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Summary

Background—~Peripheral serotonin (5-hydroxytryptamine, 5-HT) is transported by platelets and
released upon stimulation. In the platelet cytoplasm, 5-HT is transamidated to small GTPases,
promoting a-granule release and primary hemostasis.

Objective—We hypothesized that 5-HT could also stimulate platelet receptor shedding after
binding to the membrane 5-HT receptor (5-HT2AR).

Methods—Western blot and flow cytometry were used to determine levels of the adhesion
receptor glycoprotein (GP)lba on platelets or its shed fragment glycocalicin in plasma and serum
from wild-type mice, Tph1~/~ mice lacking peripheral 5-HT, and mice lacking functional tumor
necrosis factor-alpha-converting enzyme (TACE, ADAM17). Flow chamber experiments and
intravital microscopy were used to examine the adhesive properties of platelets after stimulation of
5-HT2AR.

Results—Glycocalicin was significantly reduced in Tph1~~ plasma and serum. In isolated
platelets, 5-HT induced shedding of GPIba, which was increased to 60% when 5-HT uptake was
inhibited by the selective serotonin reuptake inhibitor fluoxetine. Specific 5-HT2AR agonism and
antagonism suggested activation of this receptor. The shedding could not be induced in
TACEAZNVAZN platelets, suggesting that activated TACE mediated the shedding of GPlba.
Intracellular signaling involved phosphorylation of p38 mitogen-activated protein kinase rather
than G-protein signaling. 5-HT2AR stimulation decreased platelet adhesion to collagen-bound von
Willebrand factor under arterial shear (1500 s~1) and incorporation into FeClz-induced thrombi in
mesenteric arterioles.
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Conclusions—Stimulation of 5-HT2AR on platelets induces TACE-mediated shedding of
GPIba, the key adhesion molecule under high shear conditions. Our observations demonstrate a
new pathway through which 5-HT could modulate cardiovascular disease.
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5-HT2AR; GPlba,; platelet; serotonin; TACE

Introduction

Serotonin (5-hydroxytryptamine, 5-HT) is not only an important neurotransmitter but is also
a peripheral hormone that is transported by platelets. In platelets, 5-HT is stored in dense
granules at millimolar concentrations [1]. To promote hemostasis, activated platelets release
5-HT, which induces vasoconstriction and amplifies platelet activation at the site of vessel
wall injury [2,3]. The latter is mediated mainly by transamidation of 5-HT to small GTPases
(“serotonylation’) and consecutive a-granule release [4]. Two serotonergic components are
present on the platelet surface, the 5-HT transporter (SERT) and the 5-HT2A receptor (5-
HT2AR) [5,6]. Activation of 5-HT2AR stimulates the uptake of 5-HT into the platelet via
SERT, and both Ca%* mobilization after 5-HT2AR activation and increase of intracellular 5-
HT concentration promote serotonylation [4].

Other functions of peripheral 5-HT include mitogenic effects on hepatocytes [7] and
pulmonary artery smooth muscle cells [8], regulation of embryonic development [9] and
intestinal motility [10]. Peripheral 5-HT also stimulates lymphocytes [11] and monocytes
[12]. It was recently reported that stimulation of 5-HT2AR in renal mesangial cells activates
tumor necrosis factor-alpha-converting enzyme (TACE; a disintegrin and
metalloproteinase-17, ADAML17), resulting in shedding of heparin-bound epidermal growth
factor (HB-EGF), activation of EGF receptor, and extracellular signal-regulated kinase
phosphorylation [13]. As 5-HT2AR and TACE are also present on platelets, we
hypothesized that 5-HT2AR stimulation could also activate TACE on platelets.

Our group previously demonstrated that TACE is the key enzyme mediating shedding of the
adhesion molecule glycoprotein (GP)Iba from platelets to regulate its surface expression
[14]. GPIba is essential for the recruitment of platelets to both subendothelium and thrombi
under arterial flow conditions [15-17]. Here, we show that stimulation of 5-HT2AR on
murine platelets induced shedding of GPIba by TACE, which decreased adhesive properties
of the platelets. Because 5-HT is also efficiently transported into the platelet cytoplasm by
SERT and is then no longer available for 5-HT2AR stimulation, blocking of SERT by a
selective serotonin reuptake inhibitor (SSRI) further increased TACE activation.

