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ION CHANNELS, RECEPTORS AND TRANSPORTERS

Store-operated Ca”" entry in platelets occurs independently
of transient receptor potential (TRP) C1
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Abstract Changes in [Ca®"]; are a central step in platelet
activation. In nonexcitable cells, receptor-mediated deple-
tion of intracellular Ca”" stores triggers Ca”" entry through
store-operated calcium (SOC) channels. Stromal interaction
molecule 1 (STIM1) has been identified as an endoplasmic
reticulum (ER)-resident Ca®>" sensor that regulates store-
operated calcium entry (SOCE), but the identity of the SOC
channel in platelets has been controversially debated. Some
investigators proposed transient receptor potential (TRP)
C1 to fulfil this function based on the observation that
antibodies against the channel impaired SOCE in platelets.
However, others could not detect TRPC1 in the plasma
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membrane of platelets and raised doubts about the
specificity of the inhibiting anti-TRPC1 antibodies. To
address the role of TRPCI in SOCE in platelets, we
analyzed mice lacking TRPCI. Platelets from these mice
display fully intact SOCE and also otherwise unaltered
calcium homeostasis compared to wild-type. Furthermore,
platelet function in vitro and in vivo is not altered in the
absence of TRPCI. Finally, studies on human platelets
revealed that the presumably inhibitory anti-TRPCI1 anti-
bodies have no specific effect on SOCE and fail to bind to
the protein. Together, these results provide evidence that
SOCE in platelets is mediated by channels other than
TRPCI.

Keywords Ca’® channels - Ca®"-activated channels -
Ion channel - Platelets - Thrombin

Introduction

Changes in [Ca®"]; play a central role in signaling processes
in virtually all cells. In nonexcitable cells, such as platelets,
the major Ca®" entry pathway involves receptor-mediated
release of Ca*" from the sarcoplasmic/endoplasmic reticu-
lum (SR/ER) which triggers Ca®" influx through the plasma
membrane (PM) by a process referred to as store-operated
calcium entry (SOCE) [1]. Stromal interaction molecule
(STIM) 1 has recently been identified as an ER-resident
calcium sensor that activates store-operated calcium (SOC)
channels in T cell lines [2—4] and mast cells [5]. In human T
cells, the four transmembrane domain protein Orail
(CRACM1) appears to be the predominant SOC channel
[6, 7], but the C-terminal region of STIMI may also
interact with other SOC channel candidates such as
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transient receptor potential channels (TRPCs) 1, 2, and 4
[8]. We have recently shown that an activating EF hand
mutant of STIM1 constitutively activates SOC channels in
mouse platelets leading to macrothrombocytopenia and a
bleeding phenotype [9]. While this indicates that STIM1-
dependent SOCE is a major pathway of Ca”" entry in
platelets, the identity of the platelet SOC channel remains
a matter of considerable debate. TRPCI1, which is present
in human platelets [10, 11] and murine megakaryocytes
(detected on the mRNA level [12]) has been proposed as
the major platelet SOC channel based on in vitro studies
where a blocking antibody against the protein (obtained
from Alomone Labs, Israel) caused impairment of SOCE
stimulated by low doses of thrombin and the sarcoplasmic/
endoplasmic reticulum calcium ATPase (SERCA) inhibi-
tor thapsigargin (TG) [13]. These investigators reported
that store depletion caused the de novo conformational
coupling of IP3R type II in the stores with the TRPCI
channel suggested to be present in the plasma membrane
[14, 15]. The same group further suggested that TRPCI
was present in lipid rafts and associated with TRPC4 and
TRPCS5, as was TRPC3 with TRPC6 associated [16].
Recently, another group also reported the expression of
TRPC3 and TRPC4 [17]; however, other investigators
were unable to detect TRPC3, TRPC4, or TRPCS5 at the
protein level, and the low levels of TRPCI1 detected were
found predominantly in the intracellular stores in contrast
to TRPC6 which was strongly detected in the plasma
membrane [18]. There is no reported detection of TRPC5
mRNA in platelets and megakaryocytes which questions
the expression of this protein [11, 12] and doubts have
been raised regarding the antibody used to detect TRPC4
[19]. There are further doubts raised regarding the
specificity of the Alomone TRPC1 antibody used by the
Rosado group with a reported lack of recognition of
overexpressed hTRPCI1 in heterologous systems [20] and
another report stating that this antibody did not have any
significant effect on Ca®" entry induced by either TG or
thrombin [21]. Recently, the de novo conformational
coupling mechanism itself involving TRPC1 in Ca®" entry
has been questioned and a more prominent role for a Na'/
Ca®" exchanger working in reverse mode has been
suggested after a possible Na* entry event that may be
mediated by TRPC1 [22]. In the light of these controver-
sies and to address the role of TRPC1 in platelets directly,
we analyzed TRPC1-deficient mice [23, 24]. We show that
the lack of TRPC1 has no effect on Ca®" store release and
SOCE in platelets and does not influence their function in
vitro or in vivo. Our findings on human platelets also
indicate the absence of an interaction between TRPC1 and
STIM1, suggesting that SOCE in platelets is mediated by
channels other than TRPCI.
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Materials and methods

