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Abstract. Selective serotonin reuptake inhibitors (SS-
RIs) are a heterogenecous group of new antidepressants
that cause a well documented acquired but reversible
serotonin deficiency in blood platelets. Platelets are
small, anucleate cells and are the only blood cells spe-
cialized in storing peripheral serotonin. Platelets are also
an integral part of the hemostatic process that is initiated
during pathologic thrombus formation in cardiovascular
diseases. Serotonin release from platelets is important for
functional hemostasis as indicated by congenital diseases
with serotonin-deficient platelets that can lead to life-

threatening bleeding problems. The postulate that SSRIs
should have an impact on cardiovascular diseases is
therefore well founded. Cardiovascular effects of
SSRIs have indeed been shown in a number of studies
investigating the effect of SSRIs in patients with psycho-
somatic comorbidity. SSRIs reduce the incidence of
recurrent myocardial infarction (MI) in patients suffering
from post-MI depression. In addition, SSRIs inhibit tight
clot formation of platelets in vitro, which points to
a direct anti-thrombotic or pro-fibrinolytic effect of
SSRIs.
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Introduction

A platelet connection between selective serotonin reup-
take inhibitors (SSRIs) and cardiovascular diseases
(CVDs) would undoubtedly originate in the exclusive
ability of platelets to take up and transport serotonin.
Serotonin is a potent biogenic amine exhibiting strong va-
soactive properties, possibly through stimulation of sero-
tonin receptors on endothelial cells and through nitric ox-
ide production [1, 2]. Serotonin is widespread in nature,
found in fruit and vegetables such as pineapple and
tomato [3], as well as in the neuronal systems of all or-
ganisms from Drosophila [4] to humans [5]. Tryptophan
is the amino acid precursor of serotonin. Tryptophan hy-
droxylase (tph) and amino acid decarboxylase convert
this essential amino acid into serotonin [6, 7], whereby
tryptophan hydroxylation is the rate-limiting step.

In birds and mammals, including humans, serotonin lev-
els in the central nervous system represent only a small
fraction of the total serotonin in the body. Serotonin is
also independently produced in peripheral tissues [8]. In
these organisms, enterochromaffin cells in the intestine
produce serotonin and release it into the blood. Interest-
ingly, two different tryptophan hydroxylase isoenzymes
synthesize serotonin in serotonergic neurons of the raphe
nuclei (tph2) and in peripheral tissues (tphl) [9]. Highly
efficient uptake and transport systems for peripheral
serotonin have evolved, namely platelet or thrombocyte
dense granules [10]. Serotonin uptake into dense gran-
ules protects the organism from serotonin-induced un-
controlled, harmful vasoconstriction or vasodilation [11].
Although many aspects of platelet serotonin transport are
well characterized, such as the serotonin (5-HT) trans-
porter (5-HTT or SERT) [12], the serotonin receptor 5-
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HT,, [13] and dense granule formation and release
[14—-16], the full function and role of platelet serotonin
transport is still unknown.

Platelets have been viewed and used as neuronal models
of serotonin uptake and release for the past 50 years. Be-
ginning in the 1970s, platelets and neurons were found to
be similar with respect to serotonin uptake, and platelets
were used as easily accessible neuronal models [17-20].
However, the interest in platelets as neuronal models di-
minished quickly because of the sensitivity of platelets to
environmental stress [21-23], as well as the difficulty of
measuring peripheral serotonin reproducibly [24, 25].
The discovery that SSRIs are effective antidepressants
has revived such interest, since SSRIs block the reuptake
of serotonin into neurons [26] as well as platelets
[27-29]. To exploit this analogy, it has been suggested
that pretreatment levels of platelet serotonin in samples
from depressed patients might predict therapeutic out-
come for at least some SSRIs [27]. Thus, the platelet
model could be a useful clinical tool for monitoring the
effect of antidepressants. It is by now well documented
that prolonged intake of certain SSRIs, especially at high
concentrations, leads to a significant decrease in platelet
serotonin [28-31].

CVDs are conditions that affect the proper functioning of
the heart and blood vessels, chief among which are my-
ocardial infarction (MI, heart attack), cerebrovascular
disease (stroke), transient ischemic attack (TTA) and pe-
ripheral vascular diseases. CVDs, principally heart dis-
ease and stroke, are the leading cause of death for both
men and women among all racial and ethnic groups in
developed countries [32]. Although CVDs can be treated
or prevented, an estimated 17 million people die of CVDs
each year, and at least 10% of the victims are between 35
and 64 years old.

Platelets clot in response to vessel wall injury at the acute
stage of CVD, release their granule content [33] and ex-
ert both positive and negative feedback for platelet re-
cruitment to the clot [34, 35]. Serotonin release during
occlusive coronary thrombus formation has been found
to increase clot stability and ischemia due to vasocon-
striction [36, 37].

This review summarizes the published effects of SSRIs
on platelets. Particular emphasis was placed on the inhi-
bition of serotonin release and concomitant diminished
interaction with endothelial cells, smooth muscle cells,
platelets and plasma proteins, because these are all po-
tential contributors to the cardiovascular effect of SSRIs.
The controversial literature related to benefits and risks
of SSRIs in patients with cardiovascular diseases led to
warnings about the use of SSRIs in these patients. How-
ever, most studies investigated the effect of SSRIs on de-
pressed patients with CVD, which significantly compli-
cates the interpretation of these results.

SSRIs and cardiovascular diseases

Platelet serotonin

Looking for an agent in the blood responsible for hyper-
tension, Maurice Rapport, Arda Green and Irvine Page
discovered serotonin in 1948 [38] and named it for its
presence in serum (sero-) and its vasoactive properties
(-tonin). Serotonin was identified as 5-hydroxytrypta-
mine (5-HT) and shown to be identical to enteramine that
had been extracted from stomach and intestine [39]. The
past 3 decades have seen an enormous increase in interest
in and knowledge about the neurotransmitter serotonin.
However, while interest in brain serotonin exploded,
spurred by discoveries of its important roles in mood dis-
orders, research on circulating serotonin has not kept
pace. Initially, platelets were viewed as easily obtainable
models for neurons because platelets share the serotonin
receptor subtype 5-HT,, and the expression of the sero-
tonin transporter with neurons.

In humans, almost all circulating serotonin is transported
by platelets in dense granules. It is long known that sero-
tonin is a weak platelet agonist, but its effect is enhanced
by ADP and epinephrine [40]. Two important issues re-
lated to serotonin as platelet agonist should be noted.
First, under normal conditions the plasma levels of sero-
tonin are very low, 0.1-10 ng/ml compared to a mean of
884 +£202 ng/10° platelets measured by high-pressure lig-
uid chromatography (HPLC) with electrochemical detec-
tion [31, 41, 42]. With a special gas chromatography-
mass spectrometry method normal plasma serotonin lev-
els were reported to be even lower, with a range of
0.05-0.3 ng/ml [43]. However, it was found that platelet-
activating concentrations have to exceed 1 pM [44]. This
means that the high serotonin concentrations required for
platelet activation are only available after release from
dense granules in response to other agonists. It has also
been shown that strong activation is required in order for
dense granule release to occur [45]. Second, loading of
radiolabeled serotonin requires incubation of platelets
with 2 pM concentrations of serotonin generally for 30
min at 37°C. This procedure is not known to activate hu-
man platelets as it does not affect platelet morphology or
platelet surface markers.

