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Abstract
Serotonin (5HT) is a platelet-stored vasoconstrictor. Altered concentrations of circulating 5HT are
implicated in several pathologic conditions, including hypertension. The actions of 5HT are
mediated by different types of receptors and terminated by a single 5HT transporter (SERT).
Therefore, SERT is a major mechanism that regulates plasma 5HT levels to prevent
vasoconstriction and thereby secure a stable blood flow. In this study, the response of platelet
SERT to the plasma 5HT levels was examined within two models: (i) in subjects with chronic
hypertension or normotension; (ii) on platelets isolated from normotensive subjects and pretreated
with 5HT at various concentrations. The platelet 5HT uptake rates were lower during hypertension
due to a decrease in Vmax with a similar Km; also, the decrease in Vmax was primarily due to a
decrease in the density of SERT on the platelet membrane, with no change in whole cell
expression. Additionally, while the platelet 5HT content decreased 33%, the plasma 5HT content
increased 33%. Furthermore, exogenous 5HT altered the 5HT uptake rates by changing the density
of SERT molecules on the plasma membrane in a biphasic manner. Therefore, we hypothesize that
in a hypertensive state, the elevated plasma 5HT levels induces a loss in 5HT uptake function in
platelets via a decrease in the density of SERT molecules on the plasma membrane. Through the
feedback effect of this proposed mechanism, plasma 5HT controls its own concentration levels by
modulating the uptake properties of platelet SERT.
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Serotonin (5HT) is an intermediate product of tryptophan metabolism located primarily in
the enterochromaffin cells of the intestines, serotonergic neurons of the brain, and blood
platelets, and is a well established neurotransmitter in the central nervous system. Although
altered concentrations of circulating 5HT are implicated in several pathologic conditions,
including hypertension, the mechanism underlying involvement of 5HT remains elusive.
5HT has potent vasoconstrictor activity (Watts 2005) and also enhances the hypertensive
effects of known vasoconstrictors (Golino et al. 1991;Gujrati et al. 1994; Azzadin et al.
1995; Yildiz et al. 1996; Watts 2005). In hypertension and atherosclerosis (Golino et al.
1991; Yildiz et al. 1996), the blood vessels become more sensitive to the vasoconstrictor
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effects of 5HT, and this effect is further amplified by subcontractile levels of other
vasoconstrictors such as angiotensin and endothelin (Yildiz et al. 1998; Watts 2005).
Furthermore, 5HT levels and turnover are increased in primary hypertension and certain
types of secondary hypertension, such as pregnancy, erythropoietin, and cyclosporine-
induced hypertension (Gujrati et al. 1994; Azzadin et al. 1995; Watts 2005). The actions of
5HT are mediated by different types of receptors, but are terminated by a single 5HT
transporter (SERT) (Blakely et al. 1991; Hoffman et al. 1991; Lesch et al. 1993;
Ramamoorthy et al. 1993b). The uptake mechanism of platelet SERT regulates plasma 5HT
levels and secures stable blood flow by decreasing the possibility of platelet-activation,
which produces clots in blood vessels, resulting in platelet aggregation, and subsequently,
hypertension (Pettinger et al. 1973; Shulman et al. 1989; Lichtman et al. 2002; Blann et al.
2003; Stoddard et al. 2003; Pidgeon et al. 2004). The relation between the plasma 5HT level
and the uptake ability of SERT has been demonstrated using SERT knock-out mice (Bengel
et al. 1998), polymorphisms in the SERT-linked promoter region, and SERT inhibitors
(Heils et al. 1996; Lesch et al. 1996; Serebruany et al. 2001; Johnson et al. 2003). Overall,
these studies emphasize that the 5HT uptake efficiency of SERT depends on the plasma
5HT level and the number of transporters on the plasma membrane (Ramamoorthy and
Blakely 1999). However, neither the contributions of these phenomena nor the order of
events in the hypertensive state are known.