Materials and methods

Reagents and antibodies

Prostacyclin [prostaglandin I, (PGI5)], fluoxetine, 5-HT hydrochloride, (—)-2,5-
dimethoxy-4-iodoamphetamine hydrochloride (DOI), ketanserin, thrombin, phorbol 12-
myristate 13-acetate (PMA) and U73122 were purchased from Sigma-Aldrich (St Louis,
MO, USA), enoxaparin from Sanofi-Aventis (Bridgewater, NJ, USA), SB203580,
SB202190, tumor necrosis factor-alpha protease inhibitor (TAPI-1), BAPTA, pertussis
toxin, wortmannin and Ro31-8220 from Calbiochem (San Diego, CA, USA), and
[14C]serotonin from Amersham Biosciences (Piscataway, NJ, USA). Monoclonal antibodies
against GPlba, GPV, GPVI, CD9, integrin as and activated integrin o33 were purchased
from Emfret Analytics (Wuerzburg, Germany) and monoclonal anti-P-selectin from BD
Pharmingen (San Jose, CA, USA). Annexin V was from Molecular Probes (Eugene, OR,
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USA), monoclonal anti-mouse p38 mitogen-activated protein kinase (MAPK) was from Cell
Signaling Technology (Danvers, MA, USA), and horseradish peroxidase-conjugated anti-
rabbit IgG was from Southern Biotech (Birmingham, AL, USA).

C57BL/6J mice, 6-8 weeks old, were purchased from Jackson Laboratory (Bar Harbor, ME,
USA). TACE*/AZn mutant mice (C57BL/6J/129Sv background) [18] were kindly provided
by J. Peschon (Amgen, Seattle, WA, USA). TACEAZAZN and TACE** chimeric mice were
generated by injecting fetal liver cells from TACEAZVAZN and TACE™** sibling embryos at
day 16.5 of development into irradiated C57BL/6J recipient mice (12.5 Gy; 1 x 107 cells per
mouse). Tph1 ™~ mice [19] and interleukin-4 receptor a (IL-4Ra)/GPlba transgenic mice
[20] (kindly provided by J. Ware, University of Arkansas for Medical Sciences, Little Rock,
AR, USA) were also on a C57BL/6J background. All mice were bred and housed in our
animal facility. Experimental procedures were approved by the Animal Care and Use
Committee of the Immune Disease Institute.

Blood collection, 5-HT uptake, and 5-HT levels

Isofluorane-anesthetized mice were bled from the retro-orbital sinus into 100 pg mL ™1
enoxaparin. Platelet-rich plasma (PRP) was obtained by 2 x 5 min of centrifugation at 100 x
g. PRP was incubated with fluoxetine for 10 min, and then with [14C]5-HT (57 mCi mmol-1
mL~1) for 30 min at 37 °C. 5-HT uptake was terminated by adding one volume of 4% ice-
cold paraformaldehyde solution. The samples were then centrifuged at 2500 x g for 5 min,
and the supernatants were used for scintillation counting. Total [14C]5-HT was determined
in samples lysed with 0.5% Triton X-100. 5-HT levels were quantified by enzyme
immunoassay according to the manufacturer’s instructions (Labor Diagnostika Nord,
Nordhorn, Germany).

Flow cytometry and 5-HT2AR stimulation

PRP was centrifuged at 700 x g in the presence of PG, (2 pg mL~1) for 5 min. Pelleted
platelets were resuspended in modified Tyrode’s buffer (137 mw NaCl, 0.3 mu NapgHPOy, 2
mw KCI, 12 mm NaHCO3, 5 mm HEPES, 11 mwm glucose, pH 7.3) containing 0.18% bovine
serum albumin. The platelet concentration was adjusted to 2 x 108 mL~1. After 10 min of
incubation with fluoxetine, 5-HT or DOI was added (37 °C). Where indicated, platelets were
incubated with thrombin for 10 min. All control samples were treated with equal
concentrations of the vehicle, dimethylsulfoxide (DMSQ). Signaling molecules were
inhibited by coincubation with inhibitors from lots that were confirmed to be function-
blocking in flow cytometry and/or aggregometry. Platelets were then incubated with an
excess of antibody for 5 min and immediately read on a FACScalibur (BD Biosciences, San
Jose, CA, USA). For detection of exposed phosphatidylserine, samples were incubated with
annexin V for 5 min in the presence of 2.5 mv CaCl,. Data were analyzed with FiowJo
software (Tree Star, Ashland, OR, USA) after gating on the platelet population according to
forward/sideward scatter characteristics.

