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Summary

The platelet receptors glycoprotein (Gp)VI, integrin a,B; and Gplb/V/IX
mediate platelet adhesion and activation during thrombogenesis. In-
creases of intracellular Ca%+ ([Ca2*];) are key signals during platelet ac-
tivation; however, their relative importance in coupling different col-
lagen receptors to functional responses under shear conditions re-
mains unclear. To study shear-dependent, receptor-specific platelet re-
sponses, we used collagen or combinations of receptor-specific col-
lagen-mimetic peptides as substrates for platelet adhesion and acti-
vation in whole human blood under arterial flow conditions and com-
pared real-time and endpoint parameters of thrombus formation
alongside [Ca?*]; measurements using confocal imaging. All three col-
lagen receptors coupled to [Ca®*]; signals, but these varied in ampli-
tude and temporal pattern alongside variable integrin activation. GpVI
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Introduction

Synergism between collagen receptors mediates platelet adhesion
and activation leading to thrombus formation under shear condi-
tions (1). Primary platelet adhesion to collagen occurs via von
Willebrand factor (VWEF) and the platelet receptor GpIb/V/IX.
This interaction is transient, but allows for subsequent engagement
of the platelet collagen receptors a,f, and GpVI. These mediate
firm platelet adhesion and signalling events leading to ay,B; acti-
vation (2, 3). The roles of the different collagen receptors in pla-
telet adhesion and activation under static and flow conditions has
been studied using synthetic ligand-mimetic collagen-derived
peptides (1, 4-8). Recently, we demonstrated that collagen-de-
pendent platelet activation leading to full thrombus formation at
arteriolar shear (1,000s) is dependent on GpVI engagement, with
a,f; and GpIb/V/IX contributing little to this process (1). How-
ever, dynamic aspects of platelet behaviour and the underlying in-
tracellular signalling processes contributing to platelet activation
were not investigated.
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engagement produced large, sustained [Ca?*]; signals leading to real-
time increases in integrins a,B;— and a,,B;-mediated platelet ad-
hesion. 0,,B;-dependent platelet aggregation was dependent on
P2Y12 signalling. Co-engagement of a,B; and Gplb/V/IX generated
transient [Ca?*]; spikes and low amplitude [Ca**]; responses that po-
tentiated GpVI-dependent [CaZ*]; signalling. Therefore a,8;, Gplb/V/IX
and GpVI synergize to generate [Ca?*]; signals that regulate platelet
behaviour and thrombus formation. Antagonism of secondary signal-
ling pathways reveals distinct, separate roles for a,,3; in stable pla-
telet adhesion and aggregation.

Keywords
Platelet glycoproteins, collagen receptors, signal transduction,
thrombosis, fluid shear

Financial support:
This work was funded by British Heart Foundation grants to NP (Project
PG/14/47/30912) and RWF (Programme RG/09/003/27122).

Received: December 5, 2016
Accepted after major revision: April 22, 2017
Epub ahead of print: May 24, 2017

https://doi.org/10.1160/TH16-12-0906
Thromb Haemost 2017; 117: mum

Supplementary Material to this article is available online at
www.thrombosis-online.com.

Increases of [Ca**]; couple receptor engagement to downstream
functional events (9-11). Following platelet activation, CaZ* is
either released from intracellular Ca** stores, mainly via inositol
trisphosphate (IP;) receptors located on the dense tubular system,
or enters from the extracellular medium via plasma membrane
Ca?* channels. Whole blood perfusion studies have previously in-
vestigated the effect of shear forces on platelet [Ca**]; oscillations
upon adhesion to collagen, VWF and fibrinogen (6, 12-20). Roles
have been identified for GpIb/V/IX and ay,B; in [Ca?*]; responses
via association with VWF Al and RGD domains, respectively
(12-14, 16, 17). Additionally, different collagen subtypes have been
utilised to isolate the relationship between specific collagen recep-
tors during [Ca?*]; responses (20). Engagement of a,p; generates a
transient [Ca®']; rise that serves as a pre-requisite to sustained sig-
nalling via GpVT (20). However, these experiments were perform-
ed at low shear rates (250s!) and therefore did not report the role
of the GpIb/V/IX/VWF axis, which is more significant at higher
shear rates (12, 21-23). Thus the relative contributions of the dif-
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ferent collagen receptors to calcium signalling under arterial shear
conditions remain unstudied.

Here, we describe the use of collagen-mimetic peptides and pla-
telet inhibitory reagents to investigate shear-induced platelet col-
lagen receptor engagement and subsequent [Ca?']; oscillations
during stable platelet adhesion and thrombus formation. Using
image analysis techniques, we further elucidate the effect of recep-
tor-specific engagement on the up-regulation ay,B; (24). This rep-
resents the first study to correlate and quantify platelet calcium
signals that results from collagen receptor-mediated adhesion
under physiological flow conditions.