Figure 1 shows a schematic summary of the four most im-
portant interactions of peripheral serotonin after release
from platelet stores: (1) interaction with endothelial cells,
(2) direct and indirect interaction with smooth muscle
cells, (3) platelet activation via positive feedback within
the platelet clot and (4) binding to alpha-granule proteins.
Among the possible responses of platelets to stimulation
by serotonin are serotonylation of small GTPases of the
Rab4 and RhoA family [46] and phosphorylation of ex-
tracellular signal-regulated protein kinase 1/2 (ERK 1/2)
[47]. Although the involvement of small GTPases in
dense granule release has long been discussed, their
serotonylation has not been unequivocally demonstrated.
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Figure 1. A schematic drawing of known functions exerted by circulating serotonin (5-hydroxytryptamine, 5-HT). Enterochromaffin cells
release serotonin into the blood, where it is taken up by platelets and stored in platelet dense granules. During platelet aggregation, sero-
tonin is released from these intracellular stores and acts on endothelial cells (1), which respond to serotonin by secretion of nitric oxide
(NO), which was found to be equivalent to endothelium-derived relaxing factor. These substances act on smooth muscle cells and lead to
vascular relaxation or constriction. Smooth muscle cells also express receptors for serotonin. Serotonin directly affects the tonus
of large vessels through these receptors in particular at the site of injury (2). The 5-HT,, receptors on platelets are stimulated by serotonin
that is released from neighbouring platelets in a clot. Locally high serotonin concentrations initiate a positive feedback mechanism (3).
Recently, serotonin binding to proteins released from alpha-granules was found to stabilize the platelet clot (4).

Further, serotonin-mediated tethering of proteins re-
leased from alpha-granules to the platelet surface has
been demonstrated, which requires activation of platelets
by collagen and thrombin [48, 49]. From this brief sum-
mary it is quite clear that any drug intervention that af-
fects the serotonin content of platelets or the release from
dense granules should have a major impact on hemosta-
sis and thrombosis.

The influence of serotonin on the cardiovascular system
depends both on its role as a neurotransmitter and as a
neurohormone. For an excellent review on the impor-
tance of serotonin as regulator of cardiovascular function
the reader is referred to Coté et al. [S50]. In the heart, in-
creased serotonin availability has been shown to produce
arrhythmia, leading to heart block or to valvular fibro-
plasias [51]. Serotonin has also been suggested to re-
gulate cardiac development [52]. Recently, an animal
model with depleted peripheral serotonin provided the
opportunity to explore the consequences that are related
to lower levels of serotonin in cardiovascular function [9].
In this model the non-neuronal tphl gene is disrupted,
causing dramatic loss of peripheral serotonin, prolonged
bleeding times and progressive heart failure in tphl—/—
mice [53].

These results seem to contradict the reports that SSRIs re-
duce the risk for cardiovascular disease. However, while
tphl deletion prevents the peripheral synthesis of sero-
tonin and thus reduces its concentration in circulation to
4-8% of normal values [50], SSRIs only inhibit serotonin
uptake into platelets, leading to increased availability in
plasma. Currently, the fate of this free serotonin is un-
known, but binding to a plasma protein might be one pos-
sibility to control the direct vasoactive properties of sero-
tonin. Since untreated depression was shown to be an in-
dependent risk factor for CVD, the link might be

upregulated pro-thrombotic acute phase proteins such as
fibrinogen. Nevertheless, exposure of mouse embryos to
SSRIs inhibits serotonin uptake into the myocardium dur-
ing the early stages of cardiac morphogenesis and also
leads to cardiomyopathy [52].

Methods to measure serotonin are crucial to successful
research into platelet serotonin and its function. Irre-
versible versus reversible changes in platelet serotonin
content determine which methods of serotonin measure-
ment are suitable. Irreversible release of platelet sero-
tonin content during platelet aggregation affects all com-
ponents of platelet dense granules in the same way be-
cause dense granules fuse with the plasma membrane and
undergo exocytosis [54, 55]. The irreversible release of
serotonin can therefore be assessed by indirect methods
measuring ATP release [56], counting of dense granules
on whole mounts, which reflects the calcium storage in
dense granules [57], mepacrine fluorescence that is spe-
cific for either calcium or adenosine nucleotide concen-
trations [58], or the uranaffin reaction that was developed
for the detection of adenine nucleotides in amine-con-
taining granules [59]. However, platelets are capable of
regulating the serotonin content of dense granules inde-
pendently from other dense granule constituents. Drug
intervention in serotonin uptake therefore only affects
serotonin, while other dense granule constituents are un-
affected. Direct detection of serotonin is required to de-
termine these serotonin-specific changes for which
HPLC with electrochemical or fluorescence detection has
been widely used [60, 61].

Conflicting results have been published on the correlation
between peripheral serotonin levels with depression and
the effect of medication [62]. The measurement of pe-
ripheral serotonin as indicator for mood disorders has not
been reproducible [63]. While some studies did not find
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a correlation between peripheral serotonin and treatment,
others found serotonin measures to correlate with treat-
ment response [64]. An immunocytochemical assay for
platelet serotonin using microscopy or flow cytometry
has recently become available [41]. This assay may be
suitable to answer the question whether peripheral sero-
tonin could serve as a measure of mood disorders and
treatment response.

The serotonin transporter

The serotonin (5-HT) transporter (5-HTT or SERT) is lo-
cated in the membrane of serotonergic neurons, cells of
the peripheral nervous system, epithelial cells and pla-
telets. It is a key regulator of serotonergic neurotrans-
mission [65], which is thought to contribute to many
physiologic functions such as motor activity, food intake
[66], sleep and reproductive activity, as well as cognition
and emotional states including mood [67] and anxiety
[68]. The transporter removes the neurotransmitter mole-
cules that have been released into the synaptic cleft and
returns them to the presynaptic terminals, where they are
metabolized [69]. SERT belongs to the extended SLC6
gene family of Na*/Cl -dependent cell surface transport
proteins characterized by 12 hydrophobic membrane-
spanning domains [70]. Like other members of this trans-
porter family, the SERT can operate in reverse with its
function regulated by protein kinases. Its requirement for
K" countertransport is unique [71].

The SERT is the prime target for SSRIs, which are well
established antidepressant drugs [72—74]. The human
SERT gene has been cloned, and its expression was char-
acterized in different tissues, including human brain and
blood platelets [75]. It appears identical in brain and
platelets [76]. Both proteins are encoded by the same sin-
gle-copy gene, which has been assigned to the human
chromosome 17 [77]. It has been suggested that lympho-
cytes also possess a serotonergic storage system that can
be affected by SSRIs [78]. Some studies found that rest-
ing lymphocytes express SERT [79], while others suggest
significant transporter expression on activated cells, indi-
cating that activated lymphocytes might remove sero-
tonin from the blood to the lymphatic system [80].

Brain serotonin and the blood-brain barrier

Only the brain stem neurons of the raphe nuclei synthe-
size serotonin. Serotonin is involved in a diverse array of
cognitive and behavioural functions because virtually
every area of the brain receives projections from the
raphe nuclei [65].

The blood-brain barrier (BBB) separates brain serotonin,
and circulating serotonin and is the reason why the two
compartments are discussed separately. The dogma per-
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sists that this specialized vascular shield can only be
crossed by tryptophan, the amino acid precursor of sero-
tonin [81], but under physiological conditions not by
serotonin itself. However, animal studies have chal-
lenged this view by indicating that high concentrations
of circulating serotonin could make the BBB permeable
to serotonin [82, 83]. The demonstration of two genes for
tryptophan hydroxylase, the enzyme for the rate-limiting
step of biological serotonin synthesis, strengthens the
view that the two pools of serotonin (in the brain and in
circulating platelets) are generally independently regu-
lated but does not exclude the possibility for exchange
under extreme conditions [84]. There are even reports
suggesting that treatment with SSRIs, which raises cen-
tral serotonin, is linked to reductions in whole blood
serotonin [63, 85].

The effect of SSRIs in the brain

The treatment of depression with antidepressants is based
on findings that depression is caused by reduced sero-
tonin levels in the brain [86]. A serotonin hypothesis of
mood disorders was put forward in 1963 [87]. The first
reports of antidepressants affecting serotonin reuptake
into neurons were published in the late 1960s, and their
collective pharmacology was reviewed by Preskorn [88].
Characteristics of the five most widely used SSRIs,
citalopram, fluoxetine, paroxetine, sertraline and fluvox-
amine, are summarized in table 1 based on previously
published data [89]. Despite the fact that these drugs be-
long to the same class, the SSRIs, significant structural
and activity differences exist. Figure 2 shows the effect of
SSRIs in blocking the reuptake of serotonin released into
the synaptic cleft. This increases the availability of sero-
tonin and prolongs signaling [90]. However, the increased
presence of serotonin at post-synaptic receptors alone
does not guarantee a clinically meaningful response.