Immunoblot and p38 MAPK phosphorylation

Plasma was obtained from PRP containing PGl, (2 pg mL™1) by pelleting platelets at 700 x
g for 5 min, and then centrifuging the supernatant at 16 000 x g for 5 min. Total protein was
determined with the BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Samples were
diluted with Laemmli sample buffer (Bio-Rad, Hercules, CA, USA) containing p-
mercaptoethanol, and 40 ug of protein was separated by sodium dodecylsulfate
polyacrylamide gel electrophoresis and transferred onto a poly(vinylidene difluoride)
membrane. Glycocalicin was detected with anti-GPlba clone Xia.G7 (Emfret) and total
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protein with Coomassie blue. For platelet lysates, treated platelets were pelleted and lysed
with RIPA buffer (Cell Signaling) containing protease inhibitor cocktail Complete EDTA-
free (Roche Diagnostics, Indianapolis, IN, USA). Phosphorylated p38 MAPK in lysates of 5
x 10° platelets was determined with the PathScan Phospho-p38 MAPK Sandwich enzyme-
linked immunosorbent assay (ELISA) Kit (Cell Signaling, with reported 0.4 arbitrary units
in untreated fibroblasts vs. 2.8 in UV-treated fibroblasts) and read at 450 nm. Total p38
MAPK was determined by western blot with anti-p38 MAPK antibody (Cell Signaling).

Flow chamber and aggregometry

Platelets were isolated from blood containing 40 uw PPACK and 20 pg mL~1 enoxaparin,
treated with the vehicle (DMSO) or 20 uwm fluoxetine plus 50 pw DOI for 60 min, and labeled
with 2.5 mg mL~1 calcein orange (Molecular Probes). Platelet-poor blood was reconstituted
with remaining plasma and 2 x 108 mL™1 platelets. Using a 0.0127-cm silicon rubber gasket,
a parallel plate flow chamber (Glycotech, Gaithersburg, MD, USA) was assembled onto 35-
mm-diameter round glass coverslips, which had been coated with 100 pg mL ™1 collagen
(Nycomed, Munich, Germany) and perfused at 1500 s~ for 2 min. Platelet adhesion was
monitored with an Axiovert 135 inverted microscope (Zeiss, Jena, Germany) at x 32
magnification using a C2400 camera (Hamamatsu Photonics, Hamamatsu City, Japan) and
analyzed with Iwace SXM 1.62 (NIH Image). Aggregation of isolated, vehicle (DMSO)-
treated or fluoxetine (20 pum)/5-HT (50 puM)-treated platelets (60 min of incubation) was
assayed with 10 uw ADP as previously described [21].

Mesentery arteriole thrombosis

Male mice, 4-5 weeks old, were anesthetized with intraperitoneal 2.5% tribromoethanol (15
uL g~1 body weight; Avertin). Isolated platelets were treated with DMSO or fluoxetine (20
pwm) plus 5-HT (100 pw) for 60 min, and calcein-labeled as described above. To obtain 1%
labeled platelets, either 2.5 x 109 kg™! vehicle-treated platelets or 7.5 x 109 kg™ fluoxetine/
5-HT-treated platelets were injected into the retro-orbital sinus of each mouse. A loop of
intestine was exteriorized, and an arteriole with a diameter of ~ 100 um and a measured
shear rate of 1000-2500 s1 (determined with an Optical Doppler Velocimeter,
Microcirculation Research Institute, Texas A&M University, College Station, TX, USA)
was visualized. Thrombus formation was induced by topical application of a 10% FeCls-
soaked filter paper, and evaluated with an Axiovert 200M inverted microscope, and an
AxioCam MRm camera, using axiovisionrer. 4.6 software (Zeiss).