Materials and methods

Ethical approval for this study was obtained from the Cambridge
Human Biology Research Ethics Committee. Collagen-mimetic
peptides used in these experiments include the GpVI ligand, the
collagen-related peptide, CRP: GCO(GPO),,GCOG-amide (where
O indicates hydroxyproline), the a,(,-specific peptide, GFOGER:
GPC(GPP);GFOGER(GPP);GPC-amide, the VWE-binding pep-
tide, VWE-IIL GPC(GPP);GPRGQOGVMGFO-(GPP),GPC-
amide and the inert control peptide, GPP,,: GPC(GPP),,GPCG-
amide. Bovine tendon type I collagen fibres were from Ethicon
Corporation (Somerville NJ, USA). The RGD-mimetic inhibitor of
integrin ay,Ps;, GR144053, (4-[4-[4-(aminoiminomethyl)phe-
nyl]-1-piperazinyl]-1-piperidineacetic acid trihydrochloride hy-
drate) was from Novabiochem (Watford, UK). NF449
(4,4,474”-[Carbonylbis(imino-5,1,3-benzenetriyl-bis(carbony-
limino))]tetrakis-1,3-benzenedisulfonic acid, octasodium salt,
P2X, receptor antagonist), 2-MeSAMP (2-Methylthioadenosine
5’-monophosphate triethylammonium salt hydrate, P2Y12 recep-
tor antagonist) and MRS2179 (2’-Deoxy-N6-methyladenosine
3’5’-bisphosphate tetrasodium salt P2Y1 receptor antagonist) were
from Tocris (Bristol, UK). 5-5-Dimethyl-BAPTA AM (DM-
BAPTA) was from Cambridge Bioscience (Cambridge, UK). Be-
fore use, the cyclooxygenase inhibitor, acetylsalicylic acid (aspirin;
Sigma-Aldrich, Dorset, UK) was diluted to 50 mM in calcium-free
Tyrode’s buffer (CFT, 137 mM NaCl, 2.7 mM KCl, 11.9 mM
NaHCO;, 0.4 mM NaH,PO,, 1.1 mM MgCl,, 5.6 mM D-glucose,
pH 7.4). The thrombin inhibitor, Phe-Pro-Arg-chloromethylke-
tone (PPACK) was from Cambridge Biosciences. Human recombi-
nant VWF (rVWF) was from Abcam (Cambridge, UK). Oregon
green-BAPTA AM and fura red AM were from Invitrogen (Paisley,
UK). Unless indicated, all other reagents were supplied by Sigma-
Aldrich.

Preparation of blood samples

Whole blood was collected into 40 uM PPACK from informed
consenting donors who had abstained from medication for two
weeks, in accordance with the declaration of Helsinki. Blood was
supplemented with 10 uM PPACK hourly and stored at 37°C until
use. For thrombus morphology experiments, platelets in whole
blood were stained with 5 uM DIOC; and treated with the follow-
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ing reagents or vehicle control (as indicated in the text) for 15 min-
utes (min) before use: 1 mM aspirin, 5 uM GR144053, 1 uM pros-
taglandin E; (PGE prostacyclin receptor agonist), 100 uM 2-MeS-
AMP, 100 uM NF449 or 100 uM MRS2179. For experiments invol-
ving BAPTA treatment, whole blood was centrifuged (640g, 15
min) and the platelet-rich plasma (PRP) and erythrocyte fraction
were treated with DM-BAPTA-AM (100 uM, 15 min 37°C), and
reconstituted prior to experimentation

Calcium imaging

Ratiometric [Ca?"]; imaging was performed as described pre-
viously (23) with some modification. Washed platelets were pre-
pared (24, 25) and incubated with 2 uM PGE,, 1 uM fura red and
1.25 uM Oregon green-BAPTA (30 min, 37°C) prior to centrifu-
gation (540g, 15 min). Platelet pellets were resuspended in equal
volumes of CFT and rested at 37°C for 30 min. Prior to experi-
mentation, aliquots of whole blood were spiked with 5% (v/v) of
stained platelet suspension. For experiments examining the effect
of platelet antagonists, both whole blood and stained platelets were
pre-treated as described above.

In vitro shear assays and image acquisition

Glass slides (Menzel Glazer, Germany) were coated with collagen
or peptide as described previously and perfused with blood in a
laminar flow chamber (1, 24). Images showing platelet adhesion
and thrombus formation were acquired using an Olympus
IX81/FV300 laser scanning confocal microscope with an
UplanFLN 40x, NA1.30 oil immersion objective. For morphology
experiments, DIOC-stained whole blood was perfused across a
coated slide for 5 min at a shear rate of 1,000s™! and time-lapse se-
quences were captured at 0.2 Hz. Residual blood was washed from
the flow chamber for 1 min before Z stacks encompassing the en-
tire thrombus were acquired with a AZ of 0.69 um (1). Images were
exported to Image] (v1.45, NIH, Bethesda, MD, USA) and thresh-
olded. The rate of change of platelet surface distribution (express-
ed as a percentage of the total Surface Coverage, ASD/AT, %), was
calculated from the time-lapse sequences and designated Platelet
Population Mobility (PM) (24).

Experimental design and statistics

Data were collected from at least three different blood donations.
For platelet/thrombus morphology measurement, means were ac-
quired from three separate fields on each coated surface. For PM
measurements, data sets were modelled using a one-phase expo-
nential decay in GraphPad Prism 6 according to the following for-
mula:

y= (Yo—P) - eTKD 1 p

Where Y is the Y intercept, K is the decay rate constant and P is
the plateau Y value. Z stacks yielded measurements of Surface
Coverage of platelets or thrombi, and ZVs,. The plateau reflects
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the mobility of platelets interacting with a substrate. High plateau
values indicate that the platelet population is in motion, whilst low
values represent a stable population. ZVs, is a measure of the
centre of mass of an imaged field of thrombi, thus providing a
quantifiable measure of the activation state of platelets (1, 24).