In the present study, we first measured 5HT levels in platelets and platelet-poor plasma
(PPP). We then characterized the platelet 5HT uptake rates, the catalytic properties (Vmax),
and the substrate-dependence (Km) of SERT in platelets from subjects with chronic
hypertension or normotension. The platelet 5HT uptake rate during hypertension was lower
due to a decrease in Vmax with no change in Km for the platelet SERT. To understand the
mechanism for the reduction in 5HT uptake, the expressions of SERT on the plasma
membrane and in the intracellular pools were measured. The findings indicated that the
decrease in Vmax was due to a decrease in the amount of SERT molecules expressed on the
platelet membrane but not in whole cell expression. Furthermore, we studied the interaction
between the plasma 5HT levels and the density of SERT molecules on the platelet
membrane. The effects of exogenous 5HT on the uptake rates and plasma membrane
densities of SERT were measured in isolated platelets after pre-treating them with various
concentrations of 5HT.

Together, our findings demonstrated that exogenous 5HT affects the uptake capacity of
SERT by controlling the density of transporter molecules on the plasma membrane in a
biphasic manner. Therefore, we hypothesize that in a hypertensive state, the elevated plasma
5HT levels induce a loss in the uptake function of platelets via a decrease in the density of
SERT molecules on the plasma membrane. Through the feedback effect, plasma 5HT
controls its own concentration levels by modulating the kinetic properties of platelet SERT.

Materials and methods
Subjects

Seventeen adult men between the ages of 45 and 50 years and with high blood pressure and
25 subjects with normal blood pressure (Table 1) were recruited for this study. Our study
was carried out as part of a larger University of Arkansas for Medical Sciences (UAMS)
IRB-approved investigation, which included these procedures, and for which subjects had
previously provided written informed consent. The subjects had no other medical conditions.
Women were not included to avoid the potential confounding influence of variations in
average platelet age across the menstrual cycle on platelet 5HT uptake and storage, which
could occur because younger platelets, proportionately more prevalent during menstruation,
are larger, with a greater number of storage vesicles (Corash et al. 1984), and are very likely
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have relatively more SERT molecules (Corash et al. 1984; Arora and Meltzer 1989; Ozaki et
al. 1994). Subjects who had medical problems, smoked, or took medications in the
preceding 2 weeks were excluded from the study.

Blood sampling and platelet preparation
A blood sample (10 mL) was drawn into a heparin-containing tube by venipuncture from an
antecubital vein. To one 5-mL aliquot of blood, Tyrode Hepes buffer (134 mmol/L NaCl,
0.34 mmol/L Na2HPO4, 2.9 mmol/L KCl, 12 mmol/L NaHCO3, 20 mmol/L HEPES, 5
mmol/L glucose, 1 mmol/L MgCl2 pH 7.3) was added and centrifuged at 200 g for 7.5 min
at 20–25°C to separate platelet rich plasma (PRP). The supernatant, PRP, was transferred to
another tube and Tyrode Hepes was added in a 1:0.5 volume. Samples were centrifuged at
200 g for 7.5 min at 20–25°C. The supernatant was centrifuged again at 1000 g for 5 min
and platelet poor plasma (PPP) was separated from the pellet. The platelet pellet was then
re-suspended in the appropriate buffer.

Quantitative measurement of 5HT levels by enzyme-linked immunosorbent assay
The 5HT levels of platelets and PPP prepared from 16 hypertensive and 16 normotensive
subjects were measured by competitive enzyme-linked immunosorbent assay (ELISA)
technique by following the manufacturer’s instructions (IBL Immuno-Biological
Laboratories, Hamburg, Germany). Briefly, 5HT in samples and controls were acylated with
acetic anhydride in acetone and samples, controls, and standards were applied to 96-well
microtitre plates coated with goat anti-rabbit IgG. Biotinylated 5HT and rabbit antiserum to
5HT were added to each well and incubated overnight at 4°C. Para-nitrophenylphosphate in
a diethanolamine solution was used as a substrate following the application of alkaline
phosphatase conjugated goat anti-biotin antibody. Samples were read at 405 nm on an
ELISA plate reader (Molecular Devices Union City, CA, USA). The amounts of 5HT were
quantified using standards supplied by the manufacturer and analyzed using Origin software
(Microcal Software, Northampton, MA, USA).

Platelet 5HT uptake assay
Platelet pellet was quickly washed with phosphate-buffered saline containing 0.1 mmol/L
CaCl2 and 1 mmol/L MgCl2 (PBSCM) then resuspended in PBSCM with 14.6
nmol/L 3H-5HT at RT for 10 min, to include only the initial linear phase of transport in
human platelets. Platelets were collected by rapid filtration through Whatman GF/B filters
and were washed twice with 5 mL of ice-cold phosphate-buffered saline (PBS). Filters were
placed in scintillation vials containing 5 mL scintillation cocktail and immediately counted.

