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IMPACT OF TRANSIENT CEREBRAL ISCHEMIA/REPERFUSION
INJURY ON FUNCTION OF INTRACELLULAR CALCIUM STORES

Urban Peter, Pavlíková Martina, Kaplán Peter, Račay Peter, 
Lehotský Ján

Department of Medical Biochemistry, Jessenius Faculty of Medicine, Comenius University, Martin,
Slovak Republic

A b s t r a c t
Cerebral ischemia/reperfusion injury induces alterations of the neurochemical conditions in the vulnerable regi-

ons of the brain. The role of calcium in the process of neuronal injury with special attention to participation of
reactive oxygen/nitrogen [RO(N)S] species will be discussed. An excess amount of RO(N)S is up-regulated in res-
ponse to ischemic stress and participates in neuronal apoptosis by several processes. 

Paper is focused on cellular and molecular mechanisms of intracellular calcium stores with special attention to
neuronal damage induced by cerebral ischemia/reperfusion. Acute in vivo ischemia alters both the expression,
function and kinetic parameters of Ca2+ transporters and the physical membrane environment. Experimental
results present evidence that endoplasmic reticulum (ER) is the site of complex processes such as calcium stora-
ge, synthesis and folding of proteins and cell response to stress. ER function is impaired in ischemia/reperfusion
injury which in turn induce calcium store depletion and conserved stress responses linked with delayed neuronal
death. Understanding the mechanisms leading to ischemia-induced disturbation of calcium stores and  the ER
dysfunction may lead to recognition of neuronal protection strategies and suggestions for further studies on the
development of novel prophylactic/therapeutics for neuronal apoptosis-related diseases.

Key words: cerebral ischemia, oxidative stress, mechanism, calcium store

INTRODUCTION

Calcium is an ubiquitous second messenger controlling many physiological functions of
neuronal and glial cells. The low intracellular Ca2+ level and its restoration after transient
physiological elevation is maintained by several types of  Ca2+ channels, Ca2+ binding pro-
teins and Ca2+ pumps in the plasma membrane (PMCA) and in the internal calcium sto-
res (SERCA) and secretory pathways (SPCA). In addition, Na+-Ca2+ exchanger activity lin-
ked with the function of the Na+ + K+-ATPase mutually maintains free Ca2+ and Na+ con-
centrations at physiological levels. In neural cells, the relative contribution of these compo-
nents to the overall ion homeostasis varies (1).

Oxidative stress initiated mainly by reactive oxygen/nitrogen species [RO(N)S], is a re-
cognized pathogenic factor in several pathologies of CNS including ischemia/reperfusion
injury (IRI). In parallel to excitotoxic activity of glutamate, the loss of ion homeostasis is
involved in the common pathways leading to cell death due to lower ATP production and/or
effect of oxidative stress. Ethiology of cerebral ischemia/reperfusion injury includes dysre-
gulation of energetic metabolism with intracellular derangement of ion homeostasis and
disequlibrium of free radical production/scavanging. Altered Ca2+ homeostasis, triggering
the Ca2+-dependent bio-polymer degradation, mitochondrial and bioenergetic failure, ulti-
mately culminates in the activation of reactions leading to necrotic/apoptotic cell death.
However, it is not yet clear which sources of Ca2+ and which pathways are involved (2). 

The brain parenchyma is especially vulnerable to free radical damage. The disruptive ac-
tion of RO(N)S involves lipid peroxidation, protein modifications and DNA oxidation. Each
of these events may cause alterations of the membrane structure and function, including
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membrane fluidity, permeability, activity of enzymes, channels, transport proteins and
receptors (3). The changes of redox balance also lead to activation or silencing of many sus-
ceptible genes (4).