The effect of SSRIs on platelets

SSRIs block serotonin uptake

Depending on the type of SSRI, it blocks the serotonin re-
ceptor 5-HT,, and SERT with different affinity and se-
lectivity (table 1). Serotonin transport via SERT is likely
to be the prevalent process due to the low affinity of SS-
RIs to 5-HT,, receptors. Thus, SSRIs interacting with
SERT prevent the reuptake of serotonin into platelets.
This leads to an increasingly serotonin-deficient platelet
population as old platelets are removed and new platelets
enter the circulation. Platelets are produced by mega-
caryocytes with dense granules devoid of serotonin.
Platelets from patients treated with high doses of fluoxe-
tine (40 mg/day) [91], fluvoxamine (300 mg/day) [92],
paroxetine (60 mg/day), sertraline (250 mg/day) or citalo-
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Table 1. SSRIs and their characteristics.
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Substance Structure Dose Affinity Affinity Circulation
(mg/day) for SERT for 5-HT2A half life
IC4y* values IC4y* values (days)
(nM) (nM)
Z
Y |
O N\
Citalopram Q 20 -60 2 9000 1.5
F
Fluoxetine F3°'©°°f HCH,CH,NHCH, 20-80 8 2000 2-4
F o\
jel
Paroxetine Q 20-60 0.4 30000 1
+ HCI
H
Sertraline 50 -200 0.2 8000 1
Fluvoxamine FiC Oﬁ'c"'zc"‘zc”zc”z'°'c“ 100 - 300 4 8000 0.5-1

N-O-CH,CH,NH,

* ]Csy: inhibitory concentration 50, i.e. the SSRI concentration required for 50% inhibition.

pram (60 mg/day) [93] for 6 weeks are therefore highly
depleted of intracellular serotonin. Interestingly, based on
platelet immunocytochemistry, this acquired serotonin
deficiency is indistinguishable from congenital serotonin
disorders such as Hermansky-Pudlak syndrome [41].
However, SSRI-treated patients rarely develop bleeding
problems. This is consistent with the postulated increased
risk for CVD in untreated depression and suggests an un-
derlying pro-thrombotic disturbance in depression [94].

SSRIs block serotonin release

SSRIs have an additional effect on platelets because they
also prevent the release of serotonin from those platelets
that still contain the biogenic amine. This leads to re-
duced aggregation responses to ADP and epinephrine and
disaggregation of the loosely formed aggregates.

It has been shown that substituted amphetamines such as
MDMA (Ecstasy) have acute and long-term effects on
neuronal SERT because they cause PKC to translocate.
The SSRI fluoxetine abolished this response [95]. In ad-
dition to P2X, and P2Y,,, ADP stimulates platelets
through P2Y,, a G -protein-coupled ADP receptor ex-
pressed on platelets and neurons [96-98]. In platelets,
this signaling pathway activates protein kinase C (PKC)
and raises intracellular calcium levels, which normally
stimulate SERT to facilitate serotonin efflux. Ligand
binding to SERT abolishes both SERT functions, efflux
and reuptake. ADP stimulation of the P2Y,, receptor
might amplify platelet aggregation and secretion but does
not initiate these processes. At present, the involvement
of the P2Y,, signaling pathway through G; protein and
adenylyl cyclase inhibition does not seem to play a role
for the inhibition of serotonin release by SSRIs. A link
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serotonin-deficient
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Figure 2. A schematic drawing of the direct effect of SSRIs on neu-
rons and platelets. Circulating serotonin is considered an indepen-
dent pool from serotonin in the central nervous system. Under nor-
mal conditions the BBB, which is a special tight lining of the vas-
culature in the brain, is only permeable to tryptophan but not
serotonin. However, under stress the BBB permeability for sero-
tonin has been shown to increase significantly. When serotonergic
neurons are excited, they release serotonin into the synaptic gap to
produce a post-synaptic signal. The half-life of serotonin in the
synaptic cleft is very short, facilitated by serotonin recycling
through a reuptake and repackaging mechanism that begins with
serotonin binding at the pre-synaptic transporter. Depression is
characterized by reduced serotonin concentrations in the brain. SS-
RIs can cross the BBB. The presence of SSRIs blocks the pre-
synaptic reuptake of serotonin, leading to higher serotonin levels in
the synaptic cleft. Similarly, SSRIs block the uptake of serotonin
into platelet dense granules.

between the platelet serotonin transporter and the mecha-
nism of platelet clot formation might have important im-
plications in light of the suggested increased risk of car-
diovascular problems in clinically depressed patients and
the risk reduction possibly offered by SSRI treatment.

SSRIs and cardiovascular diseases

Cardiovascular diseases and the role of platelets

According to the World Health Organization, CVDs such
as myocardial infarction, cerebrovascular diseases, tran-
sient ischemic attacks and peripheral vascular diseases
account for 17 million deaths every year. A substantial
number of these deaths can be attributed to tobacco
smoking, which increases the risk of dying from coronary
heart disease and cerebrovascular disease 2—3-fold. Phys-
ical inactivity and poor diet are other risk factors which
increase individual risks of cardiovascular diseases.
Platelets play a central role in the hemostatic process and
consequently are similarly involved in the pathological
counterpart, thrombosis [99]. Drugs currently used for
antiplatelet therapy interfere with platelet activation. Gly-
coprotein IIb-IIla (GPIIb-IIIa) antagonists have gained
particularly widespread acceptance in the treatment of
acute thrombotic conditions [100, 101]. The activated
form of GPIIb-IlIa is the binding site for fibrinogen and
as such is required for platelet crosslinking during hemo-
stasis and thrombosis [102].

SSRIs and CVDs

Only a few studies examined cardiovascular side-effects
of SSRIs in patients with pre-existing cardiovascular dis-
ease. These studies show a favourable cardiovascular pro-
file [103—106]. In the current primary care setting, SSRIs
are considered to be more suitable for depressed patients
with a recent history of heart disease than any other group
of antidepressants. Clearly, all these studies focused on
the treatment of depression rather than CVD.

Fluoxetine was marketed in the U.S. in February 1988. In
comparative studies in patients without CVD, fluoxetine
has been shown to produce a modest, but significant de-
crease in heart rate. The drug had no effect on the PR in-
terval, the interval in an electrocardiogram caused by ar-
terial contraction, or the QRS complex, the interval
caused by the contractions of left and right ventricles ob-
tained from electrocardiography measurements. In com-
parison to amitriptyline, fluoxetine produced less ortho-
static hypotension [107]. The drug has not been studied in
patients with CVD alone, and caution is recommended if
it is prescribed for this depressed population.

A recent case report describes the occurrence of a tran-
sient ischemic attack (TIA) temporally related to the ini-
tiation of paroxetine. A 57-year-old Caucasian male with
a history of intermittent atrial fibrillation and hypercho-
lesterolemia developed a transient ischemic attack, and
was hospitalized and given anticoagulation treatment.
The presenting symptoms resolved, but recurred when
paroxetine was restarted 2 days later. An objective causal-
ity assessment revealed that the transient ischemic attack
was probably an adverse event resulting from use of
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paroxetine [108]. Such anecdotal reports should be as-
sessed with caution since it is known that many peripheral
parameters are abnormal in depressed patients. A number
of immunological and acute phase markers have been
found significantly elevated in depression, and some such
as fibrinogen also play a key role in CVD [109].