Background accumulation of 3H-5HT that occurred independent of SERT was measured in
the same experiment treating platelets with the high-affinity cocaine analog, 0.1 µmol/L 2β-
carbomethoxy-3-tropane (β-CIT) (Chemical Synthesis Service, NIMH, Bethesda, MD,
USA) and subtracted from each experimental value. As much as 0.1 mmol/L cocaine totally
inactivates the 5HT uptake function of SERT (Heils et al. 1996; Ramamoorthy and Blakely
1999; Johnson et al. 2003; Ozaslan et al. 2003). In parallel, the protein concentration for 0.2
× 106 (0.015 mg cellular protein) platelets was determined using the Micro BCA protein
Assay Kit (Pierce, Rockford, IL, USA). The 5HT uptake rates of transporters were
calculated as means of standard deviation values from three independent experiments.

Western blot analysis
Platelets were washed, lysed and solubilized in PBS containing 0.44% sodium dodecyl
sulfate (SDS), 1 mmol/L phenylmethylsulfonyl fluoride (PMSF), and protease inhibitor
mixture (PIM). The PIM contained 5 mg/mL pepstatin and 50 mg/mL leupeptin, and 5 mg/
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mL aprotinin was included with each lysis buffer (Kilic et al. 2003), which also contained
the alkylating agent N-ethylmaleimide (NEM) to a final concentration of 5 mmol/L to
prevent oxidation and formation of non-specific disulfide bonds during lysis and to retain
the native monomeric structures in the gel (Kocabas et al. 2003). Samples were analyzed by
8% SDS–polyacrylamide gel electrophoresis (PAGE) and transferred to the nitrocellulose
membrane. Western blot analysis was performed, first with monoclonal human SERT
antibody (hSERT-Ab) (MAb Technologies, Inc., Stone Mountain, GA, USA) (diluted 1 :
1000), and then with HRP-conjugated anti-mouse secondary antibodies at a dilution of 1 : 10
000. The signals were visualized using the ECL western blot detection system. Blots were
visualized under a VersaDoc 1000 gel visualization and analysis system (BioRad Lab,
Hercules, CA, USA).

Cell surface biotinylation
Platelet plasma membrane expression levels of hSERT were compared using the membrane-
impermeant biotinylation reagent, NHS-SS-biotin (Pierce, Inc., Rockford, IL, USA).
Platelets from 3 mL blood samples were prepared and washed twice with of ice-cold PBS/
CM. Next, the platelets were incubated with NHS-SS-biotin (1.5 mg/mL) on ice with very
gentle shaking. After biotinylation, platelets were first briefly rinsed and then incubated with
PBS/CM containing 100 mmol/L glycine on ice. Platelets were lysed with 1% SDS–1%
TX100. Then the biotinylated proteins were recovered from the platelet lysate using
streptavidin–agarose beads (Pierce, Inc.) (Kilic and Rudnick 2000). The beads were washed
with high salt, low salt and 50 mmol/L Tris-HCl (pH 7.5). The biotinylated proteins were
eluted from the beads in SDS–PAGE sample buffer. The mercaptoethanol cleaves the
disulfide bond of NHS-SS-biotin, releasing the recovered proteins from the biotin moiety
and consequently from the streptavidin-agarose beads. The cell surface proteins were
separated using SDS–PAGE and SERT was detected by western blot (Towbin et al. 1979)
using the monoclonal hSERT-antibody. In human platelet one band of molecular weights 90
kDa is recognized for SERT.

Data analysis
Non-linear regression fits of experimental and calculated data were performed with Origin,
which uses the Marquardt–Levenberg nonlinear least squares curve fitting algorithm. Each
figure shows a representative experiment that was performed at least twice. The statistical
analysis given in the Results section is from multiple experiments. Data with error bars
represent the mean ± SD for triplicate samples. Comparison of paired continuous variables,
chronic hypertensive and normotensive, was done by paired t-test. The level of significance
was set at <0.05.