Mice Animal studies were approved by the local authorities
(Bezirksregierung of Unterfranken). Generation of TRPC1™"~
mice has been described previously [23].

Chemicals and antibodies Anesthetic drugs: medetomidine
(Pfizer, Karlsruhe, Germany), midazolam (Roche Pharma
AG, Grenzach-Wyhlen, Germany), and fentanyl (Janssen-
Cilag GmbH, Neuss, Germany) and antagonists: atipamezol
(Pfizer, Karlsruhe, Germany), flumazenil, and naloxon
(both from Delta Select GmbH, Dreieich, Germany) were
used according to the regulation of the local authorities.
ADP (Sigma, Deisenhofen, Germany), U46619 (Alexis
Biochemicals, San Diego, USA), thrombin (Roche Diag-
nostics, Mannheim, Germany), collagen (Kollagenreagent
Horm, Nycomed, Munich, Germany), and TG (Molecular
Probes) were purchased. Monoclonal antibodies conjugated
to fluorescein isothiocyanate (FITC), phycoerythrin (PE), or
DyLight-488 were from Emfret Analytics (Wiirzburg,
Germany).

RNA isolation and RT-PCR Platelet mRNA was isolated
from 3 ml blood using Trizol reagent (Invitrogen, Karls-
ruhe, Germany). cDNA was synthesized using 1 ug platelet
total mRNA and Super Script Reverse Transcriptase
(Invitrogen, Karlsruhe, Germany) as described by the
manufacturer. Gradient PCR was performed using TRPCI
and actin-specific primers.

Western blotting TRPC1 was detected after immunoprecip-
itation of the protein from wild-type and TRPCI
platelets as described previously [18]. TRPC1 was
extracted by immunoprecipitation from platelet lysates
using the polyclonal anti-XTRP-1 antibody (a generous
gift from G. Barritt, Adelaide, Australia) previously
demonstrated to recognize TRPC1 [20]. The immunopreci-
pitates were Western blotted using the TRPC1 recognizing
monoclonal antibody 1F1 (a generous gift from Dr. L.
Tsiokas, Oklahoma, USA).

Intracellular calcium measurements Mouse platelet intra-
cellular calcium measurements were performed as de-
scribed [25]. Briefly, platelets isolated from blood were
washed, suspended in Tyrode’s buffer without calcium, and
loaded with Fura-2/AM (5 uM) in the presence of Pluronic
F-127 (0.2 pg/ml; Molecular Probes) for 30 min at 37°C.
After labeling, platelets were washed once and resuspended
in Tyrode’s buffer containing 0 or 1 mM Ca®". Stirred
platelets were activated with agonists, and fluorescence was
measured with a PerkinElmer LS 55 fluorimeter. Excitation
was alternated between 340 and 380 nm, and emission was
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measured at 509 nm. Each measurement was calibrated
using Triton X-100 and ethylene glycol bis(2-aminoethyl
ether)-N,N,N',N'-tetraacetic acid (EGTA). For the experi-
ments with SzimI5*" mice and the respective controls,
intracellular calcium measurements were performed by
flow cytometry as described [9].

Platelet aggregation and flow cytometry Washed platelets
(200 ul with 0.5x10° platelets/yul) were analyzed in the
presence of 70 pg/ml human fibrinogen. Transmission was
recorded on a Fibrintimer 4 channel aggregometer (APACT
Laborgerdte und Analysensysteme, Hamburg, Germany)
over 10 min and was expressed in arbitrary units with
buffer representing 100% transmission. Flow cytometry:
Heparinized whole blood was diluted 1:20 and incubated
with appropriate fluorophore-conjugated monoclonal anti-
bodies for 15 min at room temperature and analyzed on a
FACScalibur instrument (Becton Dickinson, Heidelberg,
Germany).

