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Characterization of the distinct mechanism of
agonist-induced canine platelet activation
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Platelet activation has a major role in hemostasis and thrombosis. Various agonists including adenosine diphosphate (ADP) and thrombin
interact with G protein-coupled receptors (GPCRs) which transduce signals through various G proteins. Recent studies have elucidated the
role of GPCRs and their corresponding G proteins in the regulation of events involved in platelet activation. However, agonist-induced platelet
activation in companion animals has not been elucidated. This study was designed to characterize the platelet response to various agonists
in dog platelets. We found that 2-methylthio-ADP-induced dog platelet aggregation was blocked in the presence of either P2Y receptor
antagonist MRS2179 or P2Y, receptor antagonist AR-C69931MX, suggesting that co-activation of both the P2Y, and P2Y, receptors is
required for ADP-induced platelet aggregation. Thrombin-induced dog platelet aggregation was inhibited in the presence of either
AR-C69931MX or the PKC inhibitor GF109203X, suggesting that thrombin requires secreted ADP to induce platelet aggregation in dog
platelets. In addition, thrombin-mediated Akt phosphorylation was inhibited in the presence of GF109203X or AR-C6993 1MX, indicating
that thrombin causes G;i stimulation through the P2Y);, receptor by secreted ADP in dog platelets. Unlike human and murine platelets,
protease-activated receptor 4 (PAR4)-activating peptide AYPGKF failed to cause dog platelet aggregation. Moreover, PAR1-activating
peptide SFLLRN or co-stimulation of SFLLRN and AYPGKEF failed to induce dog platelet aggregation. We conclude that ADP induces platelet
aggregation through the P2Y and P2Y, receptors in dogs. Unlike human and murine platelets, selective activation of the PAR4 receptor may

be insufficient to cause platelet aggregation in dog platelets.
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Introduction

Platelets are essential for thrombosis. Formation of a platelet
thrombus is triggered by a variety of stimuli like the presence of
collagen, adenosine diphosphate (ADP), thromboxane,
epinephrine, and thrombin. ADP is an important platelet agonist
that causes platelet aggregation via shape change, activating
fibrinogen receptor, releasing granule contents, and producing
thromboxane A2 mediating through its receptors P2Y1, P2Y 1,
and P2X1 [15,22,33,36]. Both the P2Y, and P2Y 1, receptors are
essential for ADP- induced fibrinogen receptor activation and
subsequent platelet aggregation in human and mouse platelets
[23]. P2Y receptor stimulation increases intracellular calcium
through the generation of IP3 and activation of protein kinase C
(PKC) through the formation of diacylglycerol, following
phospholipase C (PLC) activation [4,22]. The P2Y, receptor
couples to G and inhibits adenylyl cyclase [16,25]. Although
the mechanism and pathway involved in ADP-induced platelet

aggregation have been described in human and mouse platelets,
such information remains unclear in dog platelets.

Among the platelet agonists, thrombin is considered the most
important and potent one that activates platelets via protease-
activated receptors (PARs), a class of G protein-coupled
receptors (GPCRs) and a glycoprotein GPIba [17,31,35]. PARs
couple to Gq and G; and activate phospholipase C that activates
PKC by the generation of a secondary messenger [34] and
inhibits adenylyl cyclase by secreted ADP from dense granules
[18,24,38] in human and mouse platelets [31]. There are three
types of PAR; PARI1, PAR3, and PAR4 that are involved in
thrombin-induced platelet aggregation in human and mouse
[20,38,40]. Human platelets act via PAR1 [38] and PAR4, and
mouse via PAR3 and PAR4 [10,20,24,39,40]. PAR1 binding
provides rapid calcium influx, and platelet-platelet aggregation
tends to be transient. PAR4 is associated with a slower,
extended calcium influx, which is essential for the release of
secondary signals necessary for complete and strong platelet
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activation [10,11,37]. Secreted ADP is important for platelet
activation. ADP is released from dense granules after platelet
activation by thrombin and stimulates G; pathways through the
P2Y> receptor [26], and thrombin-induced Akt
phosphorylation depends on G; pathways in human and mouse
platelets [27].