[Ca?*]; oscillations were monitored by simultaneous two-chan-
nel measurement using a 488nm argon laser. Emitted light was col-
lected at 510-570 nm (Oregon green-BAPTA) and 610-700 nm
(Fura red). Perfusion data were acquired at 1.12 Hz for a period of
5 min and [Ca?*]; changes were calculated as previously described
(23). Individual cells were selected at random and the ratio be-
tween green and red fluorescence for each image was calculated.
Fluorescence ratios were converted into molar Ca?* concentrations
using the following formula:

[C(I2+]L- — Ky x (R RMm) % (FMax)
Ruyjax — R Futin

where K; is the dissociation constant of Oregon green-BAPTA
(170 nM), R is the fluorescence ratio, R,;, is the minimum fluor-
escence ratio (platelets incubated with 70 pM DM-BAPTA and 2
mM EGTA), R, is the mean fluorescence ratio (platelets treated
with 5 mM Calcimycin/2mM CaCl,), F,, and F,;, correspond to
the respective Oregon green-BAPTA fluorescence values under
Ry and Ry, respectively. Up to 50 adherent platelets per cover-
slip were selected at random and analysed. Where combinations of
surfaces and experimental conditions did not support firm platelet
adhesion on at least three occasions, these were considered non-
adherent conditions, and not analysed further. For example, coat-
ing with VWE-III alone supported platelet rolling but not firm ad-
hesion. Differences among mean values were identified using
analysis of variance, and Dunnett’s post-hoc comparison. Data are

expressed as means + standard error of the mean. p < 0.05 are in-
dicated (*).

Results

Platelet collagen receptors synergise to regulate
stable platelet adhesion under flow conditions

We have previously demonstrated that receptor-specific, collagen-
mimetic peptides can be used to assess the role of platelet collagen
receptor engagement on end-point measures of thrombus
formation under shear conditions (1, 8). More recently, we de-
scribed a novel parameter, the rate of change of platelet surface
distribution (designated platelet mobility, PM) that reports real-
time changes in platelet adhesion, thereby quantifying dynamic
platelet behaviours that are not accessible via end-point measure-
ments (24).

To investigate real-time receptor-specific platelet activation,
whole blood was perfused over type I collagen fibres, 'VWE or
combinations of collagen-mimetic peptides at a shear rate of
1,000s™ for 5 min. PM decreased exponentially on all adhesive sur-
faces, indicating that platelets exhibited high mobility prior to the
onset of stable adhesion (P> Figure 1A, B, P>Table 1). Non-adhes-
ive surfaces (GPP,;) showed no change of PM over time. PM pro-
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files were ligand-specific and likely to be caused by differences in
receptor-substrate recognition and subsequent signalling. On col-
lagen and VWEF-III, PM behaved as previously described (24);
stable adhesion was rapid on collagen, but not on VWE-III, which
supported a sustained PM, consistent with platelet rolling. No dif-
ferences were observed between the PM plateau values obtained
on rVWF or VWF-III-coated surfaces, indicating minimal stable
adhesion on both surfaces (P> Figure 1B, C). Surfaces coated with
single peptides, CRP or GFOGER did not support platelet binding
(1).
On GFOGER/VWE-III, plateau was 43.7 + 4.7 %, indicating
that about half of the imaged platelets were in motion once initial
adhesion events had reached equilibrium (P Figure 1B, C). Thus,
a proportion of the platelets had achieved stable adhesion via a,p;
engagement with the high affinity peptide GFOGER, in the appar-
ent absence of a stimulus for a signalling receptor. ZVs, was low,
confirming that a,B,-engagement did not result in ayy,p; activation
(> Figure 1D) (1). VWE-III/CRP exhibited an intermediate roll-
ing/adhesion state between that of collagen and GFOGER/VWE-
II1, with a plateau of 20.2 + 4.8%, indicating a greater proportion
of platelets had achieved stable adhesion independently of a,(,.

In the absence of a VWF-adhesive substrate, platelets achieved
static adhesion on CRP/GFOGER without prior rolling. One limi-
tation of PM is that it takes into account non-adherent platelets
within the lumen of the flow chamber. Whilst this effect is mini-
mal on substrates with a large number of adhered platelets, it be-
comes pronounced when Surface Coverage is low, for example at
the start of an experiment when few platelets have been able to ad-
here to the substrate. For example, as initial Surface Coverage is
low (»Figure 1A) (1), the contribution of non-adherent platelets
to PM is considerable, resulting in a high PM. As more thrombi
form, the proportion of non-adherent platelets in the field of view
decreases, resulting in a reduction of PM to a level more indicative
of stable thrombi. Thus, on this surface, the decrease in PM does
not correspond to a progressive decrease in platelet rolling and can
be considered an artefact. Platelet activation was higher on CRP/
GFOGER/VWE-III than on type I collagen. This likely reflects an
increased number of GpVI-binding sites in a peptide coated ma-
trix, compared with fibrillar collagen.

These data demonstrate a clear role of multiple receptor-matrix
interactions in mediating stable platelet adhesion under arteriolar
shear forces. Activation leading to stable adhesion is predomi-
nantly dependent on the engagement of GpVL. a,p; regulates the
adhesion of a subset of platelets when GpIb/V/IX is also engaged.
No firm platelet adhesion was observed in the absence of both
GpVI and a,3, engagement.

Secondary signalling pathways contribute to
receptor-mediated stable adhesion and thrombus
formation under flow conditions.

