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Serotonin (5-HT) is a multifunctional signaling molecule that plays different roles in a
concentration-dependent manner. We demonstrated that elevated levels of plasma 5-HT accelerate platelet
aggregation resulting in a hypercoagulable state in which the platelet surface becomes occupied by several
glycoproteins. Here we study the novel hypothesis that an elevated level of plasma 5-HT results in
modification of the content ofN-glycans on the platelet surface and this abnormality is associated with
platelet aggregation. Mass spectrometry of total surface glycoproteins on platelets isolated from wild-type
mice infused for 24 hours with saline or 5-HT revealed that the content of glycoproteins on platelets from
5-HT-infused mice switched from predominantli¥-acetyl-neuraminic acid (Neu5Ac) to
N-glycolyl-neuraminic acid (Neu5Gc). Cytidine monophosphate-N-acetylneuraminate hydroxylase
(CMAH) synthesizes Neu5Gc from Neu5Ac. Up-regulation of Neu5Gc content on the platelet surface
resulted from an increase in the catalytic function, not expression, of CMAH in platelets of 5-HT-infused
mice. The highest level of Neu5Gc was observed in platelets of 5-HT-infused, 5-HT transporter-knock out
mice, suggesting that the surface delineated 5-HT receptor on platelets may promote CMAH catalytic
activity. These new findings link elevated levels of plasma 5-HT to altered platélgliycan content, a
previously unrecognized abnormality that may favor platelet aggregation.

erotonin or 5-hydroxytryptamine (5-HT) is synthesized by the intestinal enterochromaffin cells and

secreted into blodd Although the concentration of 5-HT in plasma ([5-HT]pl) is tightly regulated by

the 5-HT transporter (SERT) expressed on the platelet sérédeeations of [5-HT]pl have been reported
in a variety of cardiovascular pathologies including hypertension, atherosclerosis, coronary artery disease, angin:
and arterial thrombosfs*?Since these conditions share platelet activation as a disease component, attention has
focused on identifying the complex mechanisms by which 5-HT may promote platelet activafion

Arolein platelet aggregation for the 5-HT receptor, 5,/ Expressed on the platelet plasma membrane (PM)
is well recognizéd-*° Activation of the 5-HFa receptor initiates G-protein-dependent signaling in platelets,
which elevates intracellular calcium to trigger the release of procoagulant molecules including 5-tT from
granules. Tissue transglutaminase and factor Xllla can utilize the circulating 5-HT molecules to serotonylate
procoagulant proteins, which bind to the platelet surface to establish a subpopulation of highly procoagulant
collagen and thrombin-activated (COAT) platetété Additionally, serotonylation of cytoplasmic small
GTPases promotes-granule releas®e®: Thus, block of 5-HT uptake by selective 5-HT reuptake inhibitors
(SSRI) attenuates platelet activation and increases bleediftftitRAdditionally, platelets from TPH1 knock
out (KO) mice lacking the tryptophan hydroxylase 1 (TPH1) gene that encodes the rate-limiting enzyme in
peripheral 5-HT synthesis show bluntaejranule secretion, and accordingly the 5-HT ...depleted TPH1 KO
mice show a reduced risk of thrombosis compared to wild type (WT ¢!, the mechanisms by which 5-HT
and other procoagulant molecules modify the platelet surface to make it more adhesive remain elusive.

We reported earlier that WT mice infused with 5-HT for 24 hr to elevate [5-HT]pl showed increased bleeding
times and their platelets exhibited accentuated collagen induced aggrégatioantuated aggregation also was
observedinisolated platelets from untreated WT mice exposed to extracellulan¥itid?2 Bothin vivoandin
vitro, elevated 5-HT increased the surface expression of the markers of murine platelet activation, such as integrin
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allbb3, von Willebrand factor (vWF) and P-seleétirUltimately, ; . .
the activation of platelets was associated with the appearanc( 1aPle 1| Analysis by flow cytometry of marker proteins associated
severaN-glycans on the platelet surface. with platelet activation