Thrombin receptor activating peptides (TRAPs) are peptide
sequences that match tethered ligands cleaved by enzymes
during thrombin-induced platelet activation [39] and cause
thrombin-independent activation of PARs. Either PAR1 or
PARA4 alone can cause platelet aggregation in human and mouse
platelets [17]. The TRAP SFLLRN selectively activates PAR1
in human but not mouse and induces platelet aggregation and
degranulation [18,38], whereas GYPGQV and GYPGKF
activate human and mouse PAR4 tethered ligands, respectively
[24]. GYPGKF is more effective in inducing human platelet
aggregation than GYPGQV [1], while AYPGKF is a more
selective and potent PAR4 activating peptide [13]. Dog platelet
PARs and the pathways involved in dog platelet aggregation
have not been fully elucidated but are thought to express PAR1
and PAR4 receptor subtypes as reported in humans [3].

Although these agonists and their receptors have been
identified as involved in molecular events leading to platelet
aggregation in human and mouse, the signaling events and
mechanisms in dog platelets are still not reported. In the present
study, we have characterized the signal transduction pathways
of agonists that mediate dog platelet activation, information that
is important in elucidating the mechanisms involved in bleeding
disorders in dogs. We examined the effects of ADP, thrombin,
SFFLRN, and AYPGKF in dog platelets in order to explore
platelet signaling mechanisms. We show that ADP-induced
platelet aggregation requires both P2Y; and P2Y, receptor
activation in dog platelets. Further, thrombin causes dog
platelet aggregation which is dependent on the secreted ADP
causing G; stimulation. Unlike human and murine platelets, the
PAR4 activating peptide AYPGKEF fails to cause dog platelet
aggregation. In addition, co-stimulation of PAR1 and PAR4
receptor with SFLLRN and AYPGKEF is unable to cause dog
platelet aggregation, suggesting the presence of an underlying
mechanism for thrombin-induced platelet aggregation in dogs
that is different from those in human and mouse.

Materials and Methods

Materials

Thrombin, 2-methylthio-ADP (2-MeSADP), apyrase (type
V), MRS2179 (a P2Y receptor antagonist [2]), prostaglandin
Ei (PGE)), sodium citrate, and acetylsalicylic acid were
purchased from Sigma (USA). Hexapeptides SFLLRN and
AYPGKF were custom synthesized by Invitrogen (USA).
Anti-phospho-Akt (Ser*) and anti-B-actin antibodies were
purchased from Cell Signaling Technology (USA).
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Horseradish peroxidase-labeled secondary antibody was
obtained from Santa Cruz Biotechnology (USA).
Bisindolylmaleimide I (GF 109203X) was purchased from
Calbiochem (USA). The AR-C69931MX was a gift from
AstraZeneca (UK). All other reagents were reagent grade, and
deionized water was used throughout.

Preparation of washed dog platelets

All animal experiments were performed in accordance with
the approval obtained from the Chungbuk National University
Animal Ethics Committee (approval No. CBNUA-873-15-02).
Each experiment was repeated three times with blood samples
from different dogs. We used blood from male and female
mixed-breed dogs aged 5 to 12 years old. Blood was withdrawn
from cephalic veins using ACD/3.8% sodium citrate as an
anticoagulant. Anticoagulated blood was centrifuged at 100 x g
continuously for 10 min at room temperature to obtain
platelet-rich-plasma (PRP). The PRP was then centrifuged at
800 x g for 10 min, and obtained platelet pellet was resuspended
with Tyrode’s buffer (pH 7.4) containing 0.05 units/mL
apyrase. Washed dog platelets were adjusted to a concentration
of 2 x 10° cells/mL.

Platelet aggregation

The prepared platelets were allowed to rest for 30 min at room
temperature, and aggregations were measured by using a
Lumi-aggregometer (Chrono-Log, USA) at 37°C under stirring
conditions (900 r/min). Washed platelet samples (0.5 mL) were
stimulated with each of the different agonists for 3.5 min, and
aggregation tracings were measured.

Western blotting

Washed platelets were stimulated with thrombin for 3 min,
and the reaction was stopped by the addition of 3x sodium
dodecyl sulfate (SDS) sample buffer. Before agonist stimulation,
GF109203X (10 uM), a PKC inhibitor, and AR-C69931MX
(100 nM), a P2Y |, receptor antagonist [ 19], were added and the
mixture incubated for 5 min at 37°C without stirring. Levels of
phospho-Akt were determined after immunoblotting with
anti-phospho-Akt (Serm) antibody. Platelet samples were
separated via 10% SDS-polyacrylamide gel electrophoresis
(PAGE) and transferred onto a polyvinylidene difluoride
membrane. Immunoreactivity was detected by using a Fujifilm
Luminescent Image Analyzer (LAS-3000 CH; Fujifilm, Japan).