Adhesion under flow conditions Rectangular coverslips
(24x60 mm) were coated with 0.2 mg/ml fibrillar type I
collagen (Nycomed, Munich, Germany) for 1 h at 37°C and
blocked with 1% bovine serum albumin (BSA). Heparinized
whole blood was perfused as described [26]. Image analysis
was performed off-line using the Metavue software (Visitron,
Munich, Germany). Thrombus formation was expressed as
the mean percentage of total area covered by thrombi.

Bleeding time Mice were anesthetized and a 3-mm segment
of the tail tip was removed with a scalpel. Tail bleeding was
monitored by gently absorbing blood with filter paper at
20 s intervals without making contact with the wound site.
When no blood was observed on the paper, bleeding was
determined to have ceased. Experiments were stopped after
20 min.

Intravital microscopy of thrombus formation in FeCl;-
injured mesenteric arterioles Four-week-old mice were
anesthetized, and the mesentery was exteriorized through
a midline abdominal incision. Arterioles (35-60 pm diam-
eter) were visualized with a Zeiss Axiovert 200 inverted
microscope (x10) equipped with a 100-W HBO fluorescent
lamp source, and a CoolSNAP-EZ camera (Visitron,
Munich Germany). Digital images were recorded and
analyzed off-line using the Metavue software. Injury was
induced by topical application of a 3-mm?” filter paper
saturated with FeCly (20%) for 10 s. Adhesion and
aggregation of fluorescently labeled platelets (Dylight-488
conjugated anti-GPIX Ig derivative) in arterioles was
monitored for 40 min or until complete occlusion occurred
(blood flow stopped for >1 min).

Human platelet studies Blood from volunteers who had
denied taking any medication for 1 week was taken into
one tenth volume 3.2% trisodium citrate according to local
ethical guidelines and washed platelets prepared according
to the methods described in detail previously [18]. Platelets
labeled with Fura-2/AM were resuspended at 1.5x 10® cells/
ml and monitored for Ca®" changes using a Cairn
spectrofluorimeter (Cairn Research, Faversham, Kent,
UK) with excitation at 340 and 380 nm and emission at
510 nm. Reagents were added at the time points described
in the legends to the figures. Anti-TRPC1 antibody was
from Alomone Labs (Isracl) and Ank (raised to the
intracellular first ankyrin domain of hTRPC1) was as
previously characterized [18]. Where indicated, values
represent the means=SEM with numbers of separate experi-
ments indicated by [n].

For immunoprecipitation studies, washed platelets were
resuspended at 1x10° cells/ml in a Tyrode medium
containing 10 mM Hepes, 140 mM NaCl, 5 mM KClI,
1 mM MgCl,, 5 mM glucose, 0.42 mM NaH,PO4-H,0,
12 mM NaHCOs, 0.2 mM EGTA, 10 uM indomethacin,
and 1 U/ml apyrase. Incubations were carried out in
aggregation cuvettes at 37°C in the presence of 1 mM
Ca*", and cells were stimulated with either thrombin
(1.25 U/ml), collagen-related peptide (CRP, 10 pg/ml), or
TG (10 uM). After 1 min stimulation, incubations were
stopped with equal volume Triton lysis buffer (containing
2% Triton, 2% sodium deoxycholate, 10 mM EGTA,
150 mM NaCl, 40 mM Tris pH 7.8, 5 uM pepstatin,
1 mM PMSF, 10 pg/ml aprotinin, 0.2 mg/ml soybean
trypsin inhibitor, 10 uM E-64, 50 uM leupeptin, 1 mM
sodium orthovanadate, 5 mM benzamidine, and 2.5 mM
ethylene diamine tetraacetic acid). The lysates were
centrifuged at 13,000xg for 5 min to remove insoluble
material, and after preclearing with protein G sepharose, the
STIM1 was immunoprecipitated using polyclonal anti-
STIM1 antibody (ProSci, Poway, CA, USA) as described
previously [18]. Immunoprecipitated STIM1 was detected
by Western blotting using the monoclonal antibody GOK/
STIM1 (BD Biosciences, Oxford, UK) and for association
to TRPC1 with 1F1.