Very recently, reports have been published suggesting
that depression is an independent risk factor for CVD
[110, 111] and ischemic heart disease [109, 112]. In this
context, SSRIs have been investigated as antithrombotic
agents [113]. The use of sertraline was suggested to be a
safe and effective treatment for recurrent depression in
patients with recent myocardial infarction or unstable
angina [114]. Reports suggesting that certain SSRIs
cause bleeding problems in some patients have been very
controversial [115-118].

Although highly variable bleeding tendencies are symp-
tomatic for congenital serotonin deficiencies, the role of
serotonin in clot formation is not clear. It has been shown
that even fibrinogen-coated latex spheres form tight ag-
gregates in vitro after the addition of thrombin [119]. This
finding might suggest that serotonin is less important for
aggregate formation than for aggregate stability and the
prevention of premature clot lysis. In addition, if sero-
tonin is not released from dense granules, it cannot stim-
ulate platelets to release their alpha-granule contents.
Thus, the inhibition of serotonin uptake into platelets
would reduce the concentration of this clot-stabilizing
factor in a thrombus and might favour clot lysis.
Platelet-endothelial activation plays a key role in the pro-
gression of acute coronary syndromes, including acute
myocardial infarction and unstable angina, with serotonin
undoubtedly involved as a key agonist [120]. Because of
this connection the use of antidepressant drugs in patients
with heart disease was expected to be beneficial [121].
A possible mechanism for the anti-thrombotic effect of
SSRIs is outlined in figure 3C. Addition of SSRIs to nor-
mal platelets has no effect on thrombin-induced platelet
aggregation but inhibits the secondary wave of aggrega-
tion in response to ADP and significantly reduces dense
granule release. A phase contrast micrograph of platelets
stimulated with 10 pM ADP shows that platelets are only
loosely attached to each other (fig. 3A). The correspond-
ing fluorescence micrograph showing Alexa488-labeled
serotonin indicates that serotonin is still located inside
dense granules, which are seen as bright green dots. ADP
activates platelets through two G-protein-coupled (P2Y,,
P2Y,) and one ion-gated receptor (P2X). The P2Y, ADP
receptor is G;-coupled and by inhibiting adenylyl cyclase
(AC) reduces the amount of cyclic AMP (cAMP) which
promotes platelet activation without a causal relationship
to aggregation [ 122]. Because ion-dependent transporters
such as the SERT are not known to be directly coupled to
G proteins, this pathway might not be involved in SSRI-
mediated inhibition of serotonin release from platelets
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Figure 3. Effect of SSRIs on serotonin content and function of nor-
mal platelets in vitro. The addition of SSRIs to normal platelets
prior to activation with a weak agonist such as ADP (10 pM) or ep-
inephrine (10 pM) inhibits in vitro dense granule release and allows
only loose aggregates to form. This is indicated by the loose as-
sembly of primarily discoid platelets, as determined with phase
contrast microscopy (4), and the serotonin fluorescence contained
in dense granules indicated by the bright dots in the corresponding
fluorescence micrograph (B). ADP activation of P2Y, and intracel-
lular signaling via increased PKC activity concomitant with a raise
of intracellular calcium normally results in granule secretion. 5-
HT,, signaling is shared with P2Y,, and SSRI binding might have
an inhibitory effect on this signaling pathway (C). More important,
however, SSRIs bind to SERT and prevent PKC activation and sero-
tonin release by the transporter. The lack of serotonin secretion re-
duces positive feedback stimulation of platelets. In addition, sero-
tonin is not available to associate with fibrinogen and possibly other
proteins to facilitate clot stabilization.

stimulated with ADP. The P2Y, ADP receptor pathway is
shared by the serotonin 5-HT,, receptor. Interaction of
SSRIs with the serotonin receptor 5-HT,,, which is G,-
coupled, could inhibit the activation of phospholipase C
(PLCg), which in turn would increase intracellular Ca*',
activate protein kinase C (PKC) and cause dense granule
secretion. However, in view of the low affinity of the SS-
RIs for the 5-HT,, receptor, it is much more likely that the
SSRIs directly block the PKC-stimulated release of sero-
tonin via SERT [123]. This possibility is also supported
by the observation of primary aggregation of platelets af-
ter addition of ADP, but experimental proof of this hy-
pothesis is still needed. Addition of ADP to normal
platelets in the presence of SSRIs causes microaggrega-
tion and primary aggregation but no or very little dense
granule release. This leads to the formation of loose and
disaggregating clots in vitro (fig. 3B). Protein phospho-
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rylation by PKC has been implicated in the control of
neurotransmitter release and various forms of synaptic
plasticity [124] and is therefore likely to play a role in
platelet dense granule release [54].

It is also apparent that various antidepressants regulate
the expression of G proteins in several brain regions after
chronic administration [125]. In some brain cells PKC
concentrations were increased in response to serotonin
binding to the 5-HT,, receptor [124]. In anucleate
platelets, changes in expression of G proteins are not
likely to be significant, but post-translational changes can
affect signal transduction and their ability to activate sec-
ond messenger systems.

Discussion

Regardless of the effect of SSRIs on brain serotonin and
depression, an anti-thrombotic or pro-fibrinolytic effect
of SSRIs could be postulated based on the current knowl-
edge about platelet serotonin biochemistry. Platelets play
an important role in cardiovascular diseases, in particular
in acute situations involving thrombus formation. As
known from congenital deficiencies and animal models,
serotonin is required for functional hemostasis. There-
fore, any drug intervention affecting platelet serotonin
will have an effect on CVDs.

Interestingly, SSRIs have not entered the market as car-
diovascular drugs. In fact, the proposed cardiovascular
benefit of SSRIs, the changes of platelet serotonin levels
in patients with depression and the effect of treatment
with SSRIs on platelets and platelet aggregation are still
considered side effects to their antidepressant activity.
Controversial literature dealing with correlations be-
tween platelet serotonin and scoring measures of depres-
sion has further hampered the value of platelet serotonin
as a diagnostic marker for depression. Serotonin-specific
immunocytochemistry was used to visualize serotonin in
acquired deficiencies as a consequence of the SSRI treat-
ment of depression [31]. A better understanding of the in-
teraction of SSRIs with platelets is particularly important
in light of recent reports on the link between depression
and acute coronary events [110, 112, 114, 126].
Although the number of patients suffering from depres-
sion concomitant to CVDs is high, it might be misleading
to assume that the cardiovascular effects of SSRIs in psy-
chosomatic patients is the same as in the absence of psy-
chotic problems. In addition, the psychological side ef-
fects of SSRIs in the absence of depression might be neg-
ligible. Clinical trials testing the effect of SSRIs on
normal volunteers support this assumption since SSRIs
did not show any psychotic effects in normal control sub-
jects [127, 128].

Reports in the literature on the cardiovascular effect of
SSRIs are controversial. Reports on increased platelet ac-
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tivation with clinical depression [94], anti-thrombotic ef-
fects of SSRIs [110, 129], as well as the rare occurrence
of bleeding problems with SSRI treatment [130-134]
have been published. The presence of fluoxetine, paroxe-
tine or citalopram inhibits the secondary wave of aggre-
gation in response to ADP, and significantly decreases the
release of both ATP and serotonin in normal PRP in vitro.
The same phenomenon was seen with platelets from pa-
tients treated with SSRIs. Therefore, SSRIs inhibit the re-
lease of serotonin during platelet aggregation, in addition
to their much better characterized function as serotonin
reuptake inhibitors [31]. The inhibition of dense granule
release by SSRIs is in accordance with other reports sug-
gesting that SSRIs have anti-thrombotic [135] or pro-fib-
rinolytic [136] activity.

