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Abstract

It is well established that various mental stress con-
ditions contribute, or at least influence, underlying
pathophysiological mechanisms in somatic, as well as
in psychiatric disorders; blood platelets are supposed
to represent a possible link in this respect. The ancu-
leated platelets are the smallest corpuscular elements
circulating in the human blood. They display different
serotonergic markers which seem to reflect the cen-
tral nervous serotonin metabolism. They are known as
main effectors in haematological processes but recent
research highlights their role in the innate and adaptive
immune system. Platelets are containing a multitude
of pro-inflammatory and immune-modulatory bioac-
tive compounds in their granules and are expressing
immune-competent surface markers. Research gives
hint that platelets activation and reactivity is increased
by mental stress. This leads to enhanced cross talk
with the immune system via paracrine secretion, re-
ceptor interaction and formation of platelet leucocyte-
aggregates. Recently it has been demonstrated that
the immune system can have a remarkable impact in
the development of psychiatric disorders. Therefore
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platelets represent an interesting research area in psy-
chiatry and their role as a possible biomarker has been
investigated. We review the influence of mental stress
on what is termed platelet bioactivity in this article,
which subsumes the mainly immune-modulatory activ-
ity of platelets in healthy volunteers, elderly persons
with chronic care-giving strain, patients with cardiovas-
cular diseases who are prone to psychosocial stress, as
well as in patients with posttraumatic stress disorder.
Research data suggest that stress enhances platelet
activity, reactivity and immune-modulatory capacities.

© 2012 Baishideng. All rights reserved.
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PLATELETS IN PSYCHIATRY

Numerous studies have shown a relation between chronic
mental stress conditions with some of the most disabling
psychiatric and somatic disorders such as depression and
cardiovascular diseases' . Platelets have been proposed
to be a link between mental stress conditions and psy-
chiatric or somatic disorders, as they have been shown to
contain the largest amount of serotonin (5-HT) outside
the central nervous system, as well as to express sero-

tonin receptors 2A and 3A (5-HT-2A receptor, 5-HT-3A
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receptor) and the serotonin transporter (SERT)P. The
serotonin metabolism and turnover of platelets is sup-
posed to resemble that of the central nervous system in
their major kinetic features™”,

In addition to the importance of the serotonergic sys-
tem in psychiatric disorders, recent observations indicate
a major role of the immune system in the pathophysiol-
ogy of psychiatric disorders™™"", For example, studies
have shown an association between elevated circulating
pro-inflammatory cytokinesm], and increased levels of pe-
ripheral adhesion molecules'” due to depression. More-
over, patients with posttraumatic stress disorder (PTSD)
display signs of immune activation """ and alterations of
the serotonergic and noradrenergic neurotransmitter sys-
tems'"”,

The prominent function of platelets in hemostasis
and thrombosis is well known, but further research on
platelets has demonstrated that they are also part of the
5 Therefore, platelets
are an even more attractive line of approach in psychiatry
research due to their possible patho-physiological influ-
ences and their possible role as biomarkers. It has also
been suggested that platelets may provide a patho-physi-

ological link between acute and chronic stress and stress-
[24-27]

immune regulatory mechanisms

related psychiatric or somatic syndromes

This review focuses, on the one hand, on platelet ac-
tivity in mental stress conditions in healthy young subjects,
in an elderly population and in patients with cardiovascu-
lar disease and, on the other hand, on platelet activity in
patients with a mainly stress-induced psychiatric disease,

namely PTSD.