Results

RT-PCR revealed the presence of wild-type and mutant
TRPCI mRNA message in control and TRPCI™" platelets,
respectively (Fig. 1a). Omission of exon 8 in the mutant
mRNA message leads to a frame shift of the original
reading frame and results in a STOP codon at positions 2
and 9 of exon 9 coding for the region downstream of the
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Fig. 1 Ca®" signaling is not altered in TRPCI™" platelets. a RT-PCR
analysis of platelet TRPC! mRNA. In wild-type (+/+) platelets, a band
was observed at the expected size of approximately 400 bp, whereas
the expected shorter product was obtained from TRPCI™~ (—/-)
platelets. TRPCl-specific forward (CATGGAGCATCGTATTTCAC)
and reverse (GAGTCGAAGGTAACTCAGAA) primers were used.
Actin served as control. b Immunoprecipitations of lysates from wild-
type (+/+) or TRPCI™~ (—/-) platelets using XTRP1 were analyzed
for TRPC1 using 1F1 antibody. TRPCI migrates at approximately
84 kDa. Protein G migrating at 65 kDa (arrowed) and IgG (50 kDa)

ion channel pore [23]. Consequently, the protein was
detectable as an approximately 84 kDa band in wild-type
but not mutant cells (Fig. 1b). Platelet count and the
expression of different platelet surface glycoproteins (GP)
were similar in wild-type and TRPCI™’~ animals (data not
shown). Western blot analyses revealed unaltered expres-
sion of TRPC6 in the mutant platelets, excluding a
compensatory upregulation of this channel (Fig. 1lc).
Platelets from TRPC6 '~ mice [27] served as a control. To
estimate store content and SOCE in the cells, we performed
intracellular Ca®>" measurements. Upon Ca”' release from
the ER, a conformational coupling between TRPC1 and the
type II IP3 receptor has been proposed to happen, which in
turn results in the opening of TRPCl—as SOC channel—
and Ca®" entry [14, 15]. To test this directly, we treated
platelets with 5 uM TG (a selective inhibitor of the
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are also detected. ¢ Western blot analysis of TRPC6 expression in
platelets from wild-type, TRPCI~/~, and TRPC6 '~ mice. d—f
Intracellular calcium measurements. Fura-2-loaded wild-type (black
line) or TRPCI™"~ (gray line) platelets were incubated with 5 pM TG
in Tyrode’s buffer without Ca®" for 10 min followed by the addition of
1 mM extracellular Ca** (d) or stimulated with thrombin (0.1 U/ml; )
or CRP (10 pg/ml; f) in the presence of extracellular Ca** (1 mM),
and [Ca®']; was monitored. The upper panels show representative
measurements, and the lower panels show maximal changes in
intracellular Ca>" concentrations (mean+SD, n=4-6)

SERCA) in Ca®'-free buffer to empty the intracellular
Ca®" stores, and then added 1 mM Ca®" to measure the
extent of SOCE. Unexpectedly, neither the store content nor
the amplitude of SOCE was different between wild-type
and TRPCI™" platelets (Fig. 1d), demonstrating that
TRPCI1 is not required for TG-induced SOCE in platelets.

Agonist-induced platelet activation triggers the activa-
tion of phospholipase (PL) Cf and/or PLCy2, which
hydrolyze phosphoinositol-4,5-bisphosphate (PIP,) to ino-
sitol-1,4,5-trisphosphate (IP;) and diacyl-glycerol (DAG).
DAG mediates store-independent Ca®" entry [28], whereas
IP; releases Ca?" from the ER and in turn leads to SOCE
[1]. To test Ca>* responses to physiological agonists, we
measured changes in [Ca*']; upon platelet activation with
thrombin—known to activate PLC3 through G protein-
coupled receptors—and with CRP, which activates PLCy2



Pflugers Arch - Eur J Physiol (2008) 457:377-387

381

through GPVI. Unexpectedly, both agonists evoked com-
parable Ca®" responses in wild-type and TRPCI™"~ platelets
(Fig. le,9).

We further investigated whether the lack of TRPCI
influences agonist-induced platelet activation in vitro. Flow
cytometric analysis of integrin «IIb(33 activation (JON/A-
PE) and degranulation, determined as the surface expres-
sion of P-selectin, yielded indistinguishable results for
TRPCI™" and control platelets in response to all tested
agonists and agonist concentrations (Fig. 2a). Similarly, no
differences in reactivity were noted between TRPCI™’ and
control platelets in standard aggregometry (Fig. 2b) and in a
flow adhesion assay where whole blood was perfused over
a collagen-coated surface at high shear rate (1,000 s ).
Wild-type and TRPC1~" platelets formed stable thrombi to
the same extent and with the same kinetics (Fig. 2c).