GpVI-mediated platelet activation and subsequent aggregation
requires the induction of secondary signalling pathways including
the release of thromboxane A,, ATP and ADP, reduced cAMP pro-
duction and the mobilisation of [Ca**]; (2, 11, 26). The contribu-
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Figure 1: Dynamic platelet behaviour under flow conditions is me-
diated by receptor-specific peptide substrates. Whole, DIOC6-stained
human blood was perfused across receptor-specific peptide substrates for 5
min at a shear rate of 1,000s™. Image sequences acquired at 0.2 Hz were
processed to quantify the rate of change of platelet distribution (platelet
Population Mobility, PM). High PM is evidence of a changing surface area,
suggestive of platelet rolling. Low PM indicates stationary objects, such as
adherent platelets or thrombi. A) Images showing platelet deposition on dif-
ferent thrombogenic surfaces after 5 min of blood flow at a shear rate of
1000s. B) PM profiles of platelets adhering to combinations of collagen

tion of these to dynamic platelet behaviour under arteriolar flow
conditions remains unclear. In order to correlate secondary signal-
ling pathways with platelet behaviour, we pre-treated blood with
antagonists or inhibitors of these secondary agonists prior to per-
fusion over surfaces coated with collagen and collagen-mimetic
peptide combinations as before.

Experiments were performed to assess the contribution of
cAMP and oyp,B; activation on platelet adhesion and thrombus
formation (P Figure 2, Suppl. Table 1, available online at www.
thrombosis-online.com). Pre-incubation of whole blood with
PGE, did not affect Surface Coverage or PM on any surface ma-
trix. However, ZV5, was reduced on surfaces coated with collagen
(1.1 £ 0.1 pm, compared to 3.4 £ 0.7 uM vehicle treatment), CRP/
GFOGER (1.0 £ 0.1 pm and 3.1 + 0.4 um, respectively) and CRP/
GFOGER/VWE-III (1.0 + 0.1 pm and 3.8 £ 1.1 pm, respectively).
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peptides at a shear rate of 1,000s™. e Collagen, m CRP/GFOGER, = GFOGER/
VWEF-III, A VWF-III/CRP, o CRP/GFOGER/VWF-III, A GPP10, ¢ VWF-III, o rVWF.
C, D) Parameters derived from PM curves as described in Methods. C) Pla-
teau, %, D) ZVs;, pm. Numerical data corresponding to these figures is pro-
vided in Table 1. As the Surface Coverage of platelet deposition onto GPP10
is low, the ZVs, value is influenced by non-adherent platelets in the lumen of
the flow chamber. Thus, this value does not quantify thrombus formation and
should be considered an artefact. Data are representative of a minimum of
four independent experiments.

These data indicate an inhibitory effect of cAMP on platelet acti-
vation rather than on primary adhesion, regardless of surface coat-
ing.

Inhibition of oy,B; by GR144053 abolished thrombus formation
on all surfaces, as evidenced by reduction of ZVy, to approximately
0.6 um, consistent with the presence of a platelet monolayer (1).
On CRP/VWE-III, Surface Coverage was reduced from 27.0 +
1.6% to 8.8 £ 1.5%, ZV, was reduced from 2.8 + 0.3 um to 0.6 £
0.1 um, and plateau increased from 20.2 + 4.8 % to 83.2 + 0.7 %, re-
spectively (P>Figure 2A-D). On CRP/GFOGER/VWE-III,
GR144053 reduced Surface Coverage from 36.5 £ 1.6 to 16.5 +
2.6%, but had no effect on plateau. Thus, whilst activation-de-
pendent platelet-platelet interactions are mediated solely by o35,
a,f, is able to contribute to stable platelet adhesion.
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We next sought to investigate the role of secondary messenger
signalling in shear-dependent platelet behaviour. Whole blood was
treated with aspirin (COX inhibitor), NF449 (P2X1 antagonist),
MRS2179 (P2Y1 antagonist) or 2-MeSAMP (P2Y12 antagonist)
prior to perfusion over receptor-specific substrates. Aspirin,
MRS2179 or NF449 did not affect platelet behaviour on any sur-
face tested, indicating that TxA, generation, P2Y1 activity or ATP-
gated P2X1 receptors do not contribute to platelet behaviour in
this assay (Suppl. Table 1, available online at www.thrombosis-on
line.com). However, despite Surface Coverage being unaffected,
P2Y12 antagonism substantially reduced ZV5, on CRP/GFOGER
(from 3.4 £ 0.2 pm to 1.2 £ 0.1 um), CRP/VWE-III (from 2.8 £ 0.2
to 1.3 + 0.2) and CRP/GFOGER/VWEF-III (from 3.0 + 0.3 um to
1.3 £ 0.2 um, P Figure 2). Interestingly, 2-MeSAMP did not affect
PM on VWE-III/CRP, indicating that ayy,[;-mediated stable ad-
hesion is independent of P2Y12-mediated platelet activation.

