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A B S T R A C T

While changes in intracellular calcium levels is a central step in platelet activation and thrombus formation, the
contribution and mechanism of receptor-operated calcium entry (ROCE) via transient receptor potential chan-
nels (TRPCs) in platelets remains poorly defined. In previous studies, we have shown that TRPC6 regulates
hemostasis and thrombosis, in mice. In the present studies, we employed a knockout mouse model system to
characterize the role of TRPC6 in ROCE and platelet activation. It was observed that the TRPC6 deletion
(Trpc6−/−) platelets displayed impaired elevation of intracellular calcium, i.e., defective ROCE. Moreover, these
platelets also exhibited defects in a host of functional responses, namely aggregation, granule secretion, and
integrin αIIbβ3. Interestingly, the aforementioned defects were specific to the thromboxane receptor (TPR), as
no impaired responses were observed in response to ADP or the thrombin receptor-activating peptide 4 (TRAP4).
The defect in ROCE in the Trpc6−/− was also observed with 1-oleoyl-2-acetyl-sn-glycerol (OAG). Finally, our
studies also revealed that TRPC6 regulates clot retraction. Taken together, our findings demonstrate that TRPC6
directly regulates TPR-dependent ROCE and platelet function. Thus, TRPC6 may serve as a novel target for the
therapeutic management of thrombotic diseases.

1. Introduction

Platelet activation plays an important role in physiologic hemos-
tasis, whereas hyperactive platelets are known to lead to thrombotic
events such as myocardial infarction or stroke. Platelet activation is
initially triggered by subendothelial matrix such as collagen, and sub-
sequently by secondary mediators such as thromboxane A2 (TXA2), and
adenosine diphosphate (ADP), released by activated platelets [1,2].
Although these agonists stimulate different signaling pathways, all of
them induce the activation of phospholipase C (PLC) isoforms resulting
in the hydrolysis of phospatidlylinositol 1–4, 5-biphosphate (PIP2) to
diacylglycerol (DAG) and inositol-1,4,5-triphosphate (IP3) [3]. This
results in the release of Ca2+ from intracellular stores and subsequent
Ca2+ influx through plasma membrane Ca2+ channels, leading to an
increase in the cytosolic Ca2+ concentration ([Ca2+]i), and consequent
platelet activation. There are three types of Ca2+ channels in the pla-
telet plasma membrane: (i) store-operated calcium (SOC) channels
regulated by the filling state of the intracellular stores, (ii) non-SOC

channels activated by multiple modalities and (iii) receptor-operated
calcium (ROC) channels opening through ligand binding [4]. Receptor
activation results in Ca2+ release from the intracellular stores, leading
to an opening of the plasmatic Ca2+ channels and extracellular Ca2+

entry into the cell [5]. Moreover, Ca2+ signaling dysfunction may lead
to the pathogenesis of several platelet-linked disorders [6]. To this end,
abnormal Ca2+ signals in response to physiological agonists have been
associated with platelet malfunction, suggesting a role for Ca2+ in the
pathogenesis of thromboembolism [2,7,8].

The canonical transient receptor potential channel (TRPC) family of
proteins has garnered a lot of attention as a mediator of ROC entry
(ROCE), with TRPC6 shown to be activated by DAG in different cell
types [9], including human platelets [10–12]. In fact, TRPC6 have been
identified as the channels that through 1-oleoyl-2-acetyl-sn-glycerol
(OAG)–induced external calcium entry, accelerate the activation and
inactivation of human platelets [13–15]. We have previously shown
that TRPC6 deficient mice exhibit increased bleeding and occlusion
time than their wild type (WT) littermates [16]. Moreover, we also
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found that a TRPC6 inhibitor selectively inhibited TXA2 receptor (TPR)-
induced platelet function. Nonetheless, whether TRPC6 plays a direct
role in regulating platelet function remains to be confirmed. In the
present study, we sought to further investigate the role of TRPC6 in
platelet ROCE, and the importance of such regulation in platelet func-
tion, by employing the Trpc6−/− mice. Our results indicate that the
absence of TRPC6 induces a TPR/agonist-specific decrease in ROCE, in
platelet. This decrease in ROCE is associated, again, in a TPR/agonist-
selective manner, with impaired platelet aggregation, secretion, in-
tegrin αIIβ3 activation, and clot retraction.