Statistical analysis

Results

Data are presented as mean + standard error of the mean and were analyzed by unpaired,
two-tailed Student’s t-test or avova With Bonferroni’s correction. P-values < 0.05 were
regarded as statistically significant.

Glycocalicin is reduced in plasma and serum from mice that lack peripheral 5-HT

The metalloproteinase TACE downregulates surface GPlba by causing it to shed its 130-
kDa extracellular domain as glycocalicin [14]. The absence of TACE activity in
TACEAZNAZN chimeric mice results in a 90% reduction of glycocalicin in plasma [14]. To
test the hypothesis that 5-HT is involved in the shedding of GPIba, we assessed glycocalicin
levels in plasma and serum of mice that do not express tryptophan hydroxylase 1 (TPH1).
TPH1 is the rate-limiting enzyme for the synthesis of peripheral 5-HT [19]. As peripheral 5-
HT is not produced, platelets cannot take it up to store and release it upon activation. We

J Thromb Haemost. Author manuscript; available in PMC 2011 December 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Duerschmied et al.

Page 5

measured a mean 5-HT level in Tph1~/~ serum of 0.05 pg mL™2 (~ 0.2 pw) vs. 2 pg mL™1 (~
10 pw) in wild-type serum (P < 0.001, n = 4).

Using western blot analysis, we found that platelet-free plasma from Tph1 ™~ mice
contained significantly less glycocalicin than wild-type plasma (Fig. 1A), suggesting that
less GPlba is shed in the normal circulation if 5-HT is absent. The glycocalicin level was
also significantly reduced in Tph1™~ serum (Fig. 1B). The negative control plasma and
serum from IL-4Ra/GPIba-tg mice lacking the extracellular domain of GPlba did not
contain detectable amounts of glycocalicin.

The reduction of glycocalicin in 5-HT-deficient serum could be a combined effect of smaller
amounts being present in plasma and altered platelet activation by thrombin. During serum
formation, in vitro coagulation occurs and generates thrombin, leading to platelet activation
[22]. Activated platelets secrete a-granule and dense granule contents, including 5-HT,
which in turn stimulates platelet 5-HT2AR. Thrombin is known to also activate TACE and
induce GPlba shedding itself [14]. Therefore, we examined GPlba surface expression by
flow cytometry after treatment of isolated platelets from wild-type and Tph1~~ mice with
thrombin (Fig. 1C). Equal concentrations of thrombin induced a significantly smaller
decrease of surface GPlba in platelets from Tph1~/~ mice, suggesting that 5-HT is involved
in the activation of TACE by thrombin.

Stimulation of the platelet 5-HT2A receptor induces shedding of GPIba mediated by TACE

The observed phenotype of Tph1~/~ mice could be due to a defect in platelet activation
(because serotonylation is absent) or to a lack of receptor-mediated serotonergic action. To
address this issue, we compared stimulation of freshly isolated wild-type platelets with 5-HT
to stimulation with another agonist of 5-HT2AR (Fig. 2A). Surface GPIba. levels decreased
significantly in the presence of 100 pw 5-HT. This effect was amplified when 5-HT uptake
was inhibited by the SSRI fluoxetine (Fig. 2A; a representative histogram is shown in Fig.
S1A). We used a fluoxetine concentration of 20 puw for these experiments, because the
uptake of 14C-labeled 5-HT into isolated platelets was inhibited by fluoxetine with an ICsq
of ~ 5 pm and an ICqyg of ~ 20 pm (not shown). Fluoxetine alone also significantly decreased
the level of surface GPlba, which could be due to an interruption of the continuous 5-HT
recycling in platelets [23] with increased 5-HT2AR stimulation. The 5-HT2AR antagonist
ketanserin (20 uw) reversed the effect of fluoxetine plus 5-HT (not significantly different
from ketanserin alone), and the selective 5-HT2AR agonist DOI [24] (50 pw) elicited a
similar response as 5-HT, further indicating that the decrease in the amount of surface
GPlba was induced by activation of 5-HT2AR.