Results
Platelet and PPP 5HT levels

There is a growing body of evidence that plasma 5HT concentrations are directly related to
systolic and diastolic blood pressure (Azzadin et al. 1995; Yildiz et al. 1996;Watts 2005).
Before studying the relationship between plasma 5HT and platelet SERT, we measured the
5HT levels in the plasma and PPP of 16 subjects with chronic hypertension and
normotension. The mean platelet 5HT concentration was lower during hypertension than
normotension (1.06 ± 0.04 vs. 1.56 ± 0.09 nmol/L, respectively; p < 0.001). On the other
hand, the mean PPP 5HT concentration was higher during hypertension than normotension
(1.06 ± 0.050 vs. 0.70 ± 0.05 nmol/L, respectively; p < 0.001; Fig. 1).
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Kinetic characterization of platelet hSERT
For this and the following sections all the measurements were performed from the same
samples in parallel. As much as 10 mL blood samples from seven hypertensive and seven
normotensive subjects were drawn, and platelets from the blood samples were prepared (10
mL blood sample = 1.5 × 108 ± 350 platelets) and re-suspended in 10 mL PBCM; 1 mL
from the platelet suspension was utilized to measure the 5HT uptake rates; 7 mL was used to
study the Vmax and Km values; 2 mL was used to measure the whole platelet and plasma
membrane density of transporters.

In order to understand the involvement of platelet SERT in the accumulation of 5HT in
plasma during hypertensive states, 5HT rates of platelets from hypertensive and
normotensive subjects were determined in platelet (c. 1.5 × 107 platelet/1 mL suspension) as
described in the Materials and methods section and calculated as pmol of 5HT transported in
a minute. Platelet pellet was resuspended in PBSCM with 14.6 nmol/L 3H-5HT for various
times (Fig. 2a). As shown in Table 2, the 5HT uptake rate of platelet SERT during chronic
hypertension was lower than normotensive state (Fig. 2b). The 45% reduction in 5HT uptake
rates of platelets from hypertensive subjects was most pronounced at the earliest time points.

To analyze the mechanism involved in the decrease of 5HT uptake we measured the
transport rate over a range of 5HT concentrations (0.02–5 µmol/L).The 5HT uptake
measurements of platelets were performed in a triplicate experiment. Therefore, platelets in
7 mL PBSCM were distributed equally into the 27 tubes (4 × 106 platelets/tube). The cold
5HT in PBSCM at various concentrations (0.02–5 µmol/L) were mixed with 14.6
nmol/L 3H-5HT. Platelets were incubated at 20–25°C for 10 min an intervals as it is
presented in Fig. 3. The 5HT uptake assays were followed as described in the Materials and
methods section. Vmax values were determined by fitting the rate versus concentration data.
The inset shows an Eadie–Hofstee plot of the data with lines drawn from the derived kinetic
constants.

The results in Fig. 3a demonstrate that the decreased uptake rate of platelets in hypertensive
subjects was maintained over a wide range of substrate concentrations and those high
substrate concentrations did not eliminate the difference between hypertensive and
normotensive states (Figs 3a and b). These data were analyzed by fitting them to hyperbolic
saturation kinetics, yielding a 1.17-fold difference in Vmax value and a similar Km value.
SERT obtained in the hypertensive state had a lower maximal rate and saturated at a similar
5HT concentration than that obtained during the normotensive state (see the Eadie–Hofstee
plot shown as an inset to Fig. 3a). The line representing normotensive state intersected the y-
axis at a higher value (Vmax) than that of hypertensive state and with a similar slope (−KM).

SERT expression in platelets
An additional possible explanation for the decreased Vmax is that the distribution of
transporters between the cell surface and intracellular locations. To test this possibility, the
intact platelets (c. 3 × 107 platelets) prepared from 2 mL blood samples of seven
hypertensive and seven normotensive subjects were treated with membrane-impermeant
biotinylating reagent sulfo-NHS-SS-biotin to label proteins on the cell surface. The platelets
were then solubilized and biotinylated proteins were extracted using streptavidin-agarose.
The plasma membrane SERT was then separated from the intracellular SERT. Both
intracellular and plasma membrane SERT were analyzed by quantitative western blot
analysis. The intracellular protein actin was used as a loading control for both plasma
membrane and intracellular SERT.

There was a 35% decrease in the surface density of SERT molecules on platelets from
hypertensive subjects when compared with the normotensive ones (p < 0. 01) (Figs 4a and
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b). The decreased surface expression during the hypertensive state explains the reason for
decrease in Vmax of SERT.