Serotonin released from dense granules might be impor-
tant in downstream events during clot formation and re-
traction, as suggested by the role of serotonin in collagen-
and thrombin-activated (COAT) platelets [48]. A mecha-
nism has been described that involves transglutaminase-
mediated conjugation of serotonin to released alpha-
granule proteins such as fibrinogen and thrombospondin
[49]. Fibrinogen is a highly abundant plasma protein (2—
4 g/1) that has been found to associate with serotonylated
proteins on the surface of COAT platelets. It is also
thought that fibrinogen itself might be serotonylated. As-
sociation of serotonin with fibrinogen could have several
possible roles: (i) it could affect fibrinogen binding to its
receptor on the platelet surface, activated glycoprotein
IIb-11la, also known as integrin a;,f;; (ii) serotonin
could affect fibrinogen and/or fibrin as targets for factor
XlIa crosslinking and thus regulate clot retraction; (iii)
serotonin could affect plasminogen cleavage and thereby
regulate fibrinolysis. Because SSRIs change the level of
available serotonin in plasma, drug intervention with SS-
RIs is likely to affect the association of fibrinogen and
serotonin and therefore clot stability.

Although SSRIs show cardiovascular benefits, the possi-
bility for undesirable side effects when SSRIs cross the
BBB might limit their application in patients with CVD.
Clearly, the future goal in this area of research will be the
design of SSRIs that are excluded from the brain but in-
teract with the platelet serotonin system.

Acknowledgements. This work was supported by Canadian Blood
Services, the Canadian Institutes for Health Research (CIHR-MOP
61828) and the UBC Centre for Blood Research.

1 Schmuck K., Ullmer C., Kalkman H. O., Probst A. and Lub-
bert H. (1996) Activation of meningeal 5-HT2B receptors: an
early step in the generation of migraine headache? Eur. J. Neu-
rosci. 8: 959-967

2 Srikiatkhachorn A., Suwattanasophon C., Ruangpattanatawee
U. and Phansuwan-Pujito P. (2002) 5-HT2A receptor activa-
tion and nitric oxide synthesis: a possible mechanism deter-
mining migraine attacks. Headache 42: 566574



CMLS, Cell. Mol. Life Sci.

3

4

10

11

12

13

14

15

16

17

18

19

20

21

22

Vol. 62, 2005

Wen L. and Wrolstad R. E. (2002) Phenolic composition of
authentic pineapple juice. J. Food Sci. 67: 155-161

Lundell M. J., ChuLaGraff Q., Doe C. Q. and Hirsh J. (1996)
The engrailed and huckebein genes are essential for develop-
ment of serotonin neurons in the Drosophila CNS. Mol. Cell.
Neurosci. 7: 4661

Hornung J. P. (2003) The human raphe nuclei and the seroton-
ergic system. J. Chem. Neuroanat. 26: 331-343

Aldegunde M., Soengas J. L. and Rozas G. (2000) Acute ef-
fects of L-tryptophan on tryptophan hydroxylation rate in
brain regions (hypothalamus and medulla) of rainbow trout
(Oncorhynchus mykiss). J. Exp. Zool. 286: 131-135
Attenburrow M. J., Williams C., Odontiadis J., Powell J., Van
de Ouderra E., Williams M. and Cowen P. J. (2003) The effect
of a nutritional source of tryptophan on dieting-induced
changes in brain 5-HT function. Psychol. Med. 33: 1381—
1386

Rindi G., Necchi V., Savio A., Torsello A., Zoli M., Locatelli
V.etal. (2002) Characterisation of gastric ghrelin cells in man
and other mammals: Studies in adult and fetal tissues. His-
tochem. Cell Biol. 117: 511-519

Walther D. J., Peter J. U., Bashammakh S., Hortnagl H., Voits
M., Fink H. et al. (2003) Synthesis of serotonin by a second
tryptophan hydroxylase isoform. Science 299: 76

Lewis J. H. (1996) Comparative Hemostasis in Vertebrates,
Plenum Press, New York

Doggrell S. A. (2003) The role of 5-HT on the cardiovascular
and renal systems and the clinical potential of 5-HT modula-
tion. Expert Opin. Investig. Drugs 12: 805-823

Greenberg B. D., Tolliver T. J., Huang S. J., Li Q., Bengel D.
and Murphy D. L. (1999) Genetic variation in the serotonin
transporter promoter region affects serotonin uptake in human
blood platelets. Am. J. Med. Genet. 88: 83—-87

Coto E., Reguero J. R., Alvarez V., Morales B., Batalla A.,
Gonzalez P, Martin M. et al. (2003) 5-Hydroxytryptamine 5-
HT2A receptor and 5-hydroxytryptamine transporter poly-
morphisms in acute myocardial infarction. Clin. Sci. 104:
241-245

Huizing M., Boissy R. E. and Gahl W. A. (2002) Hermansky-
Pudlak syndrome: vesicle formation from yeast to man. Pig-
ment Cell Res. 15: 405419

Polgar J., Chung S. H. and Reed G. L. (2002) Vesicle-associ-
ated membrane protein 3 (VAMP-3) and VAMP-8§ are present
in human platelets and are required for granule secretion.
Blood 100: 1081-1083

Shirakawa R., Higashi T., Tabuchi A., Yoshioka A., Nishioka
H., Fukuda M. et al. (2004) Munc13—4 is a GTP-Rab27-bind-
ing protein regulating dense core granule secretion in
platelets. J. Biol. Chem. 279: 10730-10737

Sneddon J. M. (1973) Blood platelets as a model for
monoamine-containing neurons. Prog. Neurobiol. 1: 151-198
Stahl S. M. (1977) The human platelet. A diagnostic and re-
search tool for the study of biogenic amines in psychiatric and
neurologic disorders. Arch. Gen. Psychiatry 34: 509-516
Stahl S. M. and Meltzer H. Y. (1978) A kinetic and pharmaco-
logic analysis of 5-hydroxytryptamine transport by human
platelets and platelet storage granules: comparison with cen-
tral serotonergic neurons. Pharmacol. Exp. Ther. 205:
118-132

Plein H. and Berk M. (2001) The platelet as a peripheral
marker in psychiatric illness. Hum. Psychopharmacol. 16:
229-36

White J. G. (1984) Arrangements of actin filaments in the
cytoskeleton of human platelets. Am. J. Pathol. 117: 207—
217

Tkeda Y., Murata M., Araki Y., Watanabe K., Ando Y., Itagaki
I. et al. (1988) Importance of fibrinogen and platelet mem-
brane glycoprotein 1Ib/Illa in shear-induced platelet aggrega-
tion. Thromb. Res. 51: 157163

23

24

25

26

27

28

29

30

31

32
33

34

35

36

37

38

39

40

41

42

43

Biomedicine and Diseases: Review Article 167

Maurer-Spurej E., Pfeiler G., Maurer N., Lindner H., Glatter
0. and Devine D. V. (2001) Room temperature activates hu-
man blood platelets. Lab. Invest. 81: 581-592

Pussard E., Guigueno N., Adam O. and Giudicelli J. F. (1996)
Validation of HPLC-amperometric detection to measure sero-
tonin in plasma, platelets, whole blood, and urine. Clin. Chem.
42: 1086-1091

Kema I. P, de Vries E. G. and Muskiet F. A. (2000) Clinical
chemistry of serotonin and metabolites. J. Chromatogr. B Bio-
med. Sci. Appl. 747: 33-48

Stokes P. E. (1993) Fluoxetine: a five-year review. Clin. Ther.
15:216-43

Muck-Seler D., Pivac N., Sagud M., Jakovljevic M. and Mi-
haljevic-Peles A. (2002) The effects of paroxetine and tianep-
tine on peripheral biochemical markers in major depression.
Progr. Neuro-Psych. Biol. Psych. 26: 1235-1243

Bakish D., Cavazzoni P., Chudzik J., Ravindran A. and Hrdina
P. D. (1997) Effects of selective serotonin reuptake inhibitors
on platelet serotonin parameters in major depressive disorder.
Biol. Psychiatry 41: 184-190

Neuger J., Wistedt B., Sinner B., Aberg-Wistedt A. and Stain-
Malmgren R. (2000) The effect of citalopram treatment on
platelet serotonin function in panic disorders. Int. Clin. Psy-
chopharmacol. 15: 83-91