Serotonin decreased the amount of surface GPIba. in a dose-dependent manner in the
presence of fluoxetine, the decrease reaching a maximum of ~ 60% with 100 pw 5-HT (Fig.
2B). When incubating platelets with fluoxetine and 100 um 5-HT, we found that the decrease
in GPlba amount was time-dependent, with a maximum after 60 min (Fig. 2C). The amount
of surface GPV, another TACE substrate [25], decreased accordingly upon treatment with
100 uwm 5-HT, and this decrease was significantly enhanced by 20 pm fluoxetine (Fig. S1B).

To confirm that the loss of surface GPIba was mediated by active TACE, we coincubated
wild-type and TACEAZVAZN platelets with the TACE inhibitor TAPI-1 (5 pw) and treated
them with 20 pw fluoxetine and 50 pw DOL. In either case, GPIba. levels did not change
significantly (Fig. 2D), supporting our previous findings that stimulation of TACEAZVAZn
platelets with agonists such as PMA or thrombin does not lead to glycocalicin release [14].
To confirm that GPIba was shed, we determined the glycocalicin level in the supernatant of
isolated, 5-HT2AR-stimulated platelets by western blot (Fig. 2E). We found a dose-
dependent appearance of glycocalicin in the supernatant, accompanied by a loss of GPlba in
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platelet lysates of the same samples. The shedding did not reach the levels seen in samples
treated with 300 nm PMA, a strong TACE activator [14].

Fluoxetine at 20 pm and 5-HT at 100 uw or DOI at 50 uw, concentrations that induced strong
GPlbo shedding, did not lead to general platelet activation. We found resting platelet levels
of expression of the a-granule protein P-selectin and of activated integrin oypB3 (not
shown). Other surface proteins, such as integrin as and CD9, were not downregulated and
phosphatidylserine was not upregulated (not shown). GPVI, the substrate of ADAM10 [26],
was not shed (Fig. S1B). Moreover, neither 5-HT2AR-stimulated (20 v fluoxetine plus 50
um DOI) nor vehicle-treated platelets aggregated unless stimulated with ADP (not shown).
Therefore, 5-HT2AR-stimulated platelets shed GPIba and GPV, but displayed other
characteristics of resting platelets.

GPIba shedding after 5-HT2AR stimulation relies on p38 MAPK rather than G-protein

signaling

The key mechanism by which 5-HT supports primary hemostasis is a-granule release after
an increase in intracellular 5-HT and subsequent serotonylation of small GTPases [4]. As 5-
HT2AR stimulation promotes serotonylation, we wanted to know whether serotonylation
might also be involved in the activation of TACE. The shedding of GPlba after 5-HT2AR
stimulation (20 pw fluoxetine plus 50 uw DOI) in platelets from Tph1~~ mice, which lack
intracellular 5-HT and hence the capacity for serotonylation, was comparable to that of the
wild type and was also inhibited by TAPI-1 (Fig. 3A and Fig. S1A). This suggests that
intracellular serotonylation was not involved in TACE-mediated GPIba shedding.

The intracellular signal transduction after stimulation of the G-protein-coupled 5-HT2AR in
platelets combines serotonylation and second messenger signaling with Ca2* [4,27]. After
receptor activation, Gag-mediated activation of phospholipase C (PLC) releases inositol
1,4,5-trisphosphate and diacylglycerol. This mobilizes intracellular Ca2* and activates
protein kinase C (PKC). To test the involvement of components of this pathway, we
coincubated platelets with different inhibitors during 5-HT2AR stimulation. GPIba shedding
was not prevented by 10 pug mL ™1 pertussis toxin (Ptx), 10 uw PLC inhibitor (U73122), 5 g
mL~1 PKC inhibitor (R0o31-8220), or 30 v BAPTA (Fig. 3B,C). This suggests that Ptx-
sensitive G-proteins, PLC, PKC and intracellular Ca%* (chelated with BAPTA) were not
involved. Accordingly, the inhibition of phosphoinositide 3-kinase with wortmannin (5 pw)
did not prevent GPlba shedding (not shown).