Plateleys, anucleated n_negakaryocyte (MK) _subfragments, co_n@ain Mean Fluorescence
an organized glycosylation apparatus. Golgi elements containing
glycosyltransferases required for glycosylation reactions are paéktibody SAL-infused 5-HT-infused
?ged |rr1]to veﬁlclej_an_cli)tran_sporteﬁ flrorln the MK”to the rt:asg(:/lnt plet]%iegrina”bm 36.92 6 2.41 11532 6 12.27
ets, where they distribute intracellularly as well as to the PM. It WaSgjectin 181.76 8.00 316.05 6 2.61
shown tha} .aLctllvaglon'of platelets releases subst.a.ntlal glycosyltragsanulophysin 50.36 0.97 104 6 14.66
ferase activity indicating the presence of a sufficient pool of sugayr 821.68 6 48.9 1088.69 6 123.8

nucleotides to suppoit vitro glycosylation reactio®s*’ The fac-
tors involved in the activation of platelet glycosyltransferases are not ) . i . )
known. However, it is recognized that the sialic acids, which occUpymogeneity. Osmotic mini-pumps filled with saline or 5-HT were
the terminal positions ofl-glycans, play important roles as ligandémplanted subcutaneously into mice for 24 hr; then platelets were
for receptors including the P- and E-selectins that regulate a numitated and characterized for biochemical and physiological prop-
of cell-cell adhesive events in vascular pathophysiological prééess¥§es (Table 2). As expected, the 5-HT uptake rate of platelets iso-
There are about 40 different sialic acids but the most comméged from SERT KO mice was below detection threshold. Similarly,
one is Neu5Ac which is a substrate for CMP-N-acetyl-neuranflasma 5-HT concentration in TPH1 KO mice also was below detec-
nic acid hydroxylase (CMAH) to synthesize Neu5Gc. CMAH {on level (Table 2).
widely distributed in mammalian tissd&Neu5Gc is found in most ~ We explored differences in the aggregation responses between
mammals, but humans cannot synthesize Neu5Gc because pliaéelets isolated from WT mice after 24 hours of infusion with saline
human CMAH gene is irreversibly mutated, although Neu5Gc h&SAL) or 5-HT. Platelets were stimulated with ADP or collagen,
been detected in human cancers and fetal samples, suggestingithith promote platelet aggregation by different mechanisms.
mechanisms for its formation are active under some condffiéhs Collagen-induced platelet aggregation relies on a release of 5-HT
Considering that elevated [5-HT]pl is associated with platelisom platelets and is accepted as a primary hemostatic agonist,
activation and appears to promote the expressioN-gfycans on whereas ADP (released from platelet dense granules) is a secondary
the platelet surface, the goal of the present study was to define pregfisaulant. Platelets isolated from 5-HT- and SAL-infused mice were
differences in surface glycan content between the platelets of sgiiegpared and stimulated with increasing concentrations of ADP (5,
(SAL)- and 5-HT-infused mice, and explore the mechanisms b@ and 20mM) to test the effect of elevated 5-HT on their stirred
which 5-HT achieves an altered,glycan content. Nanospray- platelet aggregation assays (Figure 1A). The aggregation response of
ionization mass spectrometry (NSI-FTMS) analysis of total glydbe platelets to ADP was enhanced in platelets from 5-HT ...infused
proteins on the platelet PM of SAL-infused mice demonstratedn@ice. For example, the average peak aggregation responseio 20
relative dominance of N-acetyl-neuraminic acid (Neu5Ac), b&DP in a triplicate platelet preparations waseb@% (SAL) and 65
platelet PM from 5-HT-infused WT mice showed a predominandg@ 5% (5-HT). A more pronounced effect of elevated [5-HT]pl was
of N-glycolyl-neuraminic acid (Neu5Gc) containing-glycans. observed for collagen-stimulated platelets. Representative tracings
These findings concurred with FACS analysis of platelets staimedeal an enhanced collagenn@ml) -induced aggregation res-
with Neu5Gc antibodies (Ab). Microarray analysis of genes isolafsshse of platelets from 5-HT compared to SAL-infused mice
from megakaryocytes in bone marrow of SAL- and 5-HT-infusg&igure 1B), which averaged@®% and 7@ 8% after ten minutes,
mice identified CMAH as one of the genes expressed in megakamgspectively (Figure 1C).
cyte€. Furthermore, the catalytic activity but not the expression The identity of the 5-HT signaling mechanism involved in pro-
level of CMAH was increased 3-fold in platelets of 5-HT-infusa@loting platelet aggregation was examined by injecting mice with the
compared to SAL-infused mice. Finally, the catalytic function 8fHT,, receptor antagonist, sarpogrelate (Sarp, 30 mg/kg i.p.)
CMAH was tested using 5-HT infused WT mice and two KO mouses hours after implanting SAL- or 5-HT...containing miniputhifis
models. The highest CMAH catalytic activity and Neu5Gc levedsc hours later, blood was drawn and platelets were isolated to evalu-
were identified in platelet lysates of 5-HT infused SERT KO micge the effect of Sarp on platelet aggregation. Stirred platelet aggrega-
implicating 5-HT,4 receptor signaling as a positive regulator afon assays revealed that Sarp treatment did not significantly affect
CMAH activity. In contrast, TPH1 KO mice with depleted plasmgne aggregation response of platelets from SAL mice (not shown), but
5-HT levels exhibited low NeuSGc content. Thus, we propose a naygversed the accentuated collagen-induced aggregation of platelets
mechanism by which rises in [5-HT]pl signal through 5440  from 5-HT-infused mice (Figures 1B...C). Accordingly, platelets iso-
modify the N-glycan composition on the platelet PM to promotated from SAL and 5-HT infused mice injected with Sarp showed a