Next, we analyzed the relevance of TRPC1 deficiency
for platelet function in vivo in hemostasis and thrombosis
[9]. Bleeding times after amputating the tail tip of wild-type
and TRPCI™"~ mice were comparable (3.1+1.1 min vs.
2.7+1.9 min) (Fig. 3a). Similarly, the application of 20%
FeCl; on the exteriorized mesenteric arteries of TRPCI™~

mice resulted in fast platelet adhesion and thrombus growth
leading to irreversible vessel occlusion after 13.1+3.0 min,
which was comparable to the kinetics of thrombus
formation and vessel occlusion observed in the control
animals (15.1+3.0 min; Fig. 3b,c).

Very recently, we have shown that the heterozygous
expression of an activating EF hand mutant STIM1
(StimI5**) constitutively activates SOC channels in
murine platelets resulting in elevated basal [Ca*'];, macro-
thrombocytopenia, and bleeding [9]. If TRPC1 was the
SOC channel on the platelet surface that is regulated by
STIMI1, lack of the protein should rescue or at least
ameliorate the phenotype of the Stiml mutant platelets.
To investigate this, we crossed the two mouse lines and
studied their platelets. As shown in Fig. 4, the increase in
basal [Ca*"]; and the resulting macrothrombocytopenia was
not altered in TRPC1 " /Stim1°*"* compared to Stim 15"
mice, clearly excluding TRPCI as the major STIMI-
regulated SOC channel on the platelet surface.

The above data in mouse platelets contrast with reports
suggesting TRPC1 as the major SOC channel in human
platelets on the basis of antibody-induced inhibition of Ca*"
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Fig. 2 Normal activation and aggregation of TRPCI™ platelets. a
Flow cytometric analysis of «IIbf33 integrin activation and degranu-
lation-dependent P-selectin exposure in response to thrombin (0.1 U/
ml), the stable thromboxane A2 analog U46619 (3 uM) and ADP
(10 uM), CRP (10 pg/ml) and rhodocytin (1 pg/ml). Representative
dot plots of six measurements per group. b Normal aggregation of
TRPCI™" platelets (gray lines) in response to all tested agonists and

10 20 30 40 50 60

surface coverage (%)
agonist concentrations. Representative curves of at least four inde-
pendent measurements. ¢ TRPCI ™" platelets in whole blood are able
to form stable thrombi when perfused over a collagen-coated (0.2 mg/
ml) surface at a shear rate of 1,000 s~'. Representative phase contrast
images (leff) and mean surface coveragetSD (n=4, right) after 4 min
runtime
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Fig. 3 Unaltered hemostasis and thrombosis in TRPCI™"" mice. a
Tail bleeding times in wild-type and TRPCI~~ mice. Each symbol

represents one individual. b and ¢ In vivo microscopy of thrombosis in
injured arterioles. Mesenteric arterioles were treated with a 3-mm?

bleeding time (s)

entry using a commercial antibody raised to a predicted
extracellular epitope of TRPCI [13]. As there are also
doubts regarding the specificity of this antibody [20], we
decided to reexamine this effect. Human platelets were
loaded with Fura-2/AM and [Ca®']; measurements per-
formed using 340/380 nm ratio fluorescence as previously
described [18]. Figure 5a shows the effects of the
incubation of platelets for 10 min with the commercial
polyclonal anti-TRPC1 antibody (10 pg/ml final concen-
tration, supplied in a phosphate buffered saline (PBS)
vehicle containing 1% BSA and 0.05% sodium azide as
preservative) previously reported to inhibit SOCE in human
platelets [13]. As controls, water or 10 pg/ml of our
previously characterized polyclonal Ank antibody, again in
PBS containing 0.05% sodium azide, were used. The Ank
antibody has been raised against an intracellular epitope of
TRPC1 and does not recognize the protein in intact
platelets [18]. Both antibodies showed no effect on Ca*"
release from stores, induced by either 0.25 U/ml thrombin
or 200 nM TG. It is interesting to note that a similar

C
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paper tip saturated by 20% FeCl; for 10 s, and adhesion and thrombus
formation of fluorescently labeled platelets were monitored by in vivo
video microscopy. Representative images (b) and time to vessel
occlusion (c¢) are shown