Results

ADP-induced platelet aggregation requires co-activation of
both the P2Y; and P2Y1, receptors in dogs

In the present study, we investigated the role of P2Y receptors
in ADP-induced dog platelet aggregation. We used the stronger
P2Y agonist 2-MeSADP instead of ADP [29]. As shown in Fig.
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Fig. 1. 2-Methylthio-adenosine diphosphate (2-MeSADP)-induced platelet aggregation in canine platelets. (A) Washed platelets from
dog were stimulated with different concentrations of 2-MeSADP for 3.5 min under stirring conditions. (B) 2-MeSADP-induced platelet
aggregation was measured in washed canine platelets in the presence of 100 nM AR-C69931MX or 100 uM MRS2179. Platelet
aggregation was measured by using a Lumi-aggregometer (Chrono-Log). The arrow indicates when agonist is added. Tracings are

representative of three independent experiments.
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Fig. 2. The effect of secreted adenosine diphosphate on thrombin-induced platelet aggregation in canine platelets. Thrombin-induced
platelet aggregation was measured in canine platelets in the presence of 10 uM GF109203X or 100 nM AR-C69931MX. The arrow
indicates when agonist is added. Tracings are representative of three independent experiments.

1, stimulation of washed dog platelets with 2-MeSADP resulted
in platelet aggregation in a concentration-dependent manner.
Application of 2-MeSADP resulted in a shape change but failed
to induce platelet aggregation in the presence of AR-
C69931MX. In addition, MRS2179, completely abolished
platelet aggregation. These results indicate that ADP-induced
platelet aggregation in the dog requires concomitant signaling
from both P2Y, and P2Y, receptors, and P2Y, alone can
produce shape change only, failing to induce platelet
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aggregation in the dog.

Thrombin-induced dog platelet aggregation requires
secreted ADP

As shown in Fig. 2, thrombin induced dog platelet
aggregation in a concentration-dependent manner. Thrombin-
induced platelet aggregation was significantly inhibited in the
presence of PKC inhibitor GF109203X indicating an important
role of G stimulation through secretion in dog platelets. This



result was further confirmed by significant inhibition of
thrombin-induced platelet aggregation in the presence of P2Y |,
antagonist AR-C69931MX in the dog. This indicates that
secreted ADP is required for thrombin-induced platelet
aggregation in the dog. These results indicate that thrombin
causes Gj stimulation by activating the P2Y 1, receptor through
secreted ADP in dog platelet aggregation.

Contribution of secreted ADP and Gi pathways to
thrombin-mediated Akt phosphorylation in dog platelets

In order to confirm the contribution of G; pathways by ADP
secreted in response to thrombin in dog platelets, we compared
Akt phosphorylation in response to thrombin in platelets from
dogs. Immunoblot analysis revealed that thrombin induced
phosphorylation of Akt at Ser'” in dog platelets (Fig. 3).
However, thrombin-induced Akt phosphorylation was inhibited
in the presence of either GF109203X or AR-C69931MX,
suggesting the contribution of G; pathways, by secreted ADP, to
Akt phosphorylation in dog platelets.

Selective stimulation of either PAR1 or PAR4 is insufficient
to cause platelet aggregation in dogs

As shown in Fig. 4, both the PAR1 agonist SFLLRN and the
PAR4 agonist AYPGKEF failed to induce platelet aggregation,
even at high concentrations, indicating selective stimulation of
either PAR1 or PAR4 is insufficient to cause dog platelet
aggregation. Interestingly, co-stimulation by SFLLRN and
AYPGKEF also failed to induce platelet aggregation.

Discussion

Characterization of the platelet receptors associated with
different agonists is essential for elucidating the thrombosis and
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Fig. 3. Role of secreted adenosine diphosphate and Gi-coupled
P2Y;, receptor signaling in Akt phosphorylation in response to
thrombin in canine platelets. Canine platelets preincubated with
100 nM AR-C69931MX or 10 uM GF109203X were stimulated
at 37°C for 3 min with thrombin (1 unit/mL). Samples were
separated by SDS-PAGE, transferred onto polyvinylidene
difluoride membranes, and phosphorylation of Akt was
measured by western blotting using an anti-phospho-Akt (Ser*’?)
antibody. B-Actin was used as a lane-loading control. Results are
representative of three independent experiments.
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hemostasis mechanisms in the dog. Although the signaling
pathways have been investigated deeply in human and mouse
platelets, little has been reported about dog platelets. The results
in earlier studies are insufficient for use in describing
agonist-induced platelet activation in dogs [3,5,12,30]. Thus,
we investigated the signaling pathways involved in dog platelet
aggregation. In this study, we characterized the underlying
mechanisms of platelet aggregation induced by 2-MeSADP and
thrombin in dog platelets, the effect of ADP secretion on
thrombin-induced platelet aggregation in dog platelets, and
described AYPGKF- and SFLLRN-induced platelet aggregation
in dog platelets.