In mammalian cells, RO(N)S can be formed in response to toxic reagents or as by-pro-
ducts of oxygen-utilizing enzymes such as those in the mitochondrial respiratory chain,
the arachidonic acid pathway, the cytochrome P450 family, glucose oxidase, amino acid
oxidases, xanthine oxidase, NADH/NADPH oxidases, or NO synthases (1). Thus, RO(N)S
can be produced by multiple mechanisms in all cellular compartments. The first reactive
oxygen species produced in the reduction pathway of oxygen to water is the superoxide
anion radical (O2-•), which participates in the generation of other toxic metabolites, most
importantly hydrogen peroxide (H2O2), hydroxyl radicals (OH•), peroxynitrite (ONOO-),
hypochlorous acid (HOCl), and singlet oxygen (1O2). Under physiological conditions, excess
formation of RO(N) S is prevented by the endogenous antioxidant defense systems. These
include superoxide dismutases (SOD), glutathione peroxidases (GPX), catalase, thioredoxin
peroxidases (peroxiredoxins), glutaredoxins, the thioredoxin–thioredoxin reductase system
and exogenously taken up micronutrients and vitamins. In addition, several redox systems
like the NAD+/NADH, NADP+/NADPH and oxidized glutathione/reduced glutathione
(GSSG/2GSH) contribute to redox homeostasis (4,5). 

Remarkably, within the endoplasmic reticulum (ER), the proper folding and disulfide
bond formation of proteins are both dependent on the luminal redox status appeared to be
more oxidizing, with a higher ratio of oxidized to reduced glutathione.

Fig. 1. The role of RO(N)S in cell communication. Examples of radical (NO and O2
-) signalling in the transition

from physiology to pathology/disease states. 

It is important to note that in neural tissue after injury, the activated astroglial cells pro-
duce large amounts of nitric oxide (NO). NO by its binding to the a–a3 binuclear center of
cytochrome c oxidase rapidly decreases the affinity  for O2, hence reversibly inhibits elec-
tron transport and  ATP synthesis. Astrocytes show remarkable resistance to NO and pero-
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xynitrite, whereas neurons are highly vulnerable. Compensatory for energy impairement
and oxidative stress, NO stimulates glucose metabolizing pathways to emerge from an
otherwise pathological outcome. (6). 

Fig. 2.   Schematic pathways of reactive oxygen (nitrogen) species generation. 
Superoxide anion radicals: (O2

-•), superoxide dismutase: (SOD), hydrogen peroxide: (H2O2), hydroperoxyl radicals:
(HO2•),  hydroxyl radicals: (OH•), hydroxyl anions: (HO-), singlet oxygen: (1O2), hypochlorite: (ClO-), nitric oxide:
(NO•), peroxynitrite anions: (ONOO-), nitrogen dioxide: (NO2•), nitroxyl anion: (NO-), glutathione peroxidase: (GPX),
catalase: (CTL), peroxiredoxins:(PRX), thioreredoxines: (TRX), glutaredoxins: (GRX).

1. PLASMA MEMBRANE SYSTEMS IN ISCHEMIC/REPERFUSION CONDITIONS

It is generally believed that the enhanced calcium influx after injury may initiate calcium
dependent degradation processes and this phenomenon may play an important role in the
injury response. Although the source of calcium may be debated, the data emphasize the
relationship between calcium influx through  calcium channels and the role of calcium in
cell viability during injurious and post-injurious period. Likewise, membrane lipid peroxi-
dation induced by application of 4-hydroxy-2,3-nonenal increases neuronal cell death as
a result of enhanced calcium influx through NMDA channels (7, 8). 

The ultrastuctural data support the idea that in neurons and glia plasma membrane, mic-
rodomains containing Na+,Ca2+ exchanger (NCX1) and Na+ pumps with α2 or α3 subunits
form Ca2+ signalling complexes with underlying endoplasmic reticulum (ER) containing
SERCA2 and inositol 1,4,5 trisphosphate receptor type 1 (IP3 receptor-1). These plasma
membrane and ER components appear to be linked through the cytoskeletal spectrin net-
work, to which they are probably tethered by ankyrin 2 (9).

The Na+- Ca2+ exchanger is a calcium transport system of low affnity and high capacity
and its activity is closely coupled with the activity of Na+, K+-ATPase. The Na++ K+-ATPase,
the enzyme that maintains Na+, and K+ gradients across the plasma membrane was repor-
ted to be inhibited by ROS in the brain by selective alterations of its active sites. Results
from our laboratory have shown  that ROS generated in vitro reduced both the Na+,
K+-ATPase activity and the activity of Na+-Ca2+  exchanger of synaptosomal membranes. In
addition, physical state of the membrane has been altered as can be seen from reduction
of membrane fluidity analyzed by fluorescence anisotropy measurement. Likewise, an acute
in vivo ischemic insult induced by vessel occlusion alters kinetic parameters of Na+,K+-
ATPase, affecting mainly the dephosphorylation step of ATPase cycle with parallel changes
of Na+-Ca2+ exchanger and alterations of physical membrane environment (10, 11). 