reduction in the extent of Ca*" entry was seen with both
antibodies after the addition of 1 mM Ca®". With 0.25 U/ml
thrombin as the stimulatory agent, the Alomone antibody
inhibited the peak height of Ca®' entry by 30.2+3.8%
[mean+SEM, n=4], the Ank antibody inhibited the peak
height by 31+£4.5% [r=3]. Using 200 nM TG as the
agonist, the Alomone antibody inhibited the peak height by
17£6.5% [n=3], the Ank antibody inhibited the peak
height by 15+5.7% [n=3], suggesting that this effect is
not related to antibody recognition of a surface epitope of
TRPCI1. Furthermore, the inclusion of sodium azide
(present in the vehicle of antibodies) for 10 min at
0.0007% final concentration caused no effect on Ca®"
release by either agonist but inhibited Ca®" entry to a
similar extent as the antibodies (with thrombin, 0.0007%
sodium azide inhibited the peak height by 37.2+5% [n=3]
and with TG, sodium azide inhibited the peak height by
15+3.7% [n=3]; fluorescence curves not shown for clarity).
This suggests that the inhibition observed by the antibodies
was due to the presence of sodium azide in the antibody
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Fig. 4 TRPC] deficiency does not rescue the Stim1°** phenotype in
platelets. a Platelet count was measured by flow cytometry in
TRPCI™/~5** (DMut) and control mice and are expressed as
meantSD (n=6). b Platelet size was determined in wild-type,
Stim 15" TRPCI™~, and TRPCI™~5* (DMuf) mice by an
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automated hematology analyzer (Sysmex Deutschland, Norderstedt,
Germany). Mean platelet sizexSD (n=4). ¢ Flow cytometric analysis
of basal [Ca®"]; in wild-type, Stim [, TRPCI™"", and TRPCI~"~5*/
* (DMut) mice. Mean basal [Ca®"]#SD (n=4-6)
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Fig. 5 No specific effect of
anti-TRPC1 (Alomone Labs) on
SOCE in human platelets. a
Anti-TRPC1 antibody or Ank
does not affect Ca>* elevation in
human platelets induced by
thrombin or 7G. Fura-2-loaded
human platelets were incubated
in the presence of EGTA

(0.1 mM) and anti-TRPC1
(Alomone Labs, continuous
black lines) or Ank (gray lines)
(both at a final concentration of
10 pg/ml), or water (dashed
black lines) added for 10 min
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preparations. Next, we performed Western blot analyses to
test the specificity of the TRPC1 antibody, as other
investigators have raised doubts about it [20]. In agreement
with these reports, the Alomone anti-TRPCI1 antibody
failed to detect hTRPC1 overexpressed in QBI-293 cells,
whereas a strong signal was obtained with the 1F1 antibody
(Fig. 5b). This negative result was consistently obtained
with at least three separate purchases of the Alomone
antibody over a 3-year period.

Our studies using the TRPCI ™" /StimI5** mutation in
mouse platelets (Fig. 4) imply that STIM1 does not interact
with TRPCI in a functional capacity in mouse platelets. A
recent report, again using the Alomone TRPCI antibody,
suggested that STIMI1 interacts with TRPCI in resting
platelets and increases modestly upon activation of platelets
with TG plus ionomycin [29]. We, therefore, investigated a
possible interaction between STIM1 and TRPC1 in human
platelets using our currently described antibodies. Washed
platelets at 1x10° cells/ml were incubated with 1 mM Ca**

Q Q+T1

anti-TRPC1
(Alomone)

time (min)

Q Q+T1

1F1

SERCA2 (IID8)

in aggregometer cuvettes in the presence of thrombin
(1.25 U/ml), CRP (10 pg/ml), or TG (10 uM) for 1 min
followed by immunoprecipitation of STIMI using a
polyclonal antibody to STIM1 (ProSci, USA). The extrac-
tions were probed on Western blots for the presence of
STIM1 (using the monoclonal GOK/STIM1 antibody) and
for TRPC1 (using 1F1). Figure 6 shows a typical
experiment repeated three times on separate occasions
where STIM1 extraction is apparent in all incubations but
there is no association to TRPC1 in either resting or
stimulated platelets.

Discussion

STIM1 has been identified as the ER-resident Ca®" sensor
that activates SOC channels in T cells [2-4, 30], mast cells
[5], and platelets [9]. However, while the identity of the
SOC channel in human T cells [6, 7, 31] and mast cells [32]
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Fig. 6 STIM1 does not associ-
ate with TRPCI1 in human pla-
telets under resting or stimulated
conditions. Platelets were incu-
bated with indicated agonists for
1 min in the presence of 1 mM
Ca®" (an additional incubation
of thrombin in the absence of
Ca*" is also included). After cell
lysis, STIM1 was immunopreci-
pitated with polyclonal anti-
STIMI antibody and analyzed
by Western blotting using a
monoclonal anti-GOK/STIM1
antibody for STIM1 and 1F1 for
TRPCI. Also detected are pro-
tein G (approximately 65 kDa)
and IgG at 50 kDa. Platelet
lysate is used as a positive
control for STIM1 and overex-
pressed hTRPCI for 1F1, re-
spectively (Con control
platelets). The blots shown are
representative of three separate
determinations each