Collectively, our studies support the notion that TRPC6 regulates
TPR-mediated ROCE, and plays an important role in platelet function.
Consequently, TRPC6 may be an attractive target for managing
thrombotic diseases.

2. Materials and methods

2.1. Reagents and materials

Antibodies against TRPC6 and control peptides were from Alomone
Labs (Jerusalem, Israel). Anti-β Actin was form Millipore (Temecula,
CA). RIPA Lysis Buffer and goat anti-rabbit IgG-HRP were from Santa
Cruz Biotechnology (Santa Cruz, CA). Phosphatase inhibitor cocktails 2
and 3, ionic detergent tween 20, indomethacin, EGTA, ADP, calcium
chloride and 1-oleoyl-2-acetyl-sn-glycerol (OAG) were from Sigma
Aldrich (St Louis, MO). BCA protein assay kit and ECL western blotting
substrate were from Pierce Biotechnology (Rockford, IL). Molecular
weight markers, ethidium bromide and immuno-blot PDVF membrane
for protein blotting were from Bio-Rad (Hercules, CA). 6 X SDS
Reducing Sample Buffer were from Boston Bioproducts (Ashland, MA).
L-dithiotheriol (DTT) was form Promega (Madison, WI). U46619,
thapsigargin and prostaglandin I2 were from Cayman Chemical (Ann
Arbor, MI). Prostaglandin E1 (Alprostadil) was from Tocris
(Minneapolis, MN). Thrombin, ATP and Luciferin-luciferase were from
Chrono-Log (Havertown, PA). Selective Protease-Activated Receptor 4,
PAR4 (AYPGKF-NH2) activating peptide (TRAP4) was from Peptides
International (Louisville, KY). Sodium citrate (3.8% w/v), Triton X-100
and D-dextrose were from Fisher Scientific (Hanover Park, IL). Hepes
Buffered Saline (HBS) was from Fisher (Pittsburgh, PA). Bovine serum
albumin (BSA) was from Equitech-Bio, Inc. (Kerrville, TX). Fura-2
acetoxymethyl ester (fura-2/AM) and Pluronic® F-127 were from
Invitrogen (Grand Island, NY). Apyrase was from Biolabs (Ipswich,
MA). FITC Hamster Anti-Mouse CD61, PE Rat Anti-Mouse CD41, FITC
Rat Anti-Mouse CD62P, Mouse Fc Block (CD16-CD32), PE Rat Anti-
Mouse IgG1k and FITC Rat Anti-Mouse IgG1k were from BD Pharmigen
(San Diego, CA). Platelets were counted in an automatic hematology
analyzer blood counter (Hemavet 958, Erba® Diagnostics (Miami Lakes,
FL).).

2.2. Mice and genotyping

Trpc6−/− mice were from Dr. Lutz Birnbaumer (NIH) and were
backcrossed for 10 generations onto a C57BL/6J background, and
genotyped as described before [16,17], using a PCR-based method. PCR
was performed using following primers: WT forward 5′-CAGATCATCT
CTGAAGGTCTTTATGC-3′, and reverse 5′-TGTGAATGCTTCATTCTGTT
TTGCGCC-3’. KO forward 5′-GGGTTTAATGTACTGTATCACTAAAGCC
TCC and reverse 5′-ACGAGACTAGTGAGACGTGCTACTTCC-3′, and re-
verse with the following PCR condition: 94 °C (7min) followed by 94 °C
(1min), 58 °C (1min), and 72 °C (1min 30 s) for 35 cycles. DNA were
run in 1% agarose gel and visualized in the gel documentation system.
The following products were observed: Trpc6+/+: 254 bp, Trpc6+/−:
254/310 bp, and Trpc6−/−: 310 bp. Western blotting was performed in
order to compare Trpc6+/+ and Trpc6−/− platelets with regard to
TRPC6 expression, in a 12% SDS-PAGE gel. Mice were housed in groups
of 1–4 at 24 °C, under 12/12 light/dark cycles, with access to water and

food ad libitum, with experiments performed at the age of 8–10 weeks
(mixed gender), except the age-dependent expression analysis. All ex-
periments involving animals were performed in compliance with the
institutional guidelines, and were approved by the Institutional Animal
Care and Use Committee.