Elevation of [Ca®']; is an important feature of platelet acti-
vation. We investigated the effect of intra- and extracellular Ca**
chelation by treatment with DM-BAPTA or EDTA respectively.
DM-BAPTA did not affect Surface Coverage or plateau on any
surface tested. However, substantial reductions in ZV, on collagen
(from 1.9+ 0.2 pm to 0.9 + 0.2 um) CRP/GFOGER (from 4.5 £ 0.6
pm to 0.7 + 0.2 um), VWE-III/CRP (from 4.0 + 0.8 um to 1.1 + 0.1
pm) and CRP/GFOGER/VWE-III (4.8 + 0.7 ym to 1.3 + 0.06 um)
were observed. These data indicate a role for GpVI-mediated Ca*
mobilisation in thrombus development. EDTA had a profound ef-
fect on all parameters tested. For example, on VWF-III/GFOGER,
EDTA reduced Surface Coverage and PM to values similar to that
obtained on VWF-III alone (from 17.3% to 11.3 + 1.7% and from
44.8 + 4.8% to 76.8 £ 4.7 % respectively), reflecting the removal of
extracellular divalent cations (Ca?* and Mg**) from platelet inte-
grins, rendering them non-functional (27).

These data indicate a requirement for functional P2Y12 recep-
tors, oypP; activation and [Ca®]; mobilisation for thrombus
formation and stable adhesion via GpVI, a,p, and VWF/GpIb/
V/IX. Roles for TP (TxA, receptor), P2X1 or P2Y1 receptors in
thrombus formation downstream of these receptors were not ob-
served (Suppl. Table 1, available online at www.thrombosis-online.
com).

The contribution of platelet signalling pathways to
stable adhesion in the absence of ay,3;-dependent
thrombus formation

Data presented in P> Figure 2 demonstrate a clear role for Ca** sig-
nalling and integrin activation in facilitating thrombus formation.
However, whilst oyp,; inhibition abrogated thrombus formation
and stable adhesion on several surfaces, the contribution of a,(;
remains unclear. Thus, we conducted experiments on
GR144053-treated platelets to investigate the contributions of sec-
ondary signalling on a,f, activity.

Combined treatment had little effect on thrombus morphology
(> Figure 3A-C). Only combinations of GR144053/PGE, and
GR144053/EDTA reduced Surface Coverage on collagen relative
to GR144053 treatment alone (P Figure 3B). A greater effect of
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a5 antagonism was observed on dynamic parameters of platelet
behaviour ~ (P»Figure  3A-D).  GR144053/DM-BAPTA,
GR144053/PGE; or GR144053/MRS2179 all increased plateau on
CRP/GFOGER relative to GR144053 treatment alone. Plateau was
also increased by GR144053/DM-BAPTA on CRP/GFOGER/
VWE-III, and by GR144053/2-MeSAMP on GFOGER/VWE-IIL.
Interestingly, GR144053/DM-BAPTA did not increase the plateau
on collagen, suggesting that Ca**-independent procresses may be
involved in stable adhesion on this substrate. These data indicate a
role for P2Y12 receptors and Ca®* signalling in the promotion of
stable platelet adhesion to surfaces containing an a,(;-adhesive
ligand.

Platelet [Ca?*]; fluctuations occur in a substrate-
specific manner

Elevation of platelet [Ca**]; follows engagement of collagen recep-
tors under flow conditions (6, 16, 18, 20). As inhibition of [Ca?*];
signalling by loading with DM-BAPTA resulted in the abrogation
of platelet activation (exemplified by a reduction in ZVs, on sur-
faces coated with GpVI-binding ligands), further experiments
were performed to measure single cell [Ca®*]; fluctuations upon
receptor-specific adhesion at arteriolar shear (1,000s), following
secondary signal antagonism.

Initially, the average [Ca?*]; values were assessed (mean of >500
platelets, »>Figure 4A). [Ca**]; levels increased upon platelet ad-
hesion and peaked at around 90 seconds (s) on all substrates
tested. The maximum [Ca?']; attained was highest on collagen
fibres and CRP/GFOGER/VWE-III coatings and peaked at
around 600 nM, followed by CRP/VWE-III and CRP/GFOGER
(both approximately 500 nM), whilst GFOGER/VWE-III induced
the lowest response (approximately 250 nM). Interestingly, in-
creased [Ca*']; values correlated with decreased plateau values
(P Figure 1C). These data are consistent with a predominant role
for GpVI in collagen-evoked platelet [Ca®']; signals leading to
thrombus formation under arterial shear, which are augmented by
either a,p, or GpIb/V/IX. In combination with a,f;, GpIb/V/IX
induces a substantially smaller [Ca?*]; increase, which results in
stable platelet adhesion, but not full activation leading to thrombus
formation (»Figure 1, »Table 1).

Following firm adhesion, single platelet [Ca?*]; responses were
heterogeneous. Four subtypes of [Ca**]; response were identified
in platelets adhering to different substrates: transient spikes, pro-
longed bursts, flat lines and traces where a prolonged burst was
preceded by a transient spike (denoted spike-bursts traces, P Fig-
ure 4B) (20). Example traces are shown in P>Figure 4C, and termi-
nology is defined as follows. Transient spikes (e.g. in traces from
platelets adhering to GFOGER/VWE-III) last no longer than 30 s
before returning to background level. Prolonged bursts lasted for
longer than 30 s. Spike-bursts have a clear transient spike preced-
ing a burst lasting for more than 30 s. Flat lines have no increase
on background [Ca*'];.