Blardi P, De Lalla A., Leo A., Auteri A., lapichino S., di Muro
A. et al. (2002) Serotonin and fluoxetine levels in plasma and
platelets after fluoxetine treatment in depressive patients. J.
Clin. Psychopharmacol. 22: 131-136

Maurer-Spurej E., Pittendreigh C. and Solomons K. (2004)
The influence of selective serotonin reuptake inhibitors on hu-
man platelet serotonin. Thromb. Haemost. 91: 119-128
http://www.who.int/cardiovascular_diseases/en, 16 May, 2004
Ni H., Papalia J. M., Degen J. L. and Wagner D. D. (2003)
Control of thrombus embolization and fibronectin internal-
ization by integrin alpha IIb beta 3 engagement of the fibrino-
gen gamma chain. Blood 102: 3609-3614

Gregg D. and Goldschmidt-Clermont P. J. (2003) Platelets and
cardiovascular disease. Circulation 108: e88-¢90

Freedman J. E., Loscalzo J., Barnard M. R., Alpert C., Keaney
J. F. and Michelson A. D. (1997) Nitric oxide released from ac-
tivated platelets inhibits platelet recruitment. J. Clin. Invest.
100: 350-356

Rentrop K. P. (2000) Thrombi in acute coronary syndromes.
Circulation 101: 1619-1626

Benedict C. R., Mathew B., Rex K. A., Cartwright J. Jr and
Sordahl L. A. (1986) Correlation of plasma serotonin changes
with platelet aggregation in an in vivo dog model of sponta-
neous occlusive coronary thrombus formation. Circ. Res. 58:
58-67

Rapport M. M., Green A. A. and Page I. H. (1948) Serum
vasoconstrictor (serotonin). I'V. Isolation and characterization.
J. Biol. Chem. 176: 12431251

Erspamer V. and Asero B. (1952) Identification of enteramine,
the specific hormone of the enterochromaffin cell system, as
5-hydroxytryptamine. Nature 169: 800-801

Baumgartner H. R. (1968) 5-Hydroxytryptamine uptake and
release in relation to aggregation of rabbit platelets. J. Physiol.
201: 409423

Maurer-Spurej E., Dyker K., Gahl W. A. and Devine D. V.
(2002) A novel immunocytochemical assay for the detection
of serotonin in platelets. Br. J. Haematol. 116: 604611
Anderson G. M., Feibel F. C. and Cohen D. J. (1987) Determi-
nation of serotonin in whole blood, platelet-rich plasma,
platelet-poor plasma and plasma ultrafiltrate. Life Sci. 40:
1063-1070

Beck O., Wallén N. H., Broijersén A., Larsson P. T. and
Hjemdahl P. (1993) On the accurate determination of sero-
tonin in human plasma. Biochem. Biophys. Res. Comm. 196:
260-266



168

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

E. Maurer-Spurej

Baumgartner H. R. and Born G. V. R. (1968) Effects of 5-
hydroxytryptamine on platelet aggregation. Nature 218: 137—
141

Murugappan S., Tuluc F,, Dorsam R. T., Shankar H. and Ku-
napuli S. P. (2004) Differential role of protein kinase C delta
isoform in agonist-induced dense granule secretion in human
platelets. J. Biol. Chem. 279: 2360-2367

Walther D. J., Peter J. U., Winter S., Holtje M., Paulmann N.,
Grohmann M., Vowinckel J. et al. (2003) Serotonylation of
small GTPases is a signal transduction pathway that triggers
platelet alpha-granule release. Cell 115: 851-862

Martini C., Trincavelli M. L., Tuscano D., Carmassi C., Ciap-
parelli A., Lucacchini A. et al. (2004) Serotonin-mediated
phosphorylation of extracellular regulated kinases in platelets
of patients with panic disorder versus controls. Neurochem.
Int. 44: 627-639

Dale G. L., Friese P, Batar P., Hamilton S. F., Reed G. L.,
Jackson K. W. et al. (2002) Stimulated platelets use serotonin
to enhance their retention of procoagulant proteins on the cell
surface. Nature 415: 175-179

Szasz R. and Dale G. L. (2002) Thrombospondin and fibrino-
gen bind serotonin-derivatized proteins on COAT-platelets.
Blood 100: 28272831

Coté F, Fligny C., Fromes Y, Mallet J. and Vodjdani G. (2004)
Recent advances in understanding serotonin regulation of car-
diovascular function. Trends Mol. Med. 10: 232-238
Robiolio P. A., Rigolin V. H., Wilson J. S., Harrison J. K.,
Sanders L. L., Bashore T. M. et al. (1995) Correlation of high
serotonin levels with valvular abnormalities detected by car-
diac catheterization and echocardiography. Circulation 92:
790-795

Yavarone M. S., Shuey D. L., Tamir H., Sadler T. W. and
Lauder J. M. (1993) Serotonin and cardiac morphogenesis in
the mouse embryo. Teratology 47: 573—-584

Coté F, Thévenot E., Fligny C., Fromes Y., Darmon M.,
Ripoche M. et al. (2003) Disruption of the nonneuronal tph1
gene demonstrates the importance of peripheral serotonin in
cardiac function. Proc. Natl. Acad. Sci. USA 100: 13525—
13530

Randriamboavonjy V., Schrader J., Busse R. and Fleming I.
(2004) Insulin induces the release of vasodilator compounds
from platelets by a nitric oxide-G kinase-VAMP-3-dependent
pathway. J. Exp. Med. 199: 347-356

Houng A., Polgar J. and Reed G. L. (2003) Munc18-syntaxin
complexes and exocytosis in human platelets. J. Biol. Chem.
278: 19627-19633

Hashimoto Y., Togo M., Tsukamoto K., Horie Y., Watanabe T.
and Kurokawa K. (1994) Protein-kinase C-dependent and C-
independent mechanisms of dense granule exocytosis by hu-
man platelets. Biochim. Biophys. Acta 1222: 56-62
McNicol A. and Israels S. J. (1999) Platelet dense granules:
structure, function and implications for haemostasis. Thromb.
Res. 95: 1-18

Novak E. K., Gautam R., Reddington M., Collinson L. M.,
Copeland N. G., Jenkins N. A. et al. (2002) The regulation of
platelet-dense granules by Rab27a in an ashen mouse, a model
of Hermansky-Pudlak and Griscelli syndromes, is granule-
specific and dependent on genetic background. Blood 100:
128-135

Richards J. G. and DaPrada M. (1977) Uranaffin reaction —
new cytochemical technique for localization of adenine-nu-
cleotides in organelles storing biogenic amines. J. Histochem.
Cytochem. 25: 1322-1336

Bearcroft C. P, Farthing M. J. G. and Perrett D. (1995) Deter-
mination of 5-hydroxytryptamine, 5-hydroxyindoleacetic acid
and tryptophan in plasma and urine by HPLC with fluoromet-
ric detection. Biomed. Chromatogr. 9: 23-27

Hirowatari Y., Hara K., Kamihata H., Iwasaka T. and Taka-
hashi H. (2004) High-performance liquid chromatographic

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

SSRIs and cardiovascular diseases

method with column-switching and post-column reaction for
determination of serotonin levels in platelet-poor plasma.
Clin. Biochem. 37: 191-197

Mann J. J., McBride P. A., Anderson G. M. and Mieczkowski
T. A. (1992) Platelet and whole blood serotonin content in de-
pressed inpatients: correlations with acute and life-time psy-
chopathology. Biol. Psychiatry 32: 243-257

Hughes C., Petty F., Sheikha S. and Kramer G. (1996) Whole-
blood serotonin in children and adolescents with mood and
behavior disorders. Psychiatry Res. 65: 79-95

Van der Heijden F. M. M. A., Tuinier S., Fekkes D., Sijben A.
E.S., Kahn R. S. and Verhoeven W. M. A. (2004) Atypical an-
tipsychotics and the relevance of glutamate and serotonin.
Eur. Neuropsychoparm. 14: 259-265