2.3. Immunoblotting

Platelet proteins (50 μg), from whole cell lysates, from four, six and
10 week old mice, were separated on sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and electrophoretically
transferred to Immobilon-P PVDF membranes, as previously described
[18,19]. The blots were incubated with different antibodies: anti-
TRPC6, anti-actin. Following washing, the blots were incubated with
HRP-labeled anti-rabbit IgG or anti-mouse IgG as required. The anti-
body binding was detected using enhanced chemiluminescence sub-
strate (Thermo Scientific, Rockford, IL). Images were obtained with
ChemiDoc MP Imaging System (BioRad, Hercules, CA).

2.4. Platelet preparation

Mouse blood was collected from the ventricle and the citrated
(0.38%) blood was mixed with phosphate-buffered saline, pH 7.4, and
incubated with PGI2 (10 ng/mL; 5min), followed by centrifugation at
237×g for 10min at room temperature (RT). Platelet-rich plasma (PRP)
was recovered and platelets were pelleted at 483×g for 10min at RT.
The pellets were resuspended in HEPES/Tyrode's buffer (HT; 20mM
HEPES/KOH, pH 6.5, 128mM NaCl, 2.8 mM KCl, 1 mM MgCl2, 0.4 mM
NaH2PO4, 12mM NaHCO3, 5mM D-glucose) supplemented with 1mM
EGTA, 0.37 U/mL apyrase, and 10 ng/mL PGI2. Platelets were washed
and resuspended in HT (pH 7.4) without EGTA, apyrase, or PGI2.
Platelets were counted with an automated hematology analyzer (Drew
Scientific Dallas, TX) and adjusted to the indicated concentrations.

2.5. In vitro platelet aggregation

PRP from Trpc6+/+ and Trpc6−/− mice were stimulated with the
following agonists: different concentrations of U46619, ADP or TRAP4,
as described before [14]. Platelet aggregation was measured by the
turbidometric method using a model 700 aggregometry system
(Chrono-Log Corporation, Havertown, PA). Each experiment was re-
peated at least 3 times and blood was pooled from at least three sepa-
rate groups of eight mice.

2.6. Dense granule release

Platelets were prepared as described above (250 μL; 2.5× 108/mL)
before being placed into siliconized cuvettes and stirred for 5min at
37 °C at 1200 rpm. The luciferase substrate/luciferase mixture (12.5 μL,
Chrono-Log) was then added, followed by the addition of U46619, ADP
or TRAP4.

2.7. Measurement of receptor-operated calcium entry

Intra-platelet calcium was measured using Fura-2-acetoxymethyl
ester (Fura-2AM) as described [19]. Mice platelets (2.0× 108/ml) were
labeled with 12.5 μM Fura-2AM and 0.2% Pluronic F-127 in HEPES/
Tyrode buffer (pH 7.4) for 45min at 37 °C. After washing, the platelets
were resuspended without apyrase to a concentration of 2.0× 108/ml.
Samples (1 ml) were added to siliconized cuvettes, recalcified with
0.7 mM CaCl2, were stimulated with Thapsigargin (TG) 100 nM for
180 s and then stimulated with 1.5 μM U46619, 10 μM ADP or 80 μM
TRAP4. Furthermore, platelet suspensions were incubated for 60 s with
indomethacin (10 μM) when 1 μM ADP was the agonist, for 3min with
constant stirring. Fluorescence was analyzed by excitation at 340 nm
and 380 nm and emission was measured at 509 nm using a model
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LS50B Luminescence Spectrometer (PerkinElmer Instruments, Shelton,
CT). The ratio of fura-2 emissions were calculated simultaneously using
FL WinLab software and converted to [Ca2+]i, as described previously
[19]. Briefly, Changes in 340/380 nm fura-2 fluorescence ratio were
calibrated using Triton x-100 and EGTA in terms of [Ca2+]i [20]. Ca2+

entry was estimated as the integral of the rise in [Ca2+]i when the
maximum point of the curve was attained, and compared to the max-
imum point observed of the trace after addition of the agonist, and
applying the equation of Grynkiewicz to convert fura-2 ratios to [Ca2+]i
[21,22]. Of note, this experimental design (TG pre-stimulation) is es-
sential for measuring ROCE, independent of “contamination” by cal-
cium mobilization or SOCE, given the relativel lower magnitude of
ROCE, compared to other means of intracellular calcium [23]. Hence,
the GPCR agonist was added after TG would have “triggered” and
“eliminated” contribution from (1) Ca2+ release from intracellular
Ca2+ pools, (2) passive depletion of intracellular Ca2+ stores through
SERCA inhibition, and (3) store operated Ca2+ entry (SOCE), with the
exception of ROCE.