The view that ROS are involved in the general mechanism of ischemic damage is suppor-
ted by the findings of ROS induced  inhibition of Na+, K+- ATPase on stunned myocardium
(12). In hearts reperfused without free radical scavenger the left ventricular developed pres-
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sure was significantly depressed. Treatment with mannitol had little protective effects, whe-
reas singlet oxygen scavenger histidine significantly improved the recovery of pressure. Sar-
colemmal Na+, K+-ATPase activity was depressed in stunned hearts but was almost com-
pletely recovered in hearts pretreated with histidine which suggests that ROS-induced inhi-
bition of Na+, K+-ATPase activity is involved in the mechanism of postischemic contractile
dysfunction and supports the view that singlet oxygen may be one of the major causes of
oxidative injury during ischemia and reperfusion (12).

Conditions of neuronal damage commonly involve loss of neuronal connectivity, synaptic
dysfunction with excessive pruning, and ionic imbalances. These often serve as a prelude
to cell death either through the activation of apoptotic or necrotic death routines or excess
autophagy. In many instances, a local or generalized Ca2+ deregulation is involved in sig-
nalling or executing cell death. Within the first minutes of global brain ischemia occurs
a massive K+ efflux and Na+ influx, a phenomenon known as anoxic depolarization (AD).
Similar ionic shifts take place during repetitive peri-infarct depolarizations (PID) in the area
penumbra in focal brain ischemia likely by the the mechanism of a reversal of plasmalem-
mal Na+/Ca2+  and/or Na+/Ca2+ + K+ (NCKX) exchangers. It was recently shown that in brain
ischemia, and during excitotoxicity triggered by excess glutamate, the irreversible Ca2+ dere-
gulation leading to necrosis is due to calpain-mediated modulation of the plasma membra-
ne Na+/Ca2+ exchanger. Bano et al. (13) have shown that the NCX can also be cleaved by
caspases in neurons undergoing apoptosis, which suggests that cleavage of the main Ca2+

extrusion pathway is a lethal event in multiple forms of cell death. Since there no selective
drugs to Na+/Ca2+ exchanger exist,  the development of such agents as potential therapeu-
tic means to limit ischemic brain damage after stroke or heart attack  (14). 

Interestingly, Luo et al. (15) hypothetized that the proper function of Ca2+ exchanger is involved
in the phenomenon of ischemic tolerance. In brains, where expression of Na+/Ca2+ exchanger pro-
tein was depressed to 40 %, there was no significant reduction in cerebral infarction following
middle cerebral artery occlusion (MCAO). The data suggests that moderate reduction of NCX1
protein may be not enough to exert protection. However, by using small RNA-interference (siRNA)
approach, some authors detected about 20% less of MCAO induced infarction. which indicates
that NCX1 plays an important role in  ischemia/reperfusion induced  neuronal injury (15).

The Ca2+ -ATPase (Ca2+ pump) from plasma membrane (PMCA pump) is a ubiquitously
expressed protein with high affinity for Ca2+. Together with the Na+ - Ca2+ exchanger it is
responsible for the extrusion  of Ca2+ from the cytosol (16,17). In humans and rats, the
alternatively spliced variants of four isoforms of PMCA protein are transcribed in neurons
and glia cells (18,19). By contrast to Na+- Ca2+ exchanger (NCX) which is confined to neu-
ronal somata and astrocytes to plasma membrane (PM) microdomains, the PMCA is more
uniformly distributed (20). As shown on hippocampal neurons, the PMCA2 isoform is co-
localised with the pre-synaptic marker proteins synaptophysin and the vesicular glutama-
te transporter 1, but not with the post-synaptic density protein PSD-95 thus mediating fast
Ca2+ clearance from presynaptic region (21). In addition, recently, a physical interaction bet-
ween PMCA (isoforms 1 and 4) and alpha -1 syntrophin was shown which forms a ternary
complex of interaction between endogenous PMCA,  syntrophin, and NOS-1, thus providing
a specific molecular mechanism of interaction as well as functionality (22).