In order to determine the relationship between the plasma 5HT levels and the platelet SERT
in the hypertensive state, we characterized SERT in isolated platelets from normotensive
subjects after a pretreatment with 5HT at various concentrations levels.

5HT uptake rates of SERT in isolated platelet pretreated with 5HT at different
concentrations

The uptake rates of SERT were measured in isolated platelets (1.5 × 108 ± 350) after 30 min
pre-treatment with 5HT in a wide range of concentrations (0–2.5 nmol/L) as described under
the Materials and methods section. A pretreatment with (0.75 nm ≤ 5HT ≤ 1 nmol/L)
increased the 5HT uptake rate of platelet SERT system by 32%; however, pre-treatment
with 1.5 nmol/L 5HT decreased the 5HT uptake rates of platelet SERT by 31% (Fig. 5).
Background accumulation of 3H-5HT that occurred independent of SERT was measured in
the same experiment by treating platelets with 0.1 µmol/L β-CIT. These findings are very
similar to our observation on 5HT uptake rates of platelets from hypertensive and
normotensive subjects. Therefore, we next investigated the density of transporters on the
plasma membrane and in whole platelet.

Impact of 5HT-pretreatment on SERT expression on the plasma membrane and in whole
platelets

Platelets (1.5 × 108 ± 350) were pelleted, washed with PBSCM and treated with 0, 0.75 or
1.5 nmol/L 5HT for 30 min. Then, the biotinylation procedure was followed as described
under the Method section. The intact platelets were incubated with membrane-impermeant
NHS-SS-biotin first then lysed, and biotinylated membrane proteins were collected on
streptavidin beads. The expressed transporters on the plasma membrane and in intracellular
locations were analyzed by quantitative Western blot with anti-SERT antibody (Fig. 6a).
The intracellular protein actin was used as a loading control. The expression of actin (inset
of Fig. 6a) was not altered for all concentrations of 5HT pre-treatment, indicating that equal
amounts of protein were loaded in each well.

5HT pretreatment (0.75 nmol/L; lane 5) increased SERT expression on the plasma
membrane compared with the untreated (lane 4). In three independent experiments under
steady-state experimental conditions, the streptavidin beads removed 59% of the
biotinylated hSERT from the total transporters in platelets cells pretreated with 0.75 nmol/L
5HT. In cells pretreated with 1.5 nmol/L 5HT, however, the streptavidin beads removed
only 35% of the biotinylated hSERT. In the untreated condition, 44% of the biotinylated
hSERT was removed from the pool of biotinylated proteins. After removing the biotinylated
membrane proteins from the lysed platelets (depleted lysate) with an excess of streptavidin
beads, we determined the remaining amount of intracellular hSERT. Quantitative western
blot analysis with SERT-antibody revealed that 1.5 nmol/L 5HT treatment maintained 65%
of the total synthesized hSERT (Fig. 6a, lane 3) in the intracellular pools, and 35% of it
appeared on the platelet membrane.

Following a pre-treatment with 1.5 nmol/L 5HT, the density of SERT on the platelet
membrane decreased 30% when compared with non-treated controls. These findings explain
why platelets pre-treated with 1.5 nmol/L 5HT exhibited a 32% decrease in 5HT uptake
rates (Fig. 5).
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Discussion
5HT was first isolated 55 years ago and identified as a vasoconstrictor compound in serum
(Freyburger et al. 1952; Willerson 1995; Reis et al. 2000). Today the impact of 5HT on the
cardiovascular system is well-established. Specifically, in hypertension and atherosclerosis
(Golino et al. 1991; Yildiz et al. 1996), there is a very high sensitivity of blood vessels to the
vasoconstrictive effects of 5HT, and these effects are amplified further by even
subcontractile concentrations of endogenous hypertensive mediators (Watts 2005). Thus,
5HT, which markedly induces vasoconstriction, also enhances the hypertensive effects of
known vasoconstrictors.