2.8. Flow cytometry

Flow cytometric analysis was carried out as discussed before
[18,19,24,25]. Briefly, 5 μL of whole blood were added to tubes con-
taining 95 μL HBS, and preincubated with anti-mouse CD16/CD32 Fc
block (1μg/condition) for 15min. Suspensions were centrifuged
(1200×g, 5 min) and the pellet resuspended in 100 μl PBS-Hepes Buffer
Saline (HBS) with 1% BSA and 0.1% sodium azide. Platelets were then
activated with U46619 (1.5 μM), ADP (10 μM) or TRAP4 (80 μM) for
2min at room temperature. Controls were incubated with the same
volume of the vehicle used for dilute the agonists. Some samples were
incubated with indomethacin (10 μM) for 1min before the addition of
ADP. Platelets were incubated with FITC-conjugated anti-P-selectin or
JON/A antibodies at room temperature for 30min in the dark. The
platelets were then diluted 2.5-fold with HEPES/Tyrode's buffer (pH
7.4). The samples were transferred to FACS-tubes and fluorescent in-
tensities were measured using a BD Accuri C6 flow cytometer and

analyzed using CFlow Plus (BD Biosciences, Franklin Lakes, NJ).

2.9. Clot retraction assay

The clot retraction assay was performed as we described before
[19,25]. Briefly, blood was collected from the ventricle, followed by
centrifugation at 237×g for 10min at RT to collect PRP, before plate-
lets were pelleted at 483×g for 10min at RT. The pellets were re-
suspended in HEPES/Tyrode's buffer supplemented with 1mM EGTA,
0.37 U/mL apyrase, and 10 ng/mL PGI2. Washed platelets were isolated
as discussed above. CaCl2 was added extemporaneously at a final con-
centration of 1mM, and 2 μl of erythrocytes were also added to enhance
the contrast of the clot. First, a 10% (w/v) polyacrylamide cushion was
polymerized at the bottom of the tubes to avoid clot adherence. Tubes
were then rinsed extensively in distilled water. In platelet samples, fi-
brinogen (500 μg/mL) was added, and clot retraction was initiated by
thrombin (0.4 U/mL), at room temperature. Pictures were taken at time
intervals using a digital camera, and retraction quantified by digital
processing and plotted as percentage of maximal retraction.

2.10. Platelet count

We counted platelets in whole blood obtained from knockout and
wildtype mice using a HEMAVET® 950FS Multi‐species Hematology
System from Erba® Diagnostics (Miami Lakes, FL).

2.11. Statistical analysis

All experiments were performed at least three times, with blood
pooled from at least 6–8 mice each time. Analysis of the data (student t-
test) was performed using GraphPad PRISM statistical software (San
Diego, CA). Significance was accepted at P < 0.05 (two-tailed P value),
unless stated otherwise.

Fig. 1. TRPC6 deficiency does not affect platelet count but results in defective receptor-operated calcium entry is defective in Trpc6−/− platelets. (A)
Platelet extracts (2×108/ml) were prepared from Trpc6+/+ and the Trpc6−/− mice, and proteins (including β-Actin as loading control) were probed using Western
Blot. (B) Platelet count was performed for the Trpc6+/+ and the Trpc6−/− mice.
Trpc6+/+ and Trpc6−/− washed platelets were loaded with Fura-2/AM and activated with either U46619 (5 μM; C; inset shows quantification of data expressed as
mean [Ca2+]i ± SEM (n=3)); ADP (10 μM; D; inset shows quantification of data expressed as mean [Ca2+]i ± SEM (n=3)); TRAP4 (80 μM; E; inset shows
quantification of data expressed as mean [Ca2+]i ± SEM (n=3)), or ADP (10 μM; F inset shows quantification of data expressed as mean [Ca2+]i ± SEM (n=3)))
in the absence of indomethacin, before the maximum intracellular calcium levels were measured at the end of the measurement. (G) Trpc6+/+ and Trpc6−/− washed
platelets were loaded with Fura-2/AM and activated with OAG (150 μM). NS: Non-significant; *P< 0.05; ***P<0.001; ****P< 0.0001, t-test. Each experiment was
repeated 3 times, with blood pooled from three groups of 8–10 mice that were 8–10 weeks old. Data was analyzed using t-test.
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3. Results