It has been shown that ADP-induced platelet aggregation
requires co-activation of Gg-coupled P2Y; and Gi-coupled
P2Y, receptors in human and mouse platelets [6,25]. We
observed that 2-MeSADP-induced platelet aggregation was
inhibited by either AR-C69931MX or MRS2179, suggesting
that signaling events downstream of both P2Y; and P2Y),
receptors are essential for ADP-induced platelet aggregation in
dogs; moreover, neither P2Y; nor P2Y» receptors alone are
sufficient to cause platelet aggregation. Platelet shape change in
the presence of AR-C69931MX but not MRS2179 in
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Fig. 4. AYPGKF- and SFLLRN-induced platelet aggregation in
canine platelets. Washed platelets from dog were stimulated
with different concentrations of the protease-activated receptor 4
(PAR4)-activating peptide AYPGKF (A), the PART-activating
peptide SFLLRN (B), or combination of AYPGKF and SFLLRN (C)
for 3.5 min under stirring conditions. The arrow indicates when
agonist is added. Data are representative of three independent
experiments.
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2-MeSADP-induced platelet stimulation is attributable to a
shape change caused by the Gq pathway through a P2Y;
receptor not by the G; pathway through a P2Y, receptor [6].
It has been shown that thrombin stimulates PLC[3, which
activates PKC via generation of a second messenger, causing
platelet aggregation [34]. APKC selective inhibitor can abolish
o-thrombin-induced inhibition of adenylyl cyclase [26].
Thrombin-induced platelet aggregation was inhibited in the
presence of PKC inhibitor GF109203X. It has been reported
that thrombin-induced platelet aggregation depends on secreted
ADP, which stimulates G; pathways through a P2Y; receptor in
both human and mouse platelets [7,26,35]. We observed that
thrombin-induced platelet aggregation was significantly
inhibited in the presence of a P2Y; receptor antagonist, which
is consistent with previous findings [21]. This suggests the need
for secreted ADP for thrombin-stimulated platelet aggregation,
which is further supported by the fact that released ADP
stabilizes and enhances thrombin-induced human platelet
aggregation [7,14]. In order to confirm the contribution of G;
pathways through secreted ADP in response to thrombin in dog
platelets, we compared Akt phosphorylation in response to
thrombin in platelets from dogs and our immunoblot analysis
showed thrombin-induced Akt phosphorylation was inhibited
in the presence of GF109203X or AR-C69931MX. Thus, it
appears that thrombin-induced platelet aggregation requires Gi
pathway stimulation through secreted ADP in dog platelets.
Thrombin is a bivalent functional agonist in which PAR1
exists in a stable complex with PAR4 [32]. In our study, we
showed thrombin-induced platelet aggregation occurs in a
robust manner, which assures the presence of thrombin
receptors in dog platelets. When we used PARI-activating
peptide SFLLRN and the more potent PAR4 agonist AYPKGF
[13,17], the agonists could not induce aggregation in dog
platelets even at high concentrations. It may be possible that dog
platelets may have reduced affinity to bind to soluble TRAPs or
TRAPs may fail to aggregate platelets to a greater extent than
thrombin itself, or dog platelets may not respond to TRAPs
designed from human or even dog sequences, as was predicted
by some other studies [5,12,30]. Dog platelets failed to aggregate
with either of the activating peptides [8,9,12,28] suggesting the
need for further study of PARs in dog blood. The study of
agonist-induced platelet activation in dogs will help to describe
and characterize the molecular mechanisms and functional roles
of platelets in bleeding disorders of different breeds of dogs.
In summary, we conclude that, as in humans and mice, dog
platelets require co-activation of both the P2Y, and P2Y,
receptors for ADP-induced platelet aggregation. Thrombin
requires secreted ADP to induce platelet aggregation by Gi
stimulation via P2Y |, receptor activation in dog platelets, and
selective stimulation of either PAR1 or PAR4 is insufficient to
cause platelet aggregation in dogs. We propose the need for
further study of PARs to elucidate the signaling mechanism of
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thrombin-induced platelet aggregation in dogs at the receptor
level.
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