Mansour A., Meador-Woodruff J. H., Lopez J. F. and Watson
S. J. (1998) Biochemical anatomy: insights into the cell biol-
ogy and pharmacology of the dopamine and serotonin systems
in the brain. In: Textbook of Psychopharmacology, A. F.
Schatzberg and C. B. Nemeroff (eds) pp. 55-73, American
Psychiatric Press, Washington DC

Bengel D., Isaacs K. R., Heils A., Lesch K. P. and Murphy D.
L. (1998) The appetite suppressant d-fenfluramine induces
apoptosis in human serotonergic cells. Neuroreport 9: 2989—
2993

Owens M. J. and Nemeroff C. B. (1994) Role of serotonin in
the pathophysiology of depression: focus on the serotonin
transporter. Clin. Chem. 40: 288-295

Toth M. (2003) 5-HT(1A) receptor knockout mouse as a ge-
netic model for anxiety. Eur. J. Pharmacol. 463: 177-184
Klimek V., Robertson G., Stockmeier C. A. and Ordway G. A.
(2003) Serotonin transporter and MAO-B levels in mono-
amine nuclei of the human brainstem are normal in major
depression. J. Psych. Res. 37: 387-397

Chen N. H. and Reith M. E. A. (2004) Synaptic uptake and be-
yond: the sodium- and chloride-dependent neurotransmitter
transporter family SLC6. Pflugers Arch. Eur. J. Physiol. 447:
519-531

Rudnick G. and Clark J. (1993) From synapse to vesicle: the
reuptake and storage of biogenic amine neurotransmitters.
Biochim. Biophys. Acta 1144: 249-263

Nemeroff C. B. (2002) Recent advances in the neurobiology
of depression. Psychopharmacol. Bull. 36: 6-23

Sheehan D. V. (2002) The management of panic disorder. J.
Clin. Psychiatry 63: 17-21

Kent J. M., Coplan J. D., Lombardo I., Hwang D. R., Huang Y.
Y., Mawlawi O. et al. (2002) Occupancy of brain serotonin
transporters during treatment with paroxetine in patients with
social phobia: a positron emission tomography study with
[(1T)C]McN 5652. Psychopharmacology 164: 341-348
Amara S. G. and Kuhar M. J. (1993) Neurotransmitter trans-
porters: recent progress. Ann. Rev. Neurosci. 16: 73-93
Lesch K. P, Wolozin B. L., Murphy D. L. and Riederer P.
(1993) Primary structure of the human platelet serotonin up-
take site: identity with the brain serotonin transporter. J. Neu-
rochem. 60: 2319-2322

Lesch K. P, Balling U., Gross J., Strauss K., Wolozin B. L.,
Murphy D. L. et al. (1994) Organization of the human sero-
tonin transporter gene. J. Neural. Transm. Gen. Sect. 95:
157-162

Serafeim A., Holder M. J., Grafton G., Chamba A., Drayson
M. T., Luong Q. T. et al. (2003) Selective serotonin reuptake
inhibitors directly signal for apoptosis in biopsy-like Burkitt
lymphoma cells. Blood 101: 3212-3219

Barkan T., Gurwitz D., Levy G., Weizman A. and Rehavi M.
(2004) Biochemical and pharmacological characterization of
the serotonin transporter in human peripheral blood lympho-
cytes. Eur. Neuropsychopharm. 14: 237-243

Cosentino M., Marino F., Bombelli R., Ferrari M., Lecchini S.
and Frigo G. (2003) Unravelling dopamine (and catechol-



CMLS, Cell. Mol. Life Sci.

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

Vol. 62, 2005

amine) physiopharmacology in lymphocytes: open questions.
Trends Immunol. 24: 581-582

O’Kane R. L. and Hawkins R. A. (2003) Na‘-dependent trans-
port of large neutral amino acids occurs at the abluminal
membrane of the blood-brain barrier. Am. J. Physiol. 285:
E1167-E1173

Sharma H. S., Westman J., Navarro J. C., Dey P. K. and Nyberg
F. (1995) Probable involvement of serotonin in the increased
permeability of the blood-brain barrier by forced swimming.
An experimental study using Evans blue and "'I-sodium
tracers in the rat. Behav. Brain Res. 72:189-196

Bianchi M., Moser C., Lazzarini C., Vecchiato E. and Crespi
F. (2002) Forced swimming test and fluoxetine treatment: in
vivo evidence that peripheral 5-HT in rat platelet-rich plasma
mirrors cerebral extracellular 5-HT levels, whilst 5-HT in iso-
lated platelets mirrors neuronal 5-HT changes. Exp. Brain
Res. 143: 191-197

Osim E. E. (2003) Loss of 5-hydroxytryptamine (serotonin)
from circulating platelets and sites of its uptake in plasmod-
ium berghei-infected mice. J. Neurochem. 87: 79

Wang J. F. (1995) Changed central and peripheral cate-
cholamines and indoleamines in one-way crossed-intestine
rats: relationship to changes in feeding behavior and metabo-
lism. Brain Res Bull. 38: 411-416

Elhwuegi A. S. (2004) Central monoamines and their role
in major depression. Prog. Neuro-Psychopharmacol. Biol.
Psych. 28: 435451

Ashcroft G. W., Blackburn 1. M., Walter D. S., Shields P. J.,
Murray L. G., Glen A. 1. M. et al. (1972) Modified amine hy-
pothesis for the etiology of affective illness. Lancet 2:
573-577

Preskorn S. H. (1993) Pharmacokinetics of antidepressants:
why and how they are relevant to treatment. J. Clin. Psychia-
try 54: 14-34

Hyttel J. (1994) Pharmacological characterization of selective
serotonin reuptake inhibitors (SSRIs). Int. Clin. Psychophar-
macol. 1: 19-26

Blier P, de Montigny C. and ChaputY. (1987) Modification of
the serotonin system by antidepressant treatments: implica-
tions for the therapeutic response in major depression. J. Clin.
Psychopharmacol. 7: 24S-35S

Goodnick P. J. (1991) Pharmacokinetics of second generation
of antidepressants: fluoxetine. Psychopharmacol. Bull. 27:
503-512

de Vries M. H., Raghoebar M., Mathlener I. S. and van Harten
J. (1992) Single and multiple oral dose fluvoxamine kinetics
in young and elderly subjects. Ther. Drug Monit. 14: 493—
498

Milne R. J. and Goa K. L. (1991) Citalopram: a review of its
pharmacodynamic and pharmacokinetic properties, and ther-
apeutic potential in depressive illness. Drugs 41: 450-477
Musselman D. L., Marzec U., Davidoff M., Manatunga A. K.,
Gao F, Reemsnyder A. et al. (2002) Platelet activation and se-
cretion in patients with major depression, thoracic aortic ath-
erosclerosis, or renal dialysis treatment. Depress. Anxiety 15:
91-101

Kramer H. K., Poblete J. C. and Azmitia E. C. (1998) Charac-
terization of the translocation of protein kinase C (PKC) by
3,4-methylenedioxymethamphetamine (MDMA/Ecstasy) in
synaptosomes: evidence for a presynaptic localization involv-
ing the serotonin transporter (SERT). Neuropsychopharma-
col. 19: 265-277

Woulfe D., Yang J., Prevost N., O’Brien P. J. and Brass L. F.
(2002) Signal transduction during the initiation, extension and
perpetuation of platelet plug formation. In: Platelets, pp.
197-213, Michelson A. D. (ed.), Academic Press, San Diego
Oras A. and Jarv J. (2004) Kinetics of [S-35]dATP alpha S in-
teraction with P2Y(1) purinoceptor in rat brain membranes.
Neurosci. Lett. 355: 9-12

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

Biomedicine and Diseases: Review Article 169

Sasaki Y., Hoshi M., Akazawa C., Nakamura Y., Tsuzuki H.,
Inoue K. et al. (2003) Selective expression of Gi/o-coupled
ATP receptor P2Y(12) in microglia in rat brain. Glia 44:
242-250