3.1. TRPC6 deficiency does not affect platelet count

To discern the direct role of TRPC6 in platelets, we studied platelet
function in mice with a global knockout of the Trpc6 gene (Trpc6−/−).
The TRPC6 knockout strain showed no physical differences in com-
parison to their wild-type littermates, with both strains being a viable
and healthy offspring. We first verified the genotype of the TRPC6 mice
by analysis of genomic DNA, as we did previously [16] (data not
shown), and by western blot (Fig. 1A). Furthermore, analysis of per-
ipheral blood samples of Trpc6−/− mice and wild-type littermates
showed that Trpc6−/− mice have normal platelet counts (Fig. 1B).
These data suggest that TRPC6 deficiency does not affect thrombopoi-
esis.

3.2. Receptor-operated calcium entry is defective in Trpc6−/− platelets

Given that TRPC6 is a calcium channel, and that our previous
pharmacological inhibitor findings showed that platelet function criti-
cally depends on increases in cytosolic calcium [Ca2+]i concentration
[19], we examined the direct role/effect of TRPC6 deletion on ROCE. It
was found that [Ca2+]i/ROCE was impaired in response to the TPR
agonist U46619 (5 μM) in theTrpc6−/− compared to their wild-type
littermates (Fig. 1C; inset shows data quantification). On the other
hand, there was no difference between the knockout and wild-type
platelets, in response to separate agonists, namely ADP (10 μM; Fig. 1D;
inset shows data quantification) or the selective protease-activated re-
ceptor 4 agonist, namely thrombin-receptor activating peptide 4
(TRAP4; 80 μM; Fig. 1E; inset shows data quantification). These results
indicate that TRPC6 selectively mediates TPR-dependent ROCE, and
suggests that it plays a critical role in platelet function. We also ex-
amined the ability of a documented TRPC6 agonist, the membrane
permeable analogue of diacylglycerol (DAG), namely 1-oleoyl-2-acetyl-
sn-glycerol (OAG) to modulates calcium levels. Our results revealed
that TRPC6 deletion impaired OAG-triggered ROCE (Fig. 1G).

3.3. Deletion of TRPC6 alters agonist-induced platelet aggregation

We next examined if platelet function is affected by Trpc6 gene
deletion, by analyzing the platelet aggregation response, which is
measured as a decrease in turbidity of a platelet-containing solution
over time. Our studies demonstrated that the Trpc6−/− platelets ex-
hibited a defect in platelet aggregation stimulated by the TPR agonist
U46619 (1.5 μM or 5 μM) when compared to Trpc6+/+ controls
(Fig. 2A; data quantification is shown in Fig. 2K). Conversely, no sig-
nificant differences in aggregation were seen when ADP was used (5 μM
or 10 μM; Fig. 2B). Additional experiments were performed using
TRAP4 (40 μM or 80 μM), but no significant difference in aggregation
was observed between the Trpc6−/− and Trpc6+/+ platelets (Fig. 2C).
These results are consistent with the ROCE phenotype, and support the
notion that the TRPC6 plays an important role in platelet activation in
response to TPR, but not the ADP receptors or PAR4.

3.3.1. Dense and alpha granules release is defective in TRPC6-deficient
platelets

In the next set of experiments, we sought to determine whether the
TRPC6 deletion would exert inhibitory effects on platelet secretion.
Hence, the Trpc6+/+ and Trpc6−/− platelets were stimulated with
various agonists and the ATP release (marker of dense granules) and p-
selectin expression (marker of alpha granules) were measured. It was
observed that ATP release and p-selectin expression were defective in
the Trpc6−/− platelets when compared to Trpc6+/+ platelets, when
stimulated with U46619 (1.5 μM or 5 μM; Fig. 2E, I). On the other hand,
there was no significant difference in ATP release or p-selectin ex-
pression when the knockout and wild-type platelets were stimulated

with either ADP (5 μM or 10 μM; Fig. 2F, I) or TRAP4 (40 μM or 80 μM;
Fig. 2G, I). These results indicate that TRPC6 plays an important role in
platelet secretion, and that it does so in a manner that is selective to
TPR stimulation.