PLATELET ANATOMY AND ACTIVATION
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adrenergic receptors™”*, Tt is important to differentiate

between the degree of platelet activation in response to
a stimulus, namely the platelet reactivity, and the duration
of platelet activation, namely the platelet activation state.
On activation, platelets are able to express certain sur-
face markers such as the active form of the glycoprotein
treceptor GP Il b/l a, p-selectin and CD40 ligand and to
secrete the pro-inflaimmatory and immune-modulatory
content of their storage granulesm. This paracrine secre-
tion is termed platelet bioactivity and enables platelets to
cross-talk with other platelets, immune cells and endo-
thelial cells""*. Platelet aggregation following platelet
activation is marked by a shape change that gives platelets
the ability to bind fibrinogen via the active form of the
surface glycoprotein GPII b/ Ila receptorsm. These
expressed activation markers are cleaved, promoting the
circulation of soluble CD40L and soluble P-selectin.
Molecules like CD40 and CD40L, memberts of the TNF
super family, take on an important immune-modulatory
role. This immune-regulatory dyad is able to enhance
antigen presentation and to augment adaptive immune
responsem]. CD40 and CD40L have the ability to influ-
ence the T-cell-dependent isotype switching of B-cell-
produced antibodies and to enhance dendritic cell activa-
tion™, P-selectin promotes arteriosclerotic processes by
a formation of platelet-leukocyte aggregates (PLAs) and
interaction with endothelial cells”". PF-4 and B-TG are

R . . . 45
essential in leukocyte chemotaxis and activation,

LIFE STYLE AND DISEASE-RELATED
FACTORS INFLUENCING PLATELET
ACTIVATION

Platelets are the smallest corpuscular blood components
originating from megakaryocytes in the bone marrow.
Resting platelets are of discoid shape and usually circu-
late in the periphery for approximately 10 d, until they
are cleared by the spleen. Platelets contain three differ-
ent types of storage granules (o granula, dense bodies,
lysosomes) which include a vast majority of pro-inflam-
matory and immune-regulatory cytokines and adhesion
molecules!”**!. The dense bodies contain adenosine tri-
phosphate (ADP), ATP, calcium and serotonin. ADP is
a prominent mediator in reinforcing platelet activation,
whereas serotonin is a weak platelet agonist with vaso-
constrictive potentialm’m. The o granules contain mainly
pro-inflammatory and immune-modulatory molecules™”
like P-selectin, platelet factor 4 (PF-4), 3-thromboglobulin
(B-TG), RANTES, CD40, CD40L, as well as adhesion
molecules ICAM, VCAM and PECAM™** while the
lysosomes contain clearing factors such as cathepsins,
collagenase, and glycohydrolasesm.

Platelet activation can be initiated vz different mecha-
nisms, such as soluble agonists (e.g., thrombin, TXAZ2),
shear stress, physical and mental stress™ ™. Catechol-
amines, which are the main neurotransmitters in the
stress response system, activate platelets via o2 and 32

(49
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Platelet activation is known to be influenced by various
lifestyle factors, such as smoking, dietary habits (especially
the intake of alcohol, caffeine and caffeinated beverages)
and exercise.

These variables have been intensively investigated,
often with conflicting results'*”. Concerning the influence
of exercise on platelet activation, it seems that duration
and intensity of exercise play an important role. Strenu-
ous exercise in sedentary men seems to have the most
T As a further possible activating
mechanism, an increase in catecholamine levels and shear
stress are discussed*”. Moderate alcohol intake has been
observed to reduce platelet reactivity to agonists in con-
trast to strong alcohol consumption[%’w‘%z‘. In healthy
young smokers, an increase in P-selectin expression has
been observed compared to non-smokers ™. In line
with this finding, different studies have reported smok-
ing-induced elevations of P-selectin and 3-TG levels*>,
Conflicting results have been found regarding the influ-

ence of coffee consumption on platelet reactivity™’.

prominent impact[

Female hormones were reported to have a significant
influence on serotonin receptors in the first half of the
menstruation cycle[‘%’sﬂ, as well as on the enhancement of
the SERT activity[%]. In addition, serotonin parameters
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are affected by seasonal changes, with increased numbers
of serotonin receptors in spring and autumn® ",

A large number of drugs are able to influence platelet
activity, namely 3 blockers'®, other antihypertensives like
calcium antagonjsts[ézj, o blockers, antidepressants such as
SSRIs*. MAO inhibitors®, statins'®”, aspirin and other
NSAIDs, as well as anti-platelet and anti-coagulatory
medication. It has to be noted that the effect of aspirin
is detectable for at least 10 d, representing the duration
of platelet turnover ™. Because of the widespread use of
benzodiazepines, it should be remembered that platelets
express a peripheral benzodiazepine receptor™.,