The frequency of the different trace profiles were similar in pla-
telets adhering to collagen fibres and CRP/GFOGER/VWE-III, in-
dicating that collagen receptors other than GpVI, a,f, and
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300uM DM-BAPTA

1M PGE,

100pM 2-MeSAMP

5uM GR144053

10mM EDTA

Figure 2:
A Type | CRP GFOGER VWE-III GF%RGF’ER Antagonism or in-
collagen GFOGER VWF-III CRP VWE hibition of platelet

activatory pathways
alters platelet behav-
iour and morphology
of thrombi formed on
receptor-specific pep-
tide substrates under
shear conditions.
DIOC6-stained whole
human blood was pre-
treated with the stated
antagonists before being
perfused over collagen
or combinations of
collagen-mimetic pep-
tides at a shear rate of
1,000s™ for 5 min. A)
Representative images
showing thrombus de-
position on different
thrombogenic surfaces
following antagonist or
inhibitor treatment. B-F)
Quantification of end-
point and dynamic pa-
rameters of thrombus
formation. B) Surface
Coverage, %, C) ZVs,
pm D) Plateau, %.Data
are representative of a
minimum of four inde-
pendent experiments. *
indicates p < 0.05. Nu-
merical data correspond-
ing to these figures is
provided in Suppl. Table
1 (available online at
www.thrombosis-online.

GpIb/V/IX do not contribute to [Ca*']; signalling (P> Figure 4D).
These surfaces had the highest proportion of spike-bursts and the
fewest flat lines, suggesting that spike-bursts represent a full [Ca?*];
signal, arising from the synergism between all three collagen re-
ceptor axes. Equal proportions of platelets elicited transient spikes
or prolonged bursts. Omission of CRP or VWE-III reduced the
proportion of spike-bursts. Significantly more Ca** spikes were
recorded in platelets adhering to GFOGER/VWE-III than for any
other substrate tested. Flat lines were also more frequent on this
surface, and the number of prolonged bursts and spike-bursts were
reduced. The proportions of trace types were similar on CRP/
GFOGER and VWE-III/CRP surfaces, indicating that either a,f,
or GplIb/V/IX can potentiate GpVI-dependent [Ca**]; signals.

License terms: CC-BY-NC-ND (https://creativecommons.org/licenses/by-nc-nd/4.0)

com).

Discussion

Platelet adhesion and activation during thrombogenesis is a dy-
namic process, involving transient and sustained interactions be-
tween platelets and sub-endothelial proteins in a variable hae-
modynamic environment. Previously, we used synthetic collagen-
mimetic peptides to study receptor-dependent platelet thrombus
formation under different shear conditions (1, 8). Whilst this work
quantified end-point parameters of thrombus formation, provid-
ing an overview of the roles of platelet collagen receptors in throm-
bogenesis, it omitted any assessment of dynamic platelet behaviour
and did not investigate the contribution of secondary signalling to
receptor-specific platelet behaviour. Here, we describe the com-
bined use of collagen-mimetic peptides and antagonists of second-
ary signalling pathways to investigate the effects of platelet col-
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Type |
collagen

5puM GR144053

S5uM GR144053+ 300pM DM-BAPTA

SpM GR144053 + 1uM PGE,

S5ph GR144053 + 100pM MeSAMP

5pM GR144053 + 100pM MRS2179

Spui GR144053 + 10mM EDTA

Figure 3:
Combined drug treat-

CRP ;
GFOGER VWF-II GFOGER ment with allbB3 an-
CRP VWEI tagonism reveals the

effects of specific sig-
nalling pathways on
a2p31 activation under
shear conditions.
DIOC6-stained whole
human blood was pre-
treated with 5 yM
GR144053 in combi-
nation with other antago-
nists of platelet activatory
pathways (previously de-
scribed in Figure 2). A)
Representative images
showing thrombus de-
position on different
thrombogenic surfaces.
B-D) End-point and dy-
namic parameters of pla-
telet behaviour were
quantified as before. B)
Platelet or thrombus Sur-
face Coverage (%). C)
ZVs, (pm), D) Plateau, %.
Data are representative
of a minimum of four in-
dependent experiments. *
indicates p < 0.05. Nu-
merical data correspond-
ing to these figures is
provided in Suppl. Table 2
(available online at
www.thrombosis-online.
com).

lagen receptor engagement on changes of platelet [Ca?*]; levels
during the transition between transient and stable platelet ad-
hesion prior to thrombus formation. Platelet behaviour was
quantified using a number of previously-assessed parameters (Sur-
face Coverage, ZV5, etc) in addition to the novel parameter PM,
which quantifies the degree to which the platelet population
achieves stable adhesion in real-time under flow conditions (24).
By correlating these measurements with corresponding patterns of
[Ca?"]; increase and the effects of specific antagonists, we provide a
definitive assessment of the effects of activatory signalling path-
ways on platelet behaviour following adhesion to collagen under
arterial flow conditions.

Previous work has characterised [Ca?']; signals in platelets ad-
hering to coated collagen, VWF or fibrinogen under flow condi-
tions (6, 12-21, 23, 28-30). Inhibition of receptors with antibodies
indicated a requirement for GpVT activity to generate full calcium
responses in platelets adhering to collagen fibres at a shear rate of
1,000s! (6). Inhibition of a,p, partially reduced the calcium in-
crease. Mazzucato et al. (20), identified two types of Ca?" signal at

License terms: CC-BY-NC-ND (https://creativecommons.org/licenses/by-nc-nd/4.0)

low shear (250s™); transient peaks (a peaks) which were attributed
to a,P, engagement, and sustained signals (y peaks) which are
initiated by GpVI. However, the contribution of GpIb/V/IX to
[Ca?"]; signalling in response to collagen was not assessed in their
study. At the shear rate used, it is possible that the accrual of VWF
onto collagen is minimal (12, 29), By using the collagenous pep-
tide, VWE-III, as a ligand for plasma VWE we have been able to
assess the influence of GpIb/V/IX directly on [Ca*']; signalling
under shear conditions alongside the roles of GpVI and a,p;.