3.3.2. Integrin αIIbβ3 activation is impaired in Trpc6−/− platelets
Integrin αIIbβ3 plays an important role in platelet aggregation in

response to physiological agonists, and hence mediates thrombus for-
mation [26,27]. We next investigated whether the impaired aggrega-
tion response would be associated with a commensurate inhibition of
integrin αIIbβ3 activation. Indeed, our results indicated that the acti-
vation of integrin αIIbβ3 is significantly reduced (28% inhibition) in
Trpc6−/− compared to Trpc6+/+ platelets in response to U46619
(1.5 μM; Fig. 2J), but not with ADP (10 μM; Fig. 2J), or TRAP4 (80 μM;
Fig. 2J).

3.4. Indomethacin reveals defects in ADP-induced platelet function in
Trpc6−/− platelets

When the aforementioned experiments were repeated in the absence
of indomethacin, a difference between ADP-stimulated ROCE, ag-
gregation, secretion and integrin activation was revealed between the
knockout and wild-type platelets (Figs. 1F, 2D and 2H, 2I and 2J).
These results suggest that when ADP-induced platelet activation is ex-
amined under experimental conditions that allow for the involvement
of TXA2, a defect or difference between the TRPC6 deletion and wild-
type platelets is “unmasked”.

3.5. Clot retraction is impaired in Trpc6−/− platelets

Platelet hyperactivity is associated with a number of pathophysio-
logical conditions leading to abnormal clot formation, resulting in heart
attacks and stroke. To investigate the possibility that TRPC6 may reg-
ulate the ability of platelets to generate contractile forces, we analyzed
the effect of TRPC6 deletion on clot retraction. It was found that clot
retraction was significantly delayed/inhibited in Trpc6−/− compared
with Trpc6+/+ platelets (Fig. 3). These results indicate that TRPC6
plays a key role in the generation of contractile forces, i.e., clot re-
traction.

3.6. TRPC6 expression in platelets increases with time

It was previously reported that the expression level of TRPC6
strongly depends on age of cells [28]. For example, TRPC6 expression
was found to be upregulated by 6-fold with time, in fibroblasts [28]. It
may be the case that the expression level of TRPC6 is age-dependent in
megakaryocytes/platelets. This was indeed found to be the case, as the
expression level of TRPC6 was found to increase with age in (wild-type)
platelets (Fig. 4).

4. Discussion

There is evidence that calcium release from intracellular Ca2+ pools
is transient and sometimes insufficient for full activation of platelets
[29–31]. Under these conditions, Ca2+ influx through plasma mem-
brane channels is essential for maintaining sustained Ca2+ signals and
refilling the intracellular Ca2+ compartments. Moreover, TRPC6
channels have been described as Ca2+-permeable cation channels re-
sponsible for receptor-operated/mediated Ca2+ entry (ROCE) in a
variety of excitable and non-excitable cells, including platelets [32–34].
In fact, TRPC6 plays an important role in platelet function by regulating
many different signaling pathways, including Ca2+ entry/ROCE
[16,19,35–40]. To this end, while we have previously reported, using
the TRPC6 deficient mice, that this channel plays an important role in
hemostasis and thrombogenesis, whether it directly regulates platelet
activation remains to be determined [16]. As for human platelets, using
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a TRPC6 inhibitor, we showed that TRPC6 regulates platelet activation
and ROCE in a thromboxane receptor (TPR)-dependent manner [19].
Given the limitations of pharmacological inhibitors, including concerns
of non-specificity, we sought to investigate if TRPC6 plays a direct role
in platelets, using our deletion mice. In the present study, we have
found that Trpc6−/− platelets exhibited an agonist/TPR-specific defi-
ciency in ROCE, which resulted in impaired platelet activation and clot
retraction.

Consistent with the notion that TRPC6 is a Ca2+-permeable cation
channel, and the one described as responsible for ROCE in platelets
[33,36,41], our results did indeed show a significant reduction in
([Ca2+]i in the Trpc6−/− platelets, which is commensurate with in-
hibition of ROCE. This data provides further evidence that TRPC6
modulates calcium homeostasis, in mouse platelets. As was the case
with human platelets [19], the defect in ROCE was specific to agonists
for the TPR pathway, as no effects were observed in response to ADP
and the PAR4 agonist TRAP4, which supports the notion that TRPC6
regulates ROCE in a receptor specific manner. Also similar to our
human platelet studies, our results have shown that Trpc6−/− platelets
are defective in their aggregation, as well as dense and alpha granules
release, which was again selective to the TPR pathway. The defect in
secretion is consistent with a previous study that utilized an antibody
that recognizes an extracellular amino acid sequence of TRPC6 [37]. Of
note, there seems to be cell-specific differences with regard to regula-
tion of agonist-induced function by TRPC6, as another study reported a
vital role for the latter in thrombin-mediated endothelial cell contrac-
tion [23].