aggregation. 35% and 43% reduction, respectively, in the surface expression of
the P-selectin platelet activation marker compared to platelets from
Results untreated mice (Figure 1D). After Sarp treatment, the elevated P-

The surface of hyperreactive platelets is furnished with several ggtectin expression in platelets of 5-HT mice was restored to a level
coproteins. When plasma 5-HT level was elevated for 24 hourghigt significantly different than untreated SAL mice. These findings
mice, their platelets became hyperreactive, the rate of aggregagiiggest that elevated [5-HT]pl initiates intraplatelet 5;kf&ceptor
was increased and bleeding time was shorfénddhe surface signaling associated with enhanced aggregation and activation.
expression of the staining of markers of murine platelet activation,Next we investigated the totidtglycan content on plasma mem-
such P-selectin, granulophysin, vVWF ditdon/A were increased branes (PM) isolated from an equal number of platelets from the
following administration of 5-HT (Table 1). Therefore, here wklood samples of SAL- and 5-HT-infused niic&-glycans were
investigated if elevated plasma 5-HT ([5-HT]pl) is associated wigmzymatically released from glycoproteins on the platelet PM by
an altered density and/or compositionlgfglycans on the platelet PNGase F and PNGase A treatment. After purification, released N-
surface as a novel mechanism to promote platelet aggregation. glycans were subjected to gemethylation prior to NSI-FTMS
This hypothesis was investigated using platelets from C57Bld6alysis (Figures 2A.38% The total released sialylated N-glycans
mice (WT) and TPH1 K& and SERT KO mi¢&@ The KO mice were not significantly different between platelet PM of SAL- and 5-
were backcrossed into the C57BL/6J background to achieve gem€liénfused mice (Figure 2C). However, the relative abundance of
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Table 2| Summary of findings in 6 groups of mice