105»

75 »
Protein G —»

50+

105»

75 »
Protein G —»

Ca%*

has been established as Orail (CRACM-1), the proposed
function of TRPC1 as a major platelet SOC channel has
been considerably debated [21, 33, 34]. TRPC1, which was
the first mammalian TRPC channel to be identified, has
probably been the most intensively studied and has had
many functions ascribed to it including a role in SOCE or
being a mechanosensitive channel (for review, see Beech
[35]). However, with the exception of a role in salivary
glands where TRPCI1 is well-expressed [24], its physiolog-
ical role in other tissues has remained elusive. In the current
study, we demonstrate unaltered Ca®" homeostasis and
cellular activation in TRPCI™"" platelets, clearly excluding
a major role of this channel in SOCE in mouse platelets.
Furthermore, we provide experimental evidence that some
of the published data that had previously lead to the
proposal of TRPC1 as a major SOC channel in human
platelets may have been misleading due to the lack of
specificity of reagents used.

Changes in [Ca®']; are essential during cellular activa-
tion and are, therefore, tightly regulated. As platelets have
to respond to vascular injury very rapidly, their signal
transduction machinery is optimized for maximal activation
within seconds including the rapid occurrence of maximal
cytosolic Ca®" levels upon agonist-induced stimulation
[36-38]. This is perhaps best exemplified by the steep
slope of Ca®" entry after TG treatment of mouse or human
platelets (Fig. 1d and Fig. 5a, respectively) which suggests
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it to be mediated by the activation of a highly abundant
SOC channel. In agreement with this notion, STIM1, the
principal regulator of SOCE, is highly expressed in
platelets, even at higher relative density than in T cells
[9]. In contrast, TRPC1 is expressed in both mouse
(Fig. 1b) and human (not shown) platelets at extremely
low levels, making it necessary to enrich the protein by
immunoprecipitation for detection. Furthermore, it has
previously been reported that most of the TRPC1 detected
is not present in the plasma membrane of (human) platelets
but is rather localized in intracellular stores, indicating it to
perform functions other than SOCE [18]. In support of the
latter, other investigators have also reported a widespread
intracellular location for hTRPC1 overexpressed in HEK-
293 cells [39]. In addition, others have suggested that
TRPCI alone is unable to increase whole cell currents in
resting and carbachol-stimulated cells, suggesting that it
may not fulfil a channel function but that it can form
heteromers with TRPC4 and TRPCS that are activated by
Gqg-coupled receptors rather than as SOC channels [40].
Furthermore, analysis of SOCs in freshly isolated smooth
muscle cells from cerebral arteries or from thoracic aortas
from wild-type and TRPCI~~ mice revealed no difference,
again suggesting an absence of a major role in SOCE [23].
In agreement with this, we found that TRPC1 deficiency
does not have any effect on the kinetics and extent of TG-
induced store depletion or subsequent SOCE or agonist-
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induced Ca** mobilization and entry in mouse platelets
(Fig. 1d—f). Its absence in platelets has no measurable effect
on platelet aggregation or secretion induced by any of the
agonists examined (Fig. 2) nor on thrombus formation on a
collagen-coated surface (Fig. 2c) or in a mesenteric
arteriolar injury model utilizing ferric chloride where vessel
occlusion is largely driven by thrombin stimulation of
platelets and fibrin clot formation (Fig. 3). This data further
suggests that the SOC channel in platelets comprises
subunits other than TRPCI.

Platelets have been reported to express other TRPC
isoforms and members of the TRPM subfamily [12]. Thus,
a possibility exists that the function of TRPC1 may be
compensated for by another TRP channel member. However,
we consider this unlikely for the following reasons. Previous
analysis of the TRPCI’~ mouse vasculature suggested that
there is no upregulation or downregulation of other TRPC
channels [23], unlike the situation in TRPC6 /" mice where
TRPC3 levels are elevated [27]. We have found that levels of
TRPC6 in wild-type versus TRPCI™~ platelets are un-
changed (Fig. 1c). Other members of the TRPC family
(TRPC2, TRPC3, TRPC4, TRPCS5, and TRPC7) have
previously not been detected in mouse megakaryocytes from
which platelets are produced [12] and are, therefore, unlikely
to compensate for the absence of TRPCI1 in this model
system. Furthermore, with the exception of TRPC4 shown in
endothelial cells [41], there is little evidence that any other
TRPC channel is able to fulfil a SOCE role. In human
platelets, TRPC4 expression has been detected and has been
suggested to allow SOCE to be sensitive to alkalosis [17].
Although it is able to form heteromers with TRPC1 [39], its
exact role in SOCE remains to be determined. Thus, there is
little indication that another TRP channel compensates for
the loss of the putative SOC activity of TRPC1 in the
knockout platelets. We are convinced that, if a function for
TRPCI in platelet Ca** homeostasis was important, it would
have been evident in at least one of the assays described in
this study.