In addition, an association between a variety of medi-
cal conditions and increased platelet activity, for example
inflammatory bowel disease™, diabetes'""” rheumatoid
arthritis” arteriosclerosis’™, hypertensionws’m, and arte-
tial fibrillation” has been reported. In diabetes patients,
hyperglycemia and low-grade inflammatory processes
have been reported to induce elevated levels of soluble
P-selectin and CD40L"*, Hypercholesterolemia has
been found to increase platelet reactivity and activation
state; it is supposed that its probable mechanism is a sen-
sitization of platelets for agonistslgzj.

PLATELET ACTIVATION ASSESSMENT
The ability of platelets to adhere, be activated, and aggre-

gate, allows the assessment of their reactivity and activa-
tion state””. Platelets are prone to activation by sampling

procedures and laboratory techniques. This review fo-
cuses on platelet bioactivity; mechanisms of adherence
and aggregation are not considered here.

In recent years, FACS analysis has emerged as an im-
portant technique for the assessment of platelet activation
using surface activation markers such as P-selectin, the
active form of GPIIb/Ia and the formation of PLAs.
FACS activation marker analysis can be performed in
whole blood, using only a very small amount of sample.
As such, extensive sample processing, which in itself
could lead to platelet activation, can be avoided™. P-selec-
tin rapidly mediates platelet binding to circulating leuko-
cytes via P-selectin GP ligand 1, which contributes to the
formation of PLAs™, Therefore, PLAs are suggested to
be a very sensitive marker of platelet activation 7 vive™.

A number of platelet pro-inflammatory and immune-
modulatory secretory compounds such as PF-4, P-selectin
and B-TG, can be measured in plasma, serum or soni-
cated platelets. Serum thromboxane B2 serum or urinary
11-dehydro thromboxane B2 levels can be assessed.
Thromboxane B2 is a platelet cyclooxygenase-1 depen-
dent metabolite of thromboxane A2 and reflects platelet
activation®™.

Measurement can be performed by enzyme-linked im-
mune assays or radio-ligand immune assays (RIA). These
methods are associated with a variety of technical dif-
ficulties that may contribute to conflicting results. Prepat-
ing blood samples for these immunological assays makes

K
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them vulnerable to 7 vitro platelet activation™. Another
limitation is the short half-life of the various compounds
and the fact that PF-4, B-thromboglobulin and soluble
p-selectin are not exclusively produced by plateletsw,
whereas 95% of the soluble CD40 ligand is derived from
platelets.

PLATELET ACTIVATION DUE TO MENTAL
STRESS IN HEALTHY INDIVIDUALS AND
ELDERLY PERSONS

Stress induces hypothalamic-pituitary-adrenal (HPA) axis
hyperdrive and leads to a functional alteration of the
central sympathetic and serotonergic system, possibly iz

neurotransmission influenced by a corticotrophin-releas-
ing factor'”. This HPA axis overactivity is sustained by
activation of the inflammatory response system through
mental stress'.

The effect of mental stress tasks - mental arithmetic or
cold pressor test - on platelet bioactivity PF-4 and B—TG[%]
has been assessed in healthy young men. A significant in-
fluence of stress tasks, resulting in an increase in PF-4 and
B-TG, was observed™.

Two studies have investigated the effect of acute
psychological stress tasks on the formation of PLA in
healthy men. Hamer ¢ a/*” chose a longitudinal design
to determine a habituation effect in full-time employees
who were assessed twice within 4 wk. Hamer ez a/*" and
Steptoe ¢ al* evaluated PLA formation due to acute
mental stress and recovery (up to 75 min) in healthy men
according to their socioeconomic status. In both studies,
participants’ feelings about test difficulty, performance,
controllability, and feelings of stress were also evalu-
ated. PLA formation and the PLA subset formations of
platelet-monocyte aggregates”” ™ and platelet-neutrophil
aggregates”™ were assessed by FACS. A significantly in-
creasing effect of mental stress tasks on PLA formation
was observed™™*. Regarding the stress recovery period,
PLA reached the highest levels 30 min post-stress, return-
ing to baseline at 75 min. Socioeconomic status did not
have a significant influence on stress responsivity as mea-
sured by PLA, but lower socioeconomic status was asso-
ciated with higher baseline PLA™. No habituation effect
was observed™. Hamer ¢ a/*" provide a good method-
ological investigation for a possible habituation effect in
stress tasks. Steptoe ¢ al”™ evaluated platelet activation in
the post-stress petiod for up to 75 min, which seems to
be an adequate time-range for healthy men. Both studies
collected their data in healthy young men.