Our results also revealed that the Trpc6−/− platelets displayed
impaired TPR-mediated integrin αIIbβ3 activation. These results

indicate that the full activation of integrin αIIbβ3 downstream of TPR
requires a threshold of intracellular calcium levels, some of which in-
volves ROCE via TRPC6. This finding, and others, indicates that the
platelet TRPC6 function is highly selective and depends on the activa-
tion of TPRs, but not PAR4 or the P2Y1 receptor. While this TPR spe-
cific phenotype is consistent with our human studies [19], some may
consider them surprising given that the ADP and PAR4 pathways are
also known to couple to Gq. Nonetheless, this finding provides evidence
of the spatial or compartmentalized nature of TPR and/or its Gq, and
the TRPC6-mediated regulation of calcium entry in platelets, as was
previously documented with other cell systems [39,42].

Given the defect in its activation, and the fact that αIIbβ3 “outside-
in” signaling is known to contribute to a number of platelet functional
responses, including clot retraction [43], the latter was investigated in
the TRPC6 deficient platelets. Indeed, clot retraction was defective in
the Trpc6−/− platelets. This finding suggests that the αIIbβ3 defects
observed in Trpc6−/− are mainly related to a compromised capacity to
keep the [Ca2+]i at suitable/threshold levels, as a result of impaired
ROCE.

Collectively, these data serve, at least in part, as the underlying
basis, and are consistent with/explain the phenotype we previously
described in TRPC6 KO mice in vivo, i.e., namely impaired hemostasis
and occlusive thrombus formation [16]. Moreover, our findings support
the notion that anti-TRPC6 agents may have therapeutic implications in
the context of cardiovascular disease. It is noteworthy that aside from
expressing high levels of TRPC6, platelets are known to express low
levels of TRPC1 [12,44], albeit the former is exclusively on the plasma
membrane, whereas the latter is mostly in/on the intracellular mem-
brane [12]. Moreover, the TRPC1 deletion mice/platelets displayed no

Fig. 2. Deletion of TRPC6 alters agonist-induced platelet aggregation, dense granule, alpha granules release and integrin αIIbβ3 activation. Trpc6+/+ and
Trpc6−/− mouse PRP containing 3× 108 platelets/ml, were stimulated with either U46619 (1.5 μM and 5 μM; (A)), ADP (5 μM and 10 μM; (B)); or TRAP4 (40 μM
and 80 μΜ; (C)) before the aggregation response was examined. (D) Trpc6+/+ and Trpc6−/− mouse PRP containing 3× 108 platelets/ml was stimulated with ADP
(10 μM) in the absence of indomethacin, before the aggregation response was examined. Each experiment was repeated 3 times, with blood pooled from three groups
of 8–10 mice. (E–G) 12.5 μL of luciferase luciferin was added to Trpc6+/+ and Trpc6−/− platelets before they were stimulated with either U46619 (1.5 μM and 5 μM;
(E)), ADP (5 μM and 10 μM; (F)); TRAP (40 μM and 80 μΜ; (G)). (H) Trpc6+/+ and Trpc6−/− Platelets were stimulated with ADP (10 μM) in the absence of
indomethacin. Release of ATP (for dense granule release) as a luminescence was measured by aggregometer. Each experiment was repeated 3 times, with blood
pooled from three groups of 8–10 mice. Trpc6+/+ and Trpc6−/− washed platelets were stimulated with either U46619 (5 μM), ADP (10 μM; in the presence or
absence of indomethacin); or TRAP4 (80 μΜ) for 5 min. The reactions were stopped by fixing the platelets with 2% formaldehyde for 30 min at room temperature. (I)
Platelets were incubated with FITC-conjugated anti-P-selectin antibody (for alpha granule), or (J) with FITC-conjugated anti-JON/A antibody (for integrin αIIbβ3).
The fluorescent intensities were measured by flow cytometry, and the data were plotted as bar diagram; ***P < 0.001; NS: Non-significant, t-test. (K) Quantification
of U46619-induced aggregation in the Trpc6+/+ and Trpc6−/− platelets; **P < 0.01. Each experiment was repeated 3 times, with blood pooled from three groups of
8–10 mice that were 8–10 weeks old. Data was analyzed using t-test.
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apparent defects with regard to calcium homeostasis and platelet
function [2].