In contrast, the inhibition of p38 MAPK by SB203580 (20 uw) completely abolished GPlba
shedding (Fig. 3D), suggesting that p38 MAPK regulates TACE activation after 5-HT2AR
stimulation. We found very similar results when using another inhibitor of p38 MAPK,
SB202190 (20 pw, not shown). To test whether 5-HT2AR stimulation by 100 pm 5-HT in the
presence of 20 uw fluoxetine induced phosphorylation of p38 MAPK, we determined the
levels of phospho-p38 MAPK by ELISA after 0, 15, 30, and 60 min. We found significantly
increased phosphorylation of p38 MAPK (maximum after 15 min) without an effect on the
levels of p38 MAPK protein in the platelets (Fig. 3E). These results indicate that GPlba
shedding mediated by TACE after stimulation of 5-HT2AR requires activation of p38
MAPK, but not the traditional 5-HT signaling pathways, in platelets.

Adhesive properties of platelets are decreased after stimulation of 5-HT2AR

In flow chamber experiments, labeled 5-HT2AR-stimulated platelets (20 pw fluoxetine/50
pm DOI) reconstituted in whole blood showed significantly impaired primary adhesion to
collagen-bound von Willebrand factor (VWF) under arterial shear rates (Fig. 4A). This in
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vitro study suggests that the 5-HT-induced loss of GPIba is sufficient to limit these platelets’
adhesive function.

We next investigated whether 5-HT2AR stimulation also decreased the ability of the
platelets to be incorporated into arterial thrombi in vivo. Isolated and treated platelets
(fluoxetine/5-HT or vehicle) were washed (to avoid systemic injection of reagents) and then
injected into young recipient mice. When equal amounts were injected into different mice,
fewer 5-HT2AR-stimulated platelets were detected after 10 min, possibly because they were
preferentially cleared from the circulation. A three-fold higher amount of 5-HT2AR-
stimulated platelets had to be injected to yield 1% circulating platelets. The time to vessel
occlusion (driven by endogenous platelets) after endothelial denudation by 10% FeCls was
similar between the groups (P = 0.760, n = 5), but only a few 5-HT2ARstimulated platelets
were incorporated into the growing thrombus (Fig. 4B). These findings suggest that TACE-
mediated GPlba shedding after activation of 5-HT2AR decreases the ability of platelets to
be incorporated into arterial thrombi.

Discussion

5-HT deficiency affects platelet adhesion receptor shedding

On the basis of our observation that glycocalicin levels in plasma and serum of Tph1~/~
mice were reduced as compared with the wild type, we concluded that 5-HT is involved in
the shedding of GPIba from platelets. Glycocalicin is normally present in plasma of humans
and mice [28], and platelet activation by different agonists, including thrombin, greatly
increases its generation [14]. In isolated platelets that were activated with thrombin, we saw
a defect in downregulation of surface GPIba. in platelets from Tph1~~ mice, and postulated
that a lack of 5-HT2AR stimulation accounted for this defect. Whether glycocalicin levels
might change in patients treated chronically with SSRI, who are depleted of platelet 5-HT
but retain free plasma 5-HT [29], is an interesting question. The physiologic role of plasma
glycocalicin itself remains unknown. Although plasma glycocalicin was diminished, resting
GPIba levels on platelets from Tph1~/~ mice were not higher than those on wild-type
platelets. This is similar to what is seen in TACEAZVAZN mice, which have normal GPIba
levels on platelets but greatly reduced plasma glycocalicin levels [14].

Stimulation of 5-HT2AR is a new mechanism of TACE activation

Although GPlba is a key adhesion receptor on platelets, knowledge about its shedding via
TACE and the mechanisms that activate TACE remains incomplete. We show here that 5-
HT2AR agonists induce TACE-mediated shedding of GPlba in isolated platelets, especially
when 5-HT uptake into platelets by SERT is blocked. Effective 5-HT concentrations were
determined systematically in the presence of fluoxetine in vitro, and were 1000-fold higher
(micromolar) than normal plasma 5-HT concentrations (hanomolar). As platelet-dense
granules contain 65 mm 5-HT [1], it is possible that effective 5-HT concentrations can be
reached when platelets release 5-HT. Venous plasma 5-HT concentrations distal to an
occluding coronary artery thrombus in dogs increased 500-fold in a study by Benedict et al.
[30].