Altered 5HT plasma level is one of the multiple mechanisms associated with certain types of
hypertension (Woittiez et al. 1986; Dabire et al. 1987; Egan et al. 1988; Wocial et al. 1990;
Gujrati et al. 1994; Azzadin et al. 1995; Yildiz et al. 1998; Brass 1999; Reis et al. 2000;
Watts 2005). Plasma 5HT plasma levels are regulated by SERT in the platelet membranes
(Pettinger et al. 1973; Shulman et al. 1989; Lichtman et al. 2002; Blann et al. 2003;
Doggrell 2003); Stoddard et al. 2003; Pidgeon et al. 2004; Ni et al., 2006). Therefore, the
uptake efficiency of platelet SERT is one of the major factors in controlling blood pressure
levels by regulating plasma 5HT concentration. In the present study, we first demonstrated
that plasma 5HT levels of hypertensive subjects are increased while the amounts of 5HT in
their platelets are decreased. These findings are consistent with previous reports (Jafri et al.,
1992; Watts 2005). Then, we compared the biochemical characteristics of platelet SERT
from hypertensive with the normotensive subjects to determine whether platelet SERT
undergoes hypertension-associated alterations. We performed our studies in two model
systems (i) the platelets prepared from hypertensive and normotensive subjects; and (ii) the
platelets isolated from normotensive subjects and pretreated with various concentrations of
5HT. The main conclusions from our findings are that the 5HT uptake rate of SERT is lower
in platelets from hypertensive subjects than those from normotensive subjects due to the
decrease in Vmax and the decreased number of SERT molecules on the platelet membrane.
Several independent lines of evidence support these conclusions. First, we differentiated the
expression levels of transporter protein on the platelet membrane and in whole cells by
biotinylation of membrane proteins. The density of SERT on the plasma membrane of
platelets from hypertensive subjects was less than that of the normotensive subjects. Second,
the decreased Vmax of SERT during the hypertensive state could be due to the decreased
surface expression of SERT. Third, we confirmed these findings in an in vitro model system,
isolated platelets pretreated with 5HT at various concentrations (Fig. 7). Our data
demonstrated that exogenous 5HT at lower concentrations (0.75 nmol/L ≤ [5HT] ≤ 1.5
nmol/L) increases the uptake rates and surface density of platelet SERT by 32% and 35%,
respectively. However, at higher concentrations ([5HT] ≥ 1.5 nmol/L) 5HT decreases the
uptake rates and surface density of platelet SERT by 31% and 30%, respectively (Table 3).
These findings nicely agreed with the data obtained from the platelets of hypertensive
subjects when the plasma 5HT levels were around 1 nmol/L, the 5HT uptake rates and the
surface density of platelet SERT decreases 45% and 35%, respectively. The overall data
show that in serum during the formation of hypertension plasma 5HT levels are important
and have more impact than the one we obtained with the in vitro system. This is a
reasonably expected outcome.

The regulatory roles of substrates and inhibitors on their transporters are well established
(Wuller et al. 2004). Glutamate increases the surface expression of EAAT1 (Duan et al.
1999) and GABA increases GAT1 activity, through an increase in cell surface expression,
which occurs within minutes (Bernstein and Quick 1999; Quick 2003). Dopamine
transporter function and plasma membrane expression are regulated by dopamine,
amphetamine, and cocaine (Kahlig and Galli 2003). Protein kinase C activators decrease the

Brenner et al. Page 7

J Neurochem. Author manuscript; available in PMC 2011 February 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



numbers of SERT molecules; 5HT pretreatment altered the density of SERT on the plasma
membrane by interfering with SERT phosphorylation and internalization (Ramamoorthy and
Blakely 1999). Cyclic adenosine monophosphate activators, however, increase SERT
density in cell membranes (Ramamoorthy et al. 1993a). These studies confirm that the
functional efficiency of SERT depends on the density of functionally active transporters on
the plasma membrane (Ramamoorthy et al. 1993a; Ramamoorthy and Blakely 1999;
Koldzic-Zivanovic et al. 2004). Therefore, we then examined whether plasma 5HT levels
play a role in regulating the density of SERT molecules on the plasma membrane. Our
findings indicate that at lower concentrations (≤1 nmol/L) 5HT-pre-treatment promotes the
plasma membrane expression of SERT which subsequently increases the rate of 5HT uptake
(Table 3). Pre-treatment with 1.5 nmol/L 5HT decreased the 5HT uptake rate and the density
of SERT on the plasma membrane. On the basis of these findings, we hypothesize that
during hypertension, the 5HT uptake rate of the platelet SERT system decreases due to the
number of available SERT molecules on the platelet membrane; therefore, the average rate
of transport per cell surface SERT molecule is decreased (Fig. 7). Our findings, together
with those of others, suggest that plasma 5HT regulates its own concentration via altering
the density of SERT molecules on the platelet membrane. Elucidating the molecular basis of
communication between 5HT and the SERT protein will lead to the identification of the
intracellular activities of platelets in hypertension.