Although our results with mouse platelets do not fully
exclude the possibility that species-specific differences
might exist in the function of TRPCI in platelets, we
consider this to be unlikely for the following reasons. The
proposal of TRPC1 as the major SOC channel in human
platelets was largely based on the observation that a
commercially available anti-TRPC1 antibody partially
inhibited Ca”" entry stimulated by low-dose thrombin and
TG in those cells [14, 15]. However, in this study, we show
that they have no specific effect on SOCE in human
platelets and that the inhibition seen is not related to an
antibody-recognized surface epitope but due to the presence
of sodium azide in the preparations. In agreement with the
studies of Ong et al. [20], we found that the Alomone
TRPC1 antibody does not bind to hTRPCI1 in a specific

manner. Currently, we cannot rule out batch differences in
the antibody preparations obtained from the manufacturer,
but different purchases (different lot numbers) consistently
yielded negative results over the last 3 years.

Our studies using the TRPCI~~5** mutation (Fig. 4)
also imply that STIM1 does not interact with TRPC1 in a
functional capacity in mouse platelets. The Sax mutation
represents a constitutively active protein that is unable to
sense the Ca®" in intracellular stores and leads to the
activation of the SOC channel resulting in increased basal
cytosolic Ca®" levels [9]. The observations in the Stim /5"
mouse model supports earlier studies in heterologous
expression systems suggesting mutations in the EF hand
domain to lead to constitutive activation of SOC channels
[3]. If TRPC1 was the important entry channel or an
important part of the channel complex linked to STIMI,
then crossing the two mouse lines would have resulted in
rescue of the StimI5** phenotype. That the TRPCI "/
StimI°** showed no difference compared to Stim15*"*
mice confirms without doubt that TRPC1 plays no major
role in SOCE in platelets. Using the antibodies described in
our study, we failed to observe STIMI-TRPCI interaction
in human platelets at rest or upon stimulation with
thrombin, CRP, or TG (Fig. 6) further supporting our other
data showing a lack of effect of TRPC1 deficiency on
platelet responses and suggesting it to be the same in
human platelets. A recent study, again using the Alomone
TRPCI1 antibody, came to the conclusion that STIMI1
interacts with TRPCI1 in resting platelets and that a modest
increase occurs upon stimulation with TG [29]. It was
further reported that “electrotransjection” (electroporation
at 4 kV/em electric field) of a STIMI1 antibody (GOK/
STIM1) reduced SOCE, interaction of STIM1-TRPCI1, and
interaction of IP3R type II with TRPCI.

While it is very difficult to know all the reasons for the
differences, use of different TRPC1 reagents may be partly
responsible, and for reasons already described, we are not
confident of their detection of TRPCI. The reported
electroporation experiments [29] are also surprising. This
technique was widely used in the 1980s by ourselves (K.S.
A.) and other investigators to permeabilize the plasma
membrane to allow free diffusion of small molecular size
molecules (less than 1,000 Da) such as Ca2+, ATP, inositol,
etc., but this technique did not allow diffusion of proteins
[42-44]. Tt is, therefore, surprising that antibodies, which
represent near globular structures of 150,000 Da, are
reported to pass through the plasma membrane of electro-
porated platelets. If such a possibility exists, this would be
accompanied by loss of cytosolic proteins and, with it,
platelet integrity. Furthermore, the GOK/STIMI1 antibody is
known to recognize the N-terminal portion of STIMI
(amino acids 25-139) that houses the EF hand domain
which is predicted to point into the lumen of the ER where
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Ca*" binding occurs or to the outside if the STIMI is
plasma membrane-associated. If the electroporated GOK/
STIM1 antibody is to have an effect, the antibody needs to
penetrate into the lumen of the ER. With electroporation
techniques, this is considered unlikely (see also Hughes and
Crawford [43] and Authi et al. [44]).

Taken together, our results provide compelling evidence
that TRPCI is not a major SOC channel in platelets and
further studies will be required to identify this channel in
platelets. This will be of considerable importance as SOC
channels in general and the platelet SOC channel in
particular have been recognized as very attractive potential
targets for pharmacological intervention.
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