Our data are consistent with a model of collagen-induced,
shear-dependent activation in which GplIb/V/IX mediates tran-
sient platelet interaction via VWE whilst an integrin (either o5
or a,B;) mediates stable adhesion. GpIb/V/IX and a,p, synergise
to generate [Ca?*]; spikes, which induce integrin-dependent stable
adhesion, but not thrombus formation. GpVI is the predominant
activatory receptor, engagement of which induces sustained [Ca®*];
increases, leading to ayy,p;-dependent stable adhesion and throm-
bus formation. Platelet activation (ZVs) is inhibited by PGE,, con-
firming an inhibitory role for cAMP. Interestingly, the effect of

© Schattauer 2017
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Figure 4: Heterogeneous [CaZ*]; signalling is observed in platelets
adhering to receptor-specific peptide substrates under flow condi-
tions. A) [Ca?*]; levels were recorded in single platelets adhering to collagen
or combinations of collagen-mimetic peptides at a shear rate of 1,000s™".
Average [Ca?*]; were calculated from 50 cells imaged in a given experiment.
Traces were normalised so that firm platelet adhesion occurred at time 0
Data are representative of a minimum of 20 independent experiments. o Col-
lagen, o CRP/GFOGER, A GFOGER/VWF-III, e VWF-III/CRP, m CRP/GFOGER/
VWE-III. B) Different patterns of [Ca?*]; oscillations are observed in single pla-
telets adhering to receptor-specific peptide substrates under flow conditions.
Examples of the different trace types observed in these experiments in-

License terms: CC-BY-NC-ND (https://creativecommons.org/licenses/by-nc-nd/4.0)

cluded: i) transient spikes, ii) prolonged burst, iii) spike-bursts and iv) flat
lines. For clarity, only the first 60s of each trace is shown. C) Traces showing
representative patterns of [Ca?*]; oscillations recorded from single platelets.
Examples of transient [Ca?*]; spikes can be seen on GFOGER/VWF-III. “Spike-
bursts” are best represented on Type | collagen (upper two traces) and CRP/
GFOGER/VWEF-III (upper and lower traces). Prolonged bursts can be seen on
collagen (lower trace), CRP/GFOGER (middle trace) and CRP/GFOGER/VWEF-
Il (middle trace). D) Different patterns of [Ca?*]; signal were obtained from
platelets adhering to collagen or collagen peptides at a shear rate of
1,000s". m Transient spike, m prolonged burst, m spike-burst, o flat line. t indi-
cates p < 0.05.
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Figure 4: Continued

DM-BAPTA and PGE, were similar, supporting a role for cAMP-
mediated inhibition of IP; receptor-dependent calcium release (31,
32), P2Y12 signalling acts downstream of GpVI engagement. It
does not influence stable adhesion, but mediates ay;,3;-dependent
platelet-platelet interactions leading to thrombus formation.

In CRP/GFOGER/VWE-III, we have generated a collagen-mi-
metic surface that engages all known platelet receptors that regu-
late collagen-dependent thrombus formation. Platelet behaviour
following interaction with CRP/GFOGER/VWE-III closely re-
sembles that of the interaction with collagen. On both surfaces,
PM undergoes a high to low transition indicating initial mobility
followed stable adhesion (24). A similar proportion of spike-burst
traces were observed on collagen and CRP/GFOGER/VWFE-III,
showing that engagement of platelet collagen receptors other than
GpVI, a,B; and GpIb/V/IX is not required for a full [Ca**]; signal.

The identification of a,p; and a5 as the principle adhesive
receptors can be inferred by omission of GFOGER from a replete
peptide-coated surface with coincident antagonism of ayy,p;. This
restores PM to a value comparable to that of VWF-III alone.
Therefore, at least one integrin is a pre-requisite for stable ad-
hesion under flow conditions. Other platelet integrins, such as
ayPs asP; or agP; could presumable substitute as adhesive recep-
tors in vivo if their cognate ligands (e.g. fibronectin, vitronectin)
were accessible.

© Schattauer 2017

Table 1: Dynamic platelet behaviour under flow conditions is me-
diated by receptor-specific peptide substrates. To investigate receptor-
specific platelet behaviour in real-time, we perfused DiOC6-stained platelets
in whole blood over type | collagen, VWF or combinations of collagen-mi-
metic peptides at a shear rate of 1,000s™ for 5 min after which PM measure-
ments were calculated. Numerical values corresponding to the different pa-
rameters and surfaces are provided. Of note, as platelet deposition onto
GPP10 (and thus Surface coverage) is low, the ZVs, value is influenced by
non-adherent platelets in the lumen of the flow chamber. Thus, this value
does not quantify thrombus formation and should be considered an artefact.

Substrate Surface ZVs, (pm) Plateau (%)
coverage (%)
Collagen 345+14 22+0.2 86+06
CRP/GFOGER 87+1.2 3402 205+49
GFOGER/VWEF-III 173+2.6 0.9+0.1 448 +4.8
VWE-III/CRP 270+1.6 2.8+0.2 202 +4.38
CRP/GFOGER/VWEF-III  36.4 +1.6 3.0+£03 8.0+04
VWE-III 10.0+£1.2 0.5+0.0 67.2+58
r'VWF 13513 0.5+0.0 73.1 5.1
GPP10 0.4 +0.1 14+04 78.1 +£20.6
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What is known about this topic?

o Platelet receptors GpVI, a4, 0,85 and Gplb/V/IX/VWF regulate
platelet adhesion and activation in response to collagen.

e Receptor engagement differentially influences intracellular pla-
telet calcium signals.