Interestingly, when platelet function was assessed in the absence of
the COX-1 inhibitor indomethacin, a “slight” defect/inhibition in pla-
telet function in response to ADP was observed/unmasked. This finding
is not necessarily surprising given the previously established role for
COX-1/TXA2/TPR in amplifying platelet activation and secretion via
feedback mechanisms [23,45], as well as the role of phospholipase A2

in ADP-induced platelet activation [46]. Thus, when the experimental
conditions allow for the contribution of the synthesized TXA2 to ADP-
induced platelet function, a defect appears. Notably, the “unmasked”
differences between the TRPC6 deletion and wildtype platelets did not
always reach statistical significance, which we believe is attributed to
the resolution of the assay we employed, but could also be dose de-
pendent.

It is to be noted that another research group found no apparent
“platelet” phenotype in the TRPC6 deficient mice/platelets, other than
a defect in calcium entry triggered by diacylglycerol [3]. The dis-
crepancies seem to derive-at least-from the following: 1. The genetic
background of the mice, since ours were backcrossed 10 generations
onto C57BL/6J, whereas it appears theirs were not (otherwise is not
indicated); 2. differences in the age of the animals used in their study
versus ours (4–12 weeks versus 8–10 weeks); and 3. differences in ex-
perimental conditions such as agonist concentrations, and the type of
platelet preparation (platelet rich plasma (PRP) versus washed plate-
lets, in our and their studies, respectively). The suggestion that age
contributed to the differences is consistent with this findings that TRPC
calcium dynamics and the expression of TRPC6 strongly depend on the
growth stage of cells, or on their age [28]. To this end, it was shown

that TRPC6 expression in fibroblasts is upregulated over time (up to 6-
fold). As for platelets (megakaryocytes), we found that the expression
level of TRPC6 is indeed age-dependent, and hence the four or six week
old wild-type animals used by the other research group may not have
expressed “much/enough” TRPC6 to reveal a phenotype/difference in
comparison with the knockout mice.

It is also noteworthy that TRPC proteins have been reported to as-
sociate with different Ca2+-handling proteins, including the type II
inositol 1,4,5-trisphosphate receptor, the endoplasmic reticulum Ca2+

sensor STIM1 (STromal Interaction Molecule-1) or the Ca2+ permeable
channel Orai1 [39]. The dynamic interaction of TRPC channels with the
above mentioned proteins has been found to be important for both
store-operated and capacitative Ca2+ entry, as well as for non-capaci-
tative Ca2+ influx. The former is a major mechanism for Ca2+ entry in
human platelets. This mechanism, activated by a reduction in the
concentration of free Ca2+ in the intracellular stores, results in the
formation of signaling complexes involving STIM proteins, Orai1,
Orai2, TRPC1 and TRPC6 [47]. There is a growing body of evidence
supporting that Ca2+ signaling dysfunction plays an important role in
the pathogenesis of several platelet-linked disorders [6]. Abnormal
Ca2+ signals in response to physiological agonists have also been as-
sociated with platelet hyperactivity, thus suggesting a role for Ca2+

handling proteins, including TRPs, in the pathogenesis of coagulation
defects.

In summary, these data demonstrate that TRPC6 plays a key role in
intracellular calcium changes, namely, the regulation of TPR-mediated
ROCE. In turn, TRPC6 modulates platelet aggregation, secretion, in-
tegrin activation and clot retraction. These data indicate that TRPC6
may be a potential therapeutic target for managing thrombotic

Fig. 3. Clot retraction is impaired in Trpc6−/−

platelets. (A) Trpc6+/+ and Trpc6−/− platelets
were washed and resuspended at 1× 108/mL in
buffer (see “Methods”) in the presence of 500 μg/mL
fibrinogen, with erythrocytes included to enhance
visualization. Fibrin clot formation was initiated by
thrombin (0.4 U/mL) at 37 °C. Images represent
time-frame of a retracting clot at the indicated time
points. (B) Clot retraction quantification by digital
processing and plotted as percentage of clot retrac-
tion; *P < 0.05; ***P < 0.001; ****P < 0.0001,
t-test. This experiment was repeated 3 times, with
blood pooled from three groups of 8–10 mice that
were 8–10 weeks old.

E.V. Paez Espinosa, et al. Biochemistry and Biophysics Reports 20 (2019) 100685

6



disorders.
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