periodic banding pattern along collagen fibrils, which arises due to
the gap-overlap zones generated when collagen molecules assemble to form a fibril. CHP-positive regions in AAA consisted of abnormal
collagen fibrils with diminished D-periodicity (J-L). Arrows in (E) and (I) show location of CHP positive region in CHP negative image or vice

versa
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fluorescence microscopy images. CHP-negative regions in control or exhibited fibrils that were normal in structure. In contrast, AFM
tissue (Figure 2A-D) and in AAA (Figure 2E-H) were either com- images from CHP-positive regions in AAA tissue revealed an
pletely devoid of collagen fibrils (i.e., consisted of ground material) abundance of abnormal collagen fibrils (with diminished contrast

Control AAA

*

1

AAA Control

Degraded Collagen (%)

FIGURE 3 Multiphoton images of control aorta (A-C) and clinical abdominal aortic aneurysms (AAA; D-F) showing localization of normal
(green: second harmonic generation [SHG]) and degraded collagen (red: collagen hybridizing peptide [CHP]). Blue: DAPI stain showing cell
nuclei. While the control samples only exhibited SHG signal, the remodeled regions in AAA showed both CHP staining and SHG signal in
spatially distinct regions. Inset: areal fraction of degraded collagen (CHP) to total collagen (CHP+SHG) was significantly greater in AAA
(71.2% + 30.2%) than in controls (5.24% + 3.4%; P < .05). All images taken at 25x magnification
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in D-periodicity) along with the presence of few normal fibrils
(Figure 2I-L). We thus elucidate that ultrastructural abnormalities in
collagen fibril coincide with CHP-positive regions in AAA. Our re-
sults are consistent with a previous study in which TEM imaging was
used to elucidate how immunogold-labeled CHP localized to colla-
gen fibrils that exhibited a diminished contrast in D-periodicity.”
To localize regions of normal and abnormal collagen in a high-
throughput manner compatible with routine histology, we em-
ployed another multimodal approach: SHG microscopy along with
single-photon fluorescence on CHP-stained samples. Native, intact
collagen fibrils generate a strong SHG signal while collagen malfor-
mation?? can result in a lower SHG signal. As shown in Figure 3A-C,
abundant SHG but negligible CHP signal was observed in the adven-
titia of control tissues. On the other hand, in AAA tissue both SHG

jth L

and CHP signals were heterogeneously distributed (Figure 3D-F).
Some areas comprised primarily of CHP signal, while others were
devoid of CHP but had strong SHG signal. Regions with SHG sig-
nal interspersing CHP staining were also found in AAA. Little to no
co-localization between the CHP and SHG signals was observed in
our study, consistent with previous studies;™' that s, SHG-positive
regions were CHP negative and vice versa. Of the total collagen, the
percent of degraded collagen (inset of Figure 3) was estimated to be
significantly greater in AAA (71.2% + 30.2%) than that of control
tissue (5.24% + 3.4%, P < .05).

Finally, we evaluated how platelet adhesion to collagen was af-
fected by the presence of normal versus abnormal fibrils, by employ-
ing multimodal SHG and indirect immunofluorescence. As shown in

Figure 4A-D, control tissues showed platelet binding primarily to the
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FIGURE 4 Multiphoton images of control aorta (A-C) clinical abdominal aortic aneurysms (AAA; D-I) showing localization of platelet
binding. Representative images obtained using blood from three different donors are shown. Red: immunofluorescence (bound platelets);
green: second harmonic generation (SHG) signal (normal collagen); blue: DAPI stain (cell nuclei). Platelet binding to SHG-rich regions
occurred in both control aorta (A-C) and AAA tissue (D-F). Inset i: areal fraction of platelet signal for SHG-rich regions with fixed regions
of interest (ROIs). No significant difference in extent of platelet adhesion was obtained between AAA (1.53 + 0.95) and control tissue
(1.14 £ 0.78; P > .05). In AAA tissue, platelet binding was minimal in regions that were poor in SHG signal (G-1). Inset ii: areal fraction of
platelet adhesion in SHG-rich versus SHG-poor regions with fixed ROls. Significantly higher platelet adhesion was obtained in SHG-rich
regions (4.2% + 3.7%) compared to SHG-poor regions (0.41% + 0.38%; P < .05). All images were taken at 25x magnification
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adventitial collagen, which also exhibited strong SHG signal. In AAA
tissues, platelets also localized to regions showing strong SHG sig-
nal (Figure 4D-F) and were nearly absent in regions devoid of SHG
signal (Figure 4G-1). We noted that the platelet and SHG signals did
not entirely overlap (assessed by Pearson’s coefficient). This could be
because the presence of platelets (~2 um) interfered with SHG signal
arising from the very same site on the collagen fibril. Earlier studies
have encountered a similar feature when using SHG in combination
with indirect immunofluorescence to detect collagen.23 We per-
formed image analysis to compare the areal ratio of platelet adhesion
to regions with/out SHG signal. For SHG-positive regions (Figure 4,
inset i) no statistically significant difference was observed between
AAA and controls (P > .05). However, in AAA tissues, platelet binding
was significantly higher for regions with strong SHG signal compared
to regions devoid of SHG signal (P < .05, Figure 4, inset ii).

Taken together, our results thus show that platelet adhesion in
AAA tissue is primarily localized to regions consisting of normal col-
lagen fibrils and is resistant to regions with abnormal collagen fibrils.
These insights can help explain the heterogeneity in the reactivity
of platelets to various collagen-enriched regions as reported for ath-
erosclerotic plaques in a previous study.24 Currently, assessment of
coagulopathy in endovascular or open surgical repair in AAA is done
via platelet function and hemostatic indicators in the plasma. In one
report, diminished platelet adhesiveness in AAA remained abnormal
even after transfusion of normal blood.2° Our results indicate that
thrombogenicity of the vessel wall (i.e., presence of abnormal colla-
gen) could be another important determinant of coagulopathy. Along
these lines, insertion of collagen-impregnated grafts could reduce
blood loss in patients undergoing infrarenal aortic reconstruction.?

Intraluminal thrombus (ILT) resulting from damage to the endo-
thelium in the initial stages of AAA is reported in more than 75% of
clinical AAA. ILT is understood to play a protective role in the early
stages of aneurysm formation?’ and non-occlusive ILT correlates
with reduced peak wall stress?® and may lower its rupture poten-
tial.2? The use of anti-thrombotic therapies in AAA thus continues to
be a matter of debate. It should be noted that our study employed
AAA tissue from an advanced stage of the disease characterized
by extensive remodeling. The collagen fibril structure is likely to be
normal and pro-thromobogenic in the early (compared to advanced)
stage of the disease. Assessment of collagen quality and thrombo-
genicity of the vessel wall at various stages of the growing AAA
may provide novel insight into hemostatic mechanisms linked to the
pathogenesis of this disease. A limitation of our study was that we
only examined platelet adhesion under static conditions. Our results
are still relevant as the rapid first phase of platelet-collagen adhe-
sion occurs within a minute under both static and flow conditions.°
Future studies, using a flow chamber to mimic arterial shear rates,
would provide a more comprehensive evaluation of downstream

processes like platelet aggregation and thrombus formation.
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