Aschbacher ¢z /™" conducted four different stud-
ies on platelet reactivity in eldetly persons. In dementia
caregivers, which is an established paradigm of chronic
mental stress, the effect of additional acute mental stress
in combination with depressive and anxious symptoms
or hormone replacement therapy (HRT) was investigated
in a cross-sectional design. Two longitudinal studies were
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also performed to assess the effect of acute mental stress
in an elderly population without caregiving strain”! and
in dementia caregivers in combination with persistent de-
pressive symptoms'”

Pre-existing medical conditions and medications were
assessed and controlled for or included in the analysis as
confounding factors. The administered psychosocial eval-
uation instruments ate presented in Table 1. The acute
stress task was a three-min impromptu speech about an
interpersonal conflict, namely the stolen belt paradigm[%],
or a conflict involving a disreputable car salesman"?,
In the studies involving dementia caregivers, blood was
drawn three times [at test (baseline), immediately after
stress task (reactivity), and 14 min post-stress (tecovery)].
In the studies involving the elderly population, blood
was drawn twice (at rest and immediately post-stress).
Platelet outcome parameters were assessed by FACS.
Two studies assessed platelet reactivity and recovery us-
ing P-selectin expression as activation marker™!, The
two other studies additionally assessed the percentage of
platelet aggregates formed, as well as the percentage of
fibrinogen-binding receptors (FbR) expressed””!. De-
mentia caregivers displayed significantly higher levels of
depression, anxiety, and overload scores. The presence
of symptoms of depression and anxiety in caregivers was
strongly associated with increased P-selectin reactivity
and delayed P-selectin recovery; it was also significantly
predictive for P-selectin reactivity. In non-caregivers, the
use of antidepressants was significantly associated with
decreased P-selectin reactivity™. The authors provide
an excellent model for the study of interaction between
acute and chronic stress and mood symptoms, and its ef-
fect on platelet reactivity in a cross-sectional and a longi-
tudinal design. Caregivers on HRT showed a significantly
delayed recovery of platelet activity””. The acute mental
stress test showed a significant increase in all platelet out-
come values at each time point in elderly volunteers”",
The percentage of aggregates showed an increase of
15%, the percentage of FbR 22%, and the percentage
of P-selectin a nearly 5-fold increase in the acute mental
stress condition. The use of aspirin, antidepressants and
statins influenced platelet activity. The authors provide
robust data on platelet reactivity to acute stress in an
elderly population. The subjects were predominantly
Caucasian women, and different stress tasks were used; a
possible task-dependent effect was not evaluated”".

CARDIOVASCULAR DISEASES AND
STRESS

In the late 1990s, two studies investigated the effect of
hostility as a chronic mental stress condition on platelet
reactivity in patients with preexisting cardiovascular dis-
eases”™ (Table 2). Plasma B-TG levels” and GP I b/
a receptor activation were measured””. The investigations
observed that hostility was significantly related to higher
B-TG reactivity and increased platelet activation index

(49
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markers, such as GPIIb/Illa activation and fibrinogen
binding[gs’%].

Recent studies evaluated the effect of acute mental
stress on platelet activation in different groups of cardio-
vascular disease patients. Investigations were conducted
in coronary artery disease patients with scheduled or ac-

complished coronary angiography or cardiological inter-
[97-99] [100]

[1o1]

vention as well as in stable angina pectotis patients
and in patients who survived acute coronary syndrome
(Table 2).