Other platelet responses were not activated by 5-HT2AR stimulation, including integrin
aypB3 activation. This was expected, because 5-HT is known not to activate platelets by
itself, but merely to enhance thrombin-induced or ADP-induced activation as a ‘helper
agonist’ [2]. It was only by inhibiting the transport of intracellular 5-HT into dense granules
in addition to preventing its secretion from platelet cytoplasm, and thereby artificially
increasing intracellular 5-HT concentrations, that aggregation could be induced by 5-HT
treatment [4].
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Intracellular signaling involves p38 MAPK, and bypasses classic pathways of 5-HT action

The known signaling pathway after stimulation of the G-protein-coupled 5-HT2AR on
platelets involves activation of PLC and PKC and mobilization of intracellular Ca%*, which
supports serotonylation of small GTPases [4,6,27]. Surprisingly, inhibition of these
pathways did not abolish GPIba shedding in 5-HT/fluoxetine-treated platelets, but tended to
enhance it. It is possible that this was due to a negative feedback loop. A negative feedback
loop from PKC to 5-HT2AR has been described in neurons [31]. It was shown in other cell
types that certain signaling molecules can bypass G-proteins by directly binding to G-
protein-coupled receptors [32]. In neutrophils, a p38 MAPK signalosome is recruited to an
endocytosed G-protein-coupled receptor [33]. Our group has recently found that activation
of TACE in platelets during storage and oxidative stress was mediated by p38 MAPK
(Canault et al. and Brill et al., unpublished data). Our results show that TACE activation in
5-HT/fluoxetine-treated platelets is linked to phosphorylation of p38 MAPK, and it is
possible that p38 MAPK interacts directly with 5-HT2AR in platelets.

Combining our new findings with known serotonergic actions in platelets, we propose the
following model (Fig. 5). At low concentrations, 5-HT is transported into the platelet via
SERT and into dense granules via the monoamine vesicular transporter 2 for storage and
secretion upon activation [1,5]. Higher 5-HT concentrations can amplify the effects of other
platelet activators and induce serotonylation of small GTPases, enhancing a-granule release
and promoting hemostasis [4]. Stimulation of 5-HT2AR alone activates p38 MAPK, which
activates TACE to shed GPlba and GPV from the VWF receptor complex GPIb—IX-V.

Possible clinical relevance of our studies

Isolated platelets that were treated with 5-HT2AR agonists while SERT was blocked
showed defective adhesion under arterial shear both in vitro and in vivo. It is not known to
what extent platelet 5-HT2AR stimulation occurs in physiologic states or in SSRI-treated
patients, but if it does, GPIba shedding could affect cardiovascular outcome. SSRIs block 5-
HT uptake into platelets immediately with the onset of treatment, acutely raising
extracellular 5-HT availability for 5-HT2AR stimulation [34]. Clinical studies have shown
that post-myocardial infarction patients taking SSRIs are protected from reinfarction [35],
and the mechanism reported here could contribute to this outcome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

5-Hydroxytryptamine deficiency affects shedding of glycoprotein (GP)lba. (A) Plasma
glycocalicin (GC) was detected by western blot [representative for 11 wild-type (WT), 11
Tph1~/~ and four interleukin-4 receptor o (IL-4Ra)/GPlba transgenic (IL-4R) mice]. Total
protein was stained with Coomassie blue (loading control). Areas of bands were quantified
(bar graph). (B) Glycocalicin and a Coomassie blue-stained protein in serum (n = 5). (C)
Surface GPlba was measured by flow cytometry after treatment of isolated platelets with
thrombin for 10 min (n = 5). MFI, mean fluorescence intensity; **P < 0.01 and ***P <
0.001 as compared with the wild type.
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Fig. 2.