During hypertension, plasma 5HT levels are higher than during normotension. Our current
findings indicate that the 5HT uptake rates of SERT undergo hypertension-associated
alterations. This is an important finding establishing that SERT on the platelet membrane
can be a major regulator of plasma 5HT levels. More specifically, we demonstrated that the
5HT uptake rate of SERT decreases due to a decrease in Vmax and the amount of SERT
molecules on the platelet membrane. These findings support the idea that SERT is an
attractive candidate for studies of the control of hypertension via regulating the plasma 5HT
levels. On the basis of these findings, without further investigation, it would be speculative
to relate the plasma 5HT levels directly with the uptake capacity of platelet SERT.

Abbreviations used

5HT Serotonin

hSERT-Ab human SERT antibody

NEM N-ethylmaleimide

PIM protease inhibitor mixture

PPP platelet-poor plasma

SERT single 5HT transporter

β-CIT 2β-carbomethoxy-3-tropane
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Fig. 1.
Serotonin (5HT) contents of platelet and platelet-poor plasma (PPP) in hypertensive and
normotensive states. Using a competitive ELISA technique, platelet and PPP 5HT
concentrations from 16 subjects with hypertension were measured and compared with the
values from normotension following the manufacturer’s instructions. Samples were read at
405 nm on an ELISA plate reader. 5HT amounts were quantified using standards supplied
by the manufacturer, and analyzed using Origin software. The (*) represents the results of a
two-tailed Student’s t-test with p < 0.001 (compared with normotensive subjects).
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Fig. 2.
Serotonin (5HT) uptake rates of platelet single 5HT transporter (SERT) from hypertensive
and normotensive subjects. (a) Platelets from the blood samples of seven hypertensive and
seven normotensive subjects were prepared and assayed for [3H]-5HT uptake at 1, 2.5, 10,
15, 17.5, 20, 30, 50 and 60 min as described in Materials and methods. Background
accumulation of [3H]-5HT was measured in the same experiment by treating platelets with
0.1 µmol/L high-affinity cocaine analog, 2β-carbomethoxy-3-tropane (β-CIT) and subtracted
from each experimental value. The difference between the 5HT uptake rates of hypertensive
and normotensive samples was most pronounced at the earliest time points, 10 min. (b) 5HT
uptake rates of platelets prepared from 1 mL blood samples of seven hypertensive and seven
normotensive subjects were measured by incubating with [3H]-5HT for 10 min as described
in Materials and methods. The (*) represents the results of a two-tailed Student’s t-test with
p < 0.001 (compared with normotensive subjects).
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Fig. 3.
Substrate dependence of platelet hSERT from hypertensive and normotensive subjects.
Platelets prepared from 7 mL blood samples of seven hypertensive and seven normotensive
subjects were prepared as described under Materials and methods. Initial rates of 5HT
uptake in platelets from hypertensive subjects (a) and normotensive subjects (b) were
measured over the indicated range of 5HT concentrations using 20 nmol/L 3H-5HT with
unlabeled 5HT added to the final concentration. Km and Vmax values were determined by
fitting the rate versus concentration data. The inset shows an Eadie–Hofstee plot of the data
with lines drawn from the derived kinetic constants. See Table 2 for a summary of the
calculated data. Background SERT-independent accumulation of 3H-5HT was measured in
the same experiment by treating platelets with 0.1 µmol/L high-affinity cocaine analog, 2β-
carbomethoxy-3-tropane (β-CIT), and subtracted from each experimental value. Cocaine
(0.1 mmol/L) totally inactivates the 5HT uptake function of SERT (Kilic and Rudnick
2000;Kilic et al. 2003;Kocabas et al. 2003;Ozaslan et al. 2003). The 5HT transporter uptake
rates were calculated as means of standard deviation values from three independent
experiments performed in triplicate.
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Fig. 4.
Analysis of single 5HT transporter (SERT) expression in platelets from hypertensive and
normotensive subjects. For whole-cell expression, platelets from 2 mL blood samples of
seven hypertensive and seven normotensive subjects with (lanes 1 and 2, respectively) were
lysed, and proteins were separated by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE) and visualized by western blot analysis with anti-SERT-Ab
(a). The integrated density values were determined by densitometry (b). For cell surface
expression, platelets from the subjects with hypertension and normotension (lanes 3 and 4,
respectively) were biotinylated, and the labeled cell surface proteins were precipitated with
streptavidin beads and then separated and visualized as above. The results of western blot
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analysis are shown above a summary of combined data from four densitometric scans. The
(*) represents the results of a two-tailed Student’s t-test with p < 0.001 (compared with
normotensive subjects).
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Fig. 5.
Serotonin (5HT) uptake rates of single 5HT transporter (SERT) on isolated platelets
pretreated with 5HT at different concentrations. Platelets prepared from 5 mL blood samples
of three normotensive subjects were first pre-treated with 5HT over a wide concentration
range (0–2.5 nmol/L) for 30 min. Then the [3H]-5HT uptake rates were measured in intact
platelet. Rate of uptake is expressed as the means and SD values of triplicate determinations
from three independent experiments. The (*) and (**) represent the results of a two-tailed
Student’s t-test with both p < 0.001 (compared with untreated platelet uptake rates).
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Fig. 6.
Expression of single 5HT transporter (SERT) on isolated platelets with and without 5HT
pre-treatment. Platelets prepared from 5 mL blood samples of 3 normotensive subjects were
first pretreated with 0, 7.5, 1.5 nmol/L 5HT for 30 min. Then, they were biotinylated, and
the labeled cell surface proteins were precipitated with streptavidin beads and then separated
by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and visualized
by western blot analysis using anti-SERT antibody followed by HRP-conjugated rabbit IgG
(a). The integrated density values were determined by densitometry (b). The results of
western blot analysis are shown in figure is the summary of combined data from three
densitometric scans (Table 3). Actin was used as the loading control (inset in Figure 45 kD).
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The (* and **) represents the two-tailed Student’s t-test with p < 0.001 (compared with 0
nmol/L 5HT-matched samples).
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Fig. 7.
Model for Serotonin (5HT)-dependent plasma membrane density of platelet single 5HT
transporter (SERT). In the presence of high (>1 nmol/L) plasma 5HT levels, the density and
the 5HT uptake rates of platelet SERT decrease in platelets samples of hypertensive subjects
and 5HT-pre-treated platelets obtained from normotensive subjects. Therefore, we
hypothesize that the low 5HT uptake capacity of platelet SERT results from a feedback
effect of increased plasma 5HT levels. Individuals with hypertension might have an
impaired 5HT uptake mechanism, which abates as the hypertensive state improves.
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Table 1