McNicol A. and Israels S. J. (2003) Platelets and anti-platelet
therapy. J. Pharmacol. Sci. 93: 381-396

Coller B. S. (1997) Platelet GPIIb/IIla antagonists: the first
anti-integrin receptor therapeutics. J. Clin. Invest. 100 (Suppl.):
S57-S60

Lincoff A. M., Califf R. M. and Topol E. J. (2000) Platelet gly-
coprotein IIb/Illa receptor blockade in coronary artery dis-
ease. J. Am. Coll. Cardiol. 35: 1103-1115

Fullard J. E (2004) The role of the platelet glycoprotein
1Ib/111a in thrombosis and haemostrasis. Curr. Pharm. Design
10: 1567-1576

Fisch C. (1985) Effect of fluoxetine on the electrocardiogram.
J. Clin. Psychiatry 46: 42—44

Warrington S. J. and Lewis Y. (1992) Cardiovascular effects
of antidepressants: studies of paroxetine in healthy men
and depressed patients. Int. Clin. Psychopharmacol. 6:
59-64

Yokota S., Ishikura Y. and Ona H. (1987) Cardiovascular ef-
fects of paroxetine, a newly developed antidepressant, in
anaesthetised dogs in comparison with those of imipramine,
amitriptyline and clomipramine. Jpn. J. Pharmacol. 45:
335-342

McFarlane A., Kamath M. V,, Fallen E. L., Malcolm V., Cher-
ian F. and Norman G. (2001) Effect of sertraline on the recov-
ery rate of cardiac autonomic function in depressed patients
after acute myocardial infarction. Am. Heart J. 142: 617—
623

Wernicke J. F. (1985) The side effect profile of fluoxetine. J.
Clin. Psychiatry 46: 14—19

Manos G. H. and Wechsler S. M. (2004) Transient ischemic at-
tack reported with paroxetine use. Ann. Pharmacother. 38:
617-620

O’Connor C. M., Gurbel P. A. and Serebruany V. L. (2000) De-
pression and ischemic heart disease. Am. Heart J. 140:
563-569

Serebruany V. L., Gurbel P. A. and O’Connor C. M. (2001)
Platelet inhibition by sertraline and N-desmethylsertraline: a
possible missing link between depression, coronary events
and mortality benefits of selective serotonin reuptake in-
hibitors. Pharmacol. Res. 43: 453-461

Roose S. P. (2001) Depression, anxiety and the cardiovascular
system: the psychiatrist’s perspective. J. Clin. Psychiatry 62:
19-23

Nemeroff C. B. and Musselman D. L. (2000) Are platelets the
link between depression and ischemic heart disease? Am.
Heart J. 140: 57-62

Glassman A. H., Rodriguez A. 1. and Shapiro P. A. (1998) The
use of antidepressant drugs in patients with heart disease. J.
Clin. Psychiatry 59: 16-21

Glassman A. H., O’Connor C. M., Califf R. M., Swedberg K.,
Schwartz P, Bigger J. T. Jr et al. (2002) Sertraline treatment of
major depression in patients with acute MI or unstable angina.
JAMA 288: 701-709. Corrections in JAMA 288: 1720
Cooper T. A., Valcour V. G., Gibbons R.B. and O’Brian-Falls
K. (1998) Spontaneous ecchymoses due to paroxetine admin-
istration. Am. J. Med. 104: 197-198

De Abajo F. J., Rodriguez L. A. G. and Montero D. (1999)
Association between selective serotonin reuptake inhibitors
and upper gastrointestinal bleeding: population based case-
control study. Brit. Med. J. 319: 1106-1109

Williams D., Kelly A. and Feely J. (2000) Association between
SSRIs and upper gastrointestinal bleeding. Brit. Med. J. 320:
1405

Dunn N. R., Pearce G. L. and Shakir S. A. W. (2000) Associ-
ation between SSRIs and upper gastrointestinal bleeding.



170

119

120

121

122

123

124

125

126

127

E. Maurer-Spurej

SSRIs are no more likely than other drugs to cause such bleed-
ing. Brit. Med. J. 320: 1405-1406

Maurer-Spurej E. and Devine D. V. (2001) Platelet aggregation
is not initiated by platelet shape change. Lab. Invest. 81:
1517-1526

Louie E. K., Hariman R. J., Wang Y. G., Hwang M. H., Loeb
H. S. and Scanlon P. J. (1994) Impairment of myocardial vas-
cular responsiveness after transient myocardial-ischemia and
reperfusion. Am. Heart J. 128: 1084-1091

Sauer W. H., Berlin J. A. and Kimmel S. E. (2003) Effect of an-
tidepressants and their relative affinity for the serotonin trans-
porter on the risk of myocardial infarction. Circulation 108:
32-36

Cattaneo M. and Gachet C. (1999) ADP receptors and clinical
bleeding disorders. Arterioscler. Thromb. Vasc. Biol. 19:
2281-2285

Beckman M. L. and Quick M. W. (1998) Neurotransmitter
transporters: regulators of function and functional regulation.
J. Mem. Biol. 164: 1-10

Barclay J. W., Craig T. J., Fisher R. J., Ciufo L. E,, Evans G. J.
0., Morgan A. et al. (2003) Phosphorylation of Muncl8 by
protein kinase C regulates the kinetics of exocytosis. J. Biol.
Chem. 278: 1053810545

Lesch K. P. and Manji H. K. (1992) Signal-transducing G pro-
teins and antidepressant drugs: evidence for modulation of
a subunit gene expression in rat brain. Biol. Psych. 32: 549—
579

Roose S. P. (2000) Considerations for the use of antidepres-
sants in patients with cardiovascular disease. Am. Heart J.
140: 84-88

Bonne O., Krausz Y., Aharon Y., Gelfin Y., Chisin R. and Lerer
B. (1999) Clinical doses of fluoxetine and cerebral blood flow
in healthy volunteers. Psychopharmacol. 143: 24-28

128

129

130

131

132

133

134

135

136

SSRIs and cardiovascular diseases

Gelfin Y., Gorfine M. and Lerer B. (1998) Effect of clinically
equivalent fluoxetine administration on mood and other psy-
chological parameters in healthy volunteers. Am. J. Psychia-
try. 155: 290-292

Menys V. C., Smith C. C., Lewins P,, Farmer R. D. and Noble
M. L. (1996) Platelet 5-hydroxytryptamine is decreased in a
preliminary group of depressed patients receiving the 5-hy-
droxytryptamine re-uptake inhibiting drug fluoxetine. Clin.
Sci. 91: 87-92

Pai V. B. and Kelly M. W. (1996) Bruising associated with the
use of fluoxetine. Ann. Pharmacother. 30: 786788

Lake M. B., Birmaher B., Wassick S., Mathos K. and Yelovich
A. K. (2000) Bleeding and selective serotonin reuptake in-
hibitors in childhood and adolescence. J. Child Adolesc. Psy-
chopharmacol. 10: 35-38

Vandel P, Vandel S. and Kantelip J. P. (2001) SSRI-induced
bleeding: two case reports. Therapie 56: 445-447

Neafsey P. J. (2004) Adverse self-medication practices among
individuals taking SSRI antidepressants. Home Healthcare
Nurse 22: 80-81

Hergovich N., Aigner M., Eichler H. G., Entlicher J., Drucker
C. and Jilma B. (2000) Paroxetine decreases platelet serotonin
storage and platelet function in human beings. Clin. Pharma-
col. Ther. 68: 435-442

Veenstra-VanderWeele J., Anderson G. M. and Cook E. H.
(2000) Pharmacogenetics and the serotonin system: initial
studies and future directions. Eur. J. Pharmacol. 410: 165-
181

Szasz R. and Dale G. L. (2003) COAT platelets. Curr. Opin.
Hematol. 10: 351-355

To access this journal online:
http://www.birkhauser.ch