Stimulation of membrane 5-hydroxytryptamine receptor (5-HT2AR) induces tumor necrosis
factor-alpha-converting enzyme (TACE)-mediated glycoprotein (GP)Iba shedding. (A)
Isolated wild-type (WT) platelets were incubated with 100 pum 5-HT, 20 puw fluoxetine (FIx),
20 pw ketanserin, 50 pm (—)-2,5-dimethoxy-4-iodoamphetamine hydrochloride (DOI) or
dimethylsulfoxide (DMSQ) (vehicle) as indicated, and surface GPlba was measured by flow
cytometry (n > 8 mice). (B) Dose-dependency (60-min incubation) and (C) time-
dependency (100 pwm 5-HT) of GPIba decrease with 5-HT and 20 pw fluoxetine (n = 5). (D)
GPlba levels after 20 pw fluoxetine/50 pwm DOI (n = 8) incubation with or without TACE
inhibition by 5 pm tumor necrosis factor-alpha protease inhibitor (TAPI-1). (E) Glycocalicin
in supernatant of wild-type platelets after incubation with 20 pw fluoxetine and 5-HT at the
indicated concentrations, 300 nw phorbol 12-myristate 13-acetate (PMA), and 5 pum TAPI-1
(representative of three western blot analyses; other blots showed a stronger band after
fluoxetine than after vehicle treatment). Below, GPIba in lysed platelets from the same
samples. ***P < 0.001 as compared with wild type/vehicle. MFI, mean fluorescence
intensity.
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Fig. 3.

p38 Mitogen-activated protein kinase (MAPK) mediates tumor necrosis factor-alpha-
converting enzyme activation after membrane 5-hydroxytryptamine receptor (5-HT2AR)
stimulation. (A) Glycoprotein (GP)Iba on isolated platelets after 20 uw fluoxetine (FIx), 50
pwm (—)-2,5-dimethoxy-4-iodoamphetamine hydrochloride (DOI) and 5 pv tumor necrosis
factor-alpha protease inhibitor (TAPI-1) incubation as indicated (n > 6 mice). (B) Signal
transduction by pertussis toxin (Ptx)-sensitiveG-proteins was inhibited by 10 ug mL™1 Ptx
or the phospholipase C (PLC) inhibitor U73122 (10 pw, n = 4) in wild-type (WT) platelets.
(C) Protein kinase C (PKC) was inhibited with 5 pg mL~1 Ro31-8220, and intracellular
Ca?* was chelated with 30 pw BAPTA (n = 4). (D) Signaling through p38 MAPK was
inhibited by 20 pum SB203580 (n = 6). (E) Phosphorylation of p38 MAPK after 15 min of
incubation with 20 pw fluoxetine and 100 pm 5-HT was determined by enzyme-linked
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immunosorbent assay and p38MAPK protein in the same samples by western blot
(representative blot, n = 3). *P < 0.05 and ***P < 0.001 as compared with wild type/vehicle.
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Fig. 4.

Platelet adhesion is impaired after membrane 5-hydroxytryptamine receptor (5-HT2AR)
stimulation. (A) Flow chamber: labeled wild-type platelets treated with dimethylsulfoxide
(vehicle) or 20 uw fluoxetine (FIx) plus 50 pm (—)-2,5-dimethoxy-4-iodoamphetamine
hydrochloride (DOI) were resuspended in platelet-poor blood and perfused over collagen at
arterial shear rates (1500 s™1). The covered area was quantified after 2 min (bar graph, n =
10). (B) Incorporation of labeled wild-type platelets after in vitro treatment with 20 pm
fluoxetine and 100 um 5-HT into thrombi was assessed in mesenteric arterioles after
endothelial denudation with 10% FeCls (occluding thrombi in separate mice shown,
representative for n = 5). White bar represents 50 pm.
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Fig. 5.

Schematic of 5-hydroxytryptamine (5-HT) actions in platelets. After uptake by 5-HT
transporter (SERT) in resting platelets, 5-HT is stored in dense granules, from which it is
released upon activation. High intracellular 5-HT concentrations, together with platelet
activation by other agonists, leads to serotonylation of small GTPases and a-granule release.
Binding of 5-HT to membrane 5-HT receptor (5-HT2AR) activates tumor necrosis factor-
alpha-converting enzyme (TACE) and leads to shedding of glycoprotein (GP)Iba and GPV,
which is mediated by p38 mitogen-activated protein kinase (MAPK) and is independent of
G-protein signaling. Known 5-HT actions in gray; +, stimulation; —, inhibition. DOI,
(—)-2,5-dimethoxy-4-iodoamphetamine hydrochloride.
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