Clinical evaluation of the subject

Hypertensive Normotensive

Age (years) Systolic (mmHg) Diastolic (mmHg) Systolic (mmHg) Diastolic (mmHg)

47 ± 3 212.67 ± 23.27a* 110.5 ± 8.52a** 113.6 ± 15.20a* 81.00 ± 16.8a**

a
Mean ± SD.

*
p = 0.034;

**
p = 0.017.
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Table 2

Kinetic characteristics of single 5HT transporter (SERT) in platelets from hypertensive subjects and after
hypertension has resolved (normotensive)

Rate (pmol/min/mg protein) Km (µmol/L) * Vmax
** (pmol/min/mg protein)

Hypertensive 0.28 ± 8.5 ×10−5 a 0.96 ± 0.06a* 0.61 ± 0.06a**

Normotensive 0.51 ± 0.0004a 0.98 ± 0.04a* 1.58 ± 0.06a**

a
Mean ± SD.

*
p = 0.26;

**
p = 0.03.

Transport measurements were performed as described under Materials and Methods. Km and Vmax values and their associated uncertainties were
obtained by nonlinear regression analysis.
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Table 3

Effect of 5HT pretreatment on platelet single 5HT transporter (SERT)

% Change of SERT in 5HT
pretreated platelets compare
to the untreated ones

5HT pre-treatment

0.75 nmol/L 1.5 nmol/L

5HT uptake rate 32% increase 31% decrease

Surface expression 35%* increase 30%** decrease

Intracellular expression 29% decrease 20% increase

*
p = 0.001;

**
p = 0.003.
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