What does this paper add?

e This study utilises novel, dynamic image analysis techniques of
platelet adhesion to receptor-specific ligands to correlate primary
and secondary signalling with platelet behaviour, intracellular cal-
cium fluctuations and thrombus formation under arteriolar shear
conditions.

o Differential receptor engagement results in heterogeneous intra-
cellular calcium signals that correlate with varying levels of pla-
telet adhesion and activation. Engagement of GpVI results in the
largest calcium signals.

e Integrin oy,8; has biochemically distinct roles in platelet adhesion
to a substrate, and in platelet-platelet interactions leading to
thrombus formation.

Consistent with previous work, aspirin, NF449 or MRS2179 did
not affect platelet behaviour or thrombus formation in this in vitro
system (20, 33-35). Thus, TP-, P2X1- and P2Y1-induced signals
are absent or weak at arteriolar shear, possibly being overwhelmed
by stronger signals initiated by GpVI and P2Y12. These signalling
pathways may become more significant at lower shear rates, or if
the primary stimulus is weak (34). The observation that PGE,, cy-
tosolic DM-BAPTA and 2-MeSAMP inhibit thrombus formation
but not stable adhesion highlights a mechanistic difference be-
tween stable adhesion and platelet-platelet interactions leading to
thrombus formation. Whilst both processes are regulated by o35,
different secondary signals affect adhesion and thrombus
formation differentially. For example, these antagonists all reduce
thrombus formation (measured by ZV;) on VWE-III/CRP with-
out affecting PM and thus, stable adhesion. The mechanisms re-
sponsible for this dual response are unclear, but may be attribu-
table to differential ayp; activity. In the scheme we envisage, in-
itial binding is responsible for platelet adhesion whilst subsequent
outside-in signalling leads to increased receptor activity resulting
in platelet-platelet interactions (36). Alternatively, this effect may
be attributable to synergism between GplIb/V/IX and non-acti-
vated ayy,B; with surface-bound VWE. Support for this hypothesis
comes from recent work showing that shear-dependent clustering
of GpIb/V/IX leads to up-regulation of oy, 5 activity (37, 38). This
increased adhesive effect is not present in platelets that were par-
ticipating in platelet-platelet interactions and are not in contact
with VWE. Further work is required to resolve this issue.

PM highlights the role of GpVT in stable adhesion. Omission of
CRP (and thus GpVT activity) from a replete peptide coated sur-
face produces a pronounced increase in mobility, reflecting the
critical role of platelet activation in integrin behaviour. However,
as PM is lower on GFOGER/VWEF-III than on VWE-IIT alone, a
proportion of platelets (approximately 50%) achieved stable ad-

License terms: CC-BY-NC-ND (https://creativecommons.org/licenses/by-nc-nd/4.0)

hesion via a,B,; without an activatory stimulus from GpVI. This is
consistent with previous work showing that platelets adhere to
GFOGER under static conditions with a high affinity that is not
increased by activation with ADP (6). Whilst adhesion to
GFOGER/VWF-III is increased, ZV5, does not differ from that of
VWE-IIT alone and is unaffected by GR144053, indicating that
platelets are not activated on this surface. The sub-maximal ad-
hesion on GFOGER/VWF-III is associated with transient [Ca?*];
signals which are not large enough to elicit oyP;-dependent
thrombus formation. However, signals from these receptors po-
tentiate GpVI-dependent signalling, which, once engaged, gener-
ates large sustained Ca?* signals, sufficient for ayp; and o,p; acti-
vation, stable adhesion and generation of large thrombi.

Combined antagonism of a5 with other secondary signalling
pathways isolates the effects of specific signalling pathways on a,f3,
activation. Our data confirm that a,f, activation is dependent on
extracellular divalent cations and is inversely correlated with
cAMP levels. Our data also suggests that a,p, activation occurs
downstream of P2Y12 signalling (39, 40). However, contrary to
previous reports measuring platelet adhesion to collagen under
static conditions (39), we show that a,B, activation under flow
conditions is [Ca*'];-dependent. The reason for this difference is
unclear, although static conditions may favour o,p,-dependent ad-
hesion without activation, as previously described (6). It may be
that, on collagen surfaces at least, other weaker integrin motifs not
tested here directly may contribute to platelet adhesion after a,(,
activation. Shear forces may provide sufficient energy to prevent
non-activated a,p, from engagement with its cognate ligand.

In conclusion, our data support the conclusion that GpVT is the
major signalling collagen receptor on platelets under flow condi-
tions. Whilst GpVI engagement results in high, sustained [Ca?*];
elevation that is sufficient for a,B,- and ay,(;-dependent stable
adhesion, P2Y12 signals are required for oyy,;-dependent platelet-
platelet interactions leading to full thrombus formation. o,f, and
GplIb/V/IX are able to generate transient Ca?* signals which are
not sufficient to activate oy, but act to potentiate or augment
GpVT signalling. ayB5 has distinct, separable roles in mediating
stable adhesion and promoting thrombus formation.
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