Strike et o/ aimed to evaluate the effect of acute
emotional stress with regard to the onset of acute coro-
nary syndrome. For this purpose, participants were retro-
spectively categorized in two groups (non-trigger group,
emotional-trigger group), taking into account the experi-
ence of acute negative emotions two hours prior to the
onset of cardiovascular symptoms. Various mental stress
tasks were used: mental arithmetic™, the paced auditory
serial addition task””, the Stroop colour word conflict
test”> " k""" and the
mirror tracing task”™. The applied outcome measurements
were plasma B—TGmmm, plasma PE-4"""" 3 platelet acti-
vation marker set (e.g.,, GP Il b/Illa expression, P-selectin
expression, mononuclear cell (MNC)-bound activated
platelets)™, and the degree of overall PL.A formation, as
well as the assessment of subset formations of platelet-
monocyte and platelet-neutrophil aggregates”™'", PLLA
formation was monitored for 75 min”” or 120 min post-
stress'". No impact of acute mental stress on PF-4 levels
was registeredmm]. The results regarding B-TG were
inconsistent; Wallén e /'™ showed a significant increase
and Reid ¢f o/’ found no significant change. Concerning
the observed platelet activation markers in coronary artery
disease patients, the acute mental stress task induced a
significant increase in GPIIb/Illa expression, P-selectin
surface expression, percentage of platelets positive for
P-selectin expression, and percentage of activated plate-
lets bound to MNC"”. Regarding PLA levels, a significant
effect of acute stress was observed in patients with acute
coronary syndrome and an emotionally triggering event

(e.g., emotional trigger group)“oﬂ. These values returned
[

, anger recall”™, a public speech tas

to baseline after two hours'"". Previous results showed
an increase in PLA formation in response to the acute
stress tasks in cardiovascular disease patients, as well as in
healthy controls; however, PLA levels in the patient group
were significantly higher 75 min post-stress

Bacon ¢t al”" designed an elaborate stress protocol to
evaluate the effect of various stressors thought to trig-
ger cardiovascular events on multiple cardiovascular and
platelet activation outcome parameters. Consideration
was also given to the disease severity, which did not affect
platelet activity. An accumulating effect of the differ-
ent stress tasks might be possible. PF-4 was assessed in
plasma, which is known to produce inconsistent results.
Reid ¢ o/ investigated the stress-induced platelet activa-
tion using a broad marker set in a large patient group.
The participants were predominantly men. Platelets were
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because of the impact of serotonergic parameters and
monoamine oxidase activity, as well as possible changes in
platelet bioactivity. Platelet monoamine oxidase is report-
ed to be a vulnerability marker for various psychiatric dis-
orders, personality traits, and behavioral problernsmgl. It
is known that MAO-B serves a common polymorphism
in intron 13 in the form of a single base A or G change.
Age, sex, ethnicity, and smoking have been shown to af-
fect MAO-B activity in plateletsmg’“ﬂ.

Four investigations used the assessment of platelet
serotonin (5-HT) content in patients with PTSD (Table 3).
Platelet serotonin content was investigated as a marker of
suicidal behavior in PTSD patients, non-PTSD patients,
and healthy volunteers"”. In another study, platelets were
used as a peripheral marker for psychotic symptoms in
PTSD"". Miick-Seler ez al''" assessed the 5-HT content
in war veterans with PTSD and comorbid depression.
In another investigation, Pivac ez a/'"” measured the
platelet 5-HT content and platelet MAO activity in war
veterans and prisoners of war with PTSD. In all of these
investigations, 5-HT content and MAO activity were de-
termined by spectrofluorimetric methods. No significant
difference in serotonin content or MAO activity was
seen between war veterans with or without PTSD and
healthy controls. One investigation indicated that platelet
serotonin concentration is significantly lower in suicidal
PTSD patients and suicidal non-PTSD patients"'”. Ac-
cording to the presence of psychotic symptoms in PTSD
patients, a significant increase in platelet serotonin con-
tent has been demonstrated"”. A correlation between
platelet serotonin content and the degree of loss of ap-
petite was found. The highest serotonin concentration
was found in the group of war veterans with depression
and a severe loss of appetite, compared to depressed
PTSD patients without appetite loss and controls" . A
significant correlation between platelet serotonin content
and psychotic symptoms was observed. These investiga-
tions provide robust data showing that platelet serotonin
content is not a peripheral biomarker for PTSD but that
it might serve as a marker for various psychopathological
symptoms. Possible confounding factors (gender, dietary
habits, seasonal variations) were taken into consideration.
Kovacic e# al'™? recruited a large sample to study suicidal
behavior; however, the non-PTSD group was heteroge-
neous including patients with depression, psychosis, per-
sonality disorder and acute stress disorder. Pivac ez al
conducted their study in a group of 138 war veterans,
where the sample of psychotic PTSD patients, as well
as the group of depressed non-PTSD patients was very
small".