WT WT1 5-HT SERT-KO SERT-KGB-HT TPH1-KO  TPH1-KO 5-HT
[5-HT] in plasma (ng/  ni blood) 0.85 6 0.04 2.74 6 037 1.75 6 0.05 3.54 6 0.16 u.n.d. 2.14 6 04
[5-HT] in platelet (ng/  m blood) 5.15 6 0.89 5.77 6 0.54 u.n.d. u.n.d. u.n.d. 497 6 0.5
5-HT uptake rates (pmol/min/mg 0.76 6 0.08 0.48 6 0.05 u.n.d. u.n.d. 0.89 6 0.04 0.45 6 0.08
protein)
Percent aggregation rate 35.8 6 8.06 70.7 6 7.63 25.67 6 5.03 34.67 6 4.16 31.67 6 5.77 60 6 3.54
Flow Cytometry analysis of P- 181.7 6 8.00 316.05 6 2.61 96.15 6 9.76 105.46 6 11.8 93.13 6 7.77 195.38 6 13.11
selectin
Ratio Neu5Gc/Neu5Ac (LC-MS 0.61 6 0.04 1.73 6 0.3 0.68 6 0.03 3.88 6 0.32 0.43 6 0.07 2.13 6 0.24
results)
u.n.d. 5 undetectable; defined as [5-HT] 0.1 ng/ml or 5-HT uptake rate less than the background accumulation 6H-5HT.

Neu5Ac in total N-glycans released from the platelet PM of 5-Hassociated with increased activation of the affected platelets as evi-
mice was 61.6% lower compared to SAL-infused mice. Reciproca@nced by enhanced collagen-induced aggregation and P-selectin
the relative abundance of Neu5Gc was 70.3% higher in platelet PMduwface expression (Figure 1B...C; Tables 1 and 2). Since the increase
5-HT mice compared to SAL mice (Figures 3A...B).The Neu5S5AcNeu5Gc-containing N-Glycans on the PM of platelets from 5-HT
Neu5Gc ratio on the PM of platelets obtained from SAL mice wasce suggested enhanced CMAH-mediated conversion of NeuSAc
2.89, whereas the reciprocal Neu5Gc/Neu5Ac ratio on platelets framNeu5Gce, we explored whether elevated [5-HT]pl alters the
5-HT mice was 3.03 (Figures 3A...C). expression or catalytic activity of CMAH in platelets.

Flow cytometry using platelets stained with Neu5Gc Ab concurredMicroarray analysis detected CMAH in MK (not shown), so we
with the NSI-FTMS findings and showed a 33% elevation in tlthose to examine the expression level of the CMAH transcript in
relative abundance of Neu5Gc in platelets isolated from 5-HT migkatelets using specific primers (Table 3) and RT-PCR analysis.
compared to SAL mice (Figures 4A...B). Thus, exposure to elevagdllel amplification reactions evaluated the relative abundance of
[5-HT]pl for 24 hoursin vivo conferred heightened Neu5Gc levelthe CMAH transcript in other blood cell components (red blood cell,
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Figure 1| (A) Aggregation of isolated platelets following 5-HT infusi@omparison of light-transmission aggregation profiles in platelets isolated from
saline- vs. 5HT-infused C57BL/6J mice (WT) in response to ADP (5, 18M2&hown in red, black and blue lines on the graph, respectively). Platelets
exposed to elevated plasma 5-HT showed accentuated aggregation. (B) Collagen-induced aggregation and effect of sarpogrelate (Sarp). Platelets isol
from 5-HT infused mice showed an enhanced aggregation response to collaggm({4) compared to platelets from saline (SAL) —infused mice. The 5-

HT ,areceptor antagonist, Sarp (30 mg/g of body weight), was injected after 18 hr of 5-HT infusion and animals were sacrificed at 24 hr. Platelets isolatec
from Sarp-injected 5-HT-mice showed normal aggregation profiles. (C) Percent aggregation. Approximately 45% of the platelets from Sarp-injected
saline-infused mice and 55% of platelets from Sarp-injected 5-HT-infused mice were aggregated at the end of 10 min, whereas in the absence of Sal
platelets from saline- and 5-HT mice showe85% and 65% aggregation, respectively. (D) Effect of Sarp on surface P-selective expression. The effect of
Sarp-injection on the plasma membrane level of p-Selectin was measured by FACS analysis and calculated as the geometric mean of fluorescence (GN
Expression of p-Selectin was much lower in Sarp-injected mice even after 5-HT infusion. An average of 5 measurements are presented in bar graph:
Asterisks indicate statistical difference between saline- and Sarp-injected saline-infesetS-HT- and Sarp-injected 5-HT-infused*() mice. All

assays were performed in triplicategn15/group).
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