Vidovi¢ ef al'' evaluated platelet reactivity to various
agonists, namely epinephrine (EPI) and ADP measuring
the formation of PLAs (e.g., platelet-monocytes, plate-
let-lymphocytes, platelet-neutrophils) and the expression
of P-selectin on platelet surface, as well as the percent-
age of P-selectin expressed in war veterans with PTSD
(Table 3). The results showed that platelet reactivity to
ADP was stronger in PTSD patients, which was indicated
by increases in P-selectin surface expression, higher per-
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centage of P-selectin expressed, and increased percentage
of platelet-neutrophil aggregates. Another investigation
by Vidovi¢ e a/'"” in PTSD war veterans assessed PLA
formation and CDG63 expression on platelet surface. In
addition, the amount of soluble p-selectin in sera was
also determined. No difference in activation markers was
observed between healthy civilians and PTSD war veter-
ans. The authors discuss this in connection with the small
sample size. Regarding PTSD patients as an example of
chronic mental stress with an increased risk for a variety
of somatic comorbidities, the evaluation of platelet activa-
tion by P-selectin expression and PLLA formation provides
a useful research tool.

Platelet MAO-B activity and MAO-B intron 13 poly-
morphism have been measured in war veterans with
PTSD who were divided into subgroups with or without
psychotic features'"™ (Table 3). MAO-B activity was mea-
sured by spectrofluorimetry. Genotyping was done by
Tagman-based allele-specific PCR assay' . The results
revealed a significant effect of smoking and diagnosis,
as well as a significant interaction between diagnosis and
genotype and its effect on MAO-B activity. Significantly
lower MAO-B activity has been found in smokers. Psy-
chotic features seemed to be strongly associated with
higher MAO-B activity. MAO-B intron polymorphism
was relevant for a small group of non-smoking psy-
chotic PTSD patients carrying the A-allele, who showed
a stronger enzyme activity. Possible confounding factors
were studied in a large male sample group who were di-
vided into many sub-groups partly consisting of very few
people. The war veterans were seen to have psychiatric
comorbidities such as depression, alcoholism, and/or
anxiety disorder which were previously described to pos-
sibly influence platelet parameters.

An investigation by Cicin-Sain ez al"™ was conducted
to evaluate the platelet 5SHT content, 5SHT-uptake, and
MAO-B activity in patients with combat-related PTSD
and other psychiatric comorbidities (depression, alcohol
dependence, personality disorder, and psychosis) com-
pared to healthy controls. Most participants were receiv-
ing treatment involving psychotropic medication such as
benzodiazepine, antipsychotics, tricyclic antidepressants,
and atypical antidepressants. None of them took MAO
inhibitors. For the analysis, patients were divided into
subgroups according to possible medication interference
with the SERT (e.g,, clomipramine, fluoxetine) and with
MAQO activity (e.g., antipsychotics, cyclic antidepressants).
No significant difference was observed in serotonin
content nor uptake in patients and controls except in the
group of participants taking serotonin reuptake inhibi-
tors. MAO-B enzyme velocity was significantly reduced
in PTSD patients, notwithstanding their drug status or
potentially interfering therapy.

IMPLICATIONS AND FURTHER
DIRECTIONS

In healthy men compelling data show enhanced platelet
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