Earlier in vitro studies performed on erythrocytes, smooth muscle, heart and brain
(23,24) as well as in vivo experiments on neuronal hypoxia/ischemia (3) have documented
RO(N)S-induced alterations of plasma membrane integrity, cross-linking and aggregation of
PMCA molecules in parallel with inhibition of the catalytic activity of PMCA pump.  

Disturbances in Ca2+ homeostasis play a particularly important role in brain damage and
in a number of processes that have been implicated in Ca2+-related pathogenesis, including
brain aging, ischemia/anoxia, oxidative stress, and several neurodegenerative diseases.
Ca2+-ATPase from cortical synaptosomes shows a diminished activity following
ascorbate/iron-induced oxidation which is accompanied by protein cross-linking and lipid
peroxidation This suggests that inhibition is the result of both lipid peroxidation and enzy-
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me protein modification. (25, 26). The protein aggregation is probably the result of bityro-
sine formation, unfolding of the protein and increased hydrophobic interactions between
PMCA molecules (26).

Chronic exposure (repetitive) pulses of synaptosomal membranes to 10 μmol/l ONOO-

lead to  irreversible inhibition of Ca2+ pump activity and may accounts for a sustained inc-
reased intracellular Ca2+ in synaptic nerve terminals during oxidative stress (27). As shown
by study of Bartlett et al. (28) oxidation of Met 145 in calmodulin is critical for oxidant-indu-
ced loss-of- function leading to inability to fully activate the Ca2+ -ATPase. 

In experiments conducted in our laboratory we have proved potential role of PMCAs in
altered Ca2+ homeostasis following transient global ischemia and prolonged reperfusion.
Isoform-specific antibodies against three isoforms of PMCA (29) were used for immuno-loca-
lization of PMCAs in the different brain regions. We have found that transient global ische-
mia had no effect on the PMCA level, however, prolonged reperfusion induced significant
decrease of the PMCA 1 immuno-signal, localized to the hippocampus. This region is
thought to be the most affected brain region (CA1 sector) after global ischemia (30, 31). As
shown by Neumar’s group (32), ischemia followed reperfusion induced calpain induced pro-
teolytic fragmentation of PMCA protein in parallel with a considerable depression of Ca2+-
ATPase activity to 51 per cent prior to morphological evidence of neuronal degeneration.
Similarly in our experiments, the pre-incubation of non-ischemic membranes with cytosol
from ischemic hippocampus decreased the level of PMCA 1 in non-ischemic tissues. Loss of
protein level is partially protected both by calpain- and non-specific protease inhibitors
which suggests possible activation of calpains and/or caspases-like proteases in the reper-
fusion period (33). 

Cerebral ischemia is known to alter proteosynthetic and proteolytic machinery with hig-
her  susceptibility to degradation by several proteases (34,35). In addition, a massive disap-
pearance of PMCA activity and alteration of PMCA1 as well as PMCA2 at the mRNA and pro-
tein levels has been associated with neuronal death induced either by ischemia or kainic
acid induced seizure (17,36). In addition, at least some isoforms of PMCA protein are sub-
strates of caspases (37), which suggests for a potential link with cell apoptosis. In parallel
with the decrease of PMCA a number of other Ca2+ transport proteins are affected during
the reperfusion period: the intracellular Ca2+ pump (38) and the inositol 1,4,5 trisphospha-
te - IP3 receptor (39). 

Pretreatment by non-lethal ischemia (preconditioning) is clinically very interesting situa-
tion (40), which is thought to cause protection against Ca2+ toxicity. As shown in ischemia-
tolerant gerbils, the level of Ca2+-ATPase in CA1 neurons increased significantly which
strongly resembles data on CA3 neurons, which are constitutively resistant to such periods
of ischemia (41, 42).

In fact, in our laboratory  we have shown that the extent of lipid and protein modificati-
ons induced by transient ischemia occurs mainly during the period of reperfusion in rat
forebrain (43,44,45). Similarly, an increase of immunoreactivity for hydroxynonenal (HNE)
-modified proteins in CA1 hippocampal region was seen in the reperfusion period and was
shown depressed in ischemic tolerant animals. This points to the important role of HNE in
ischemia induced oxidative stress and altered neuronal signalling and survival of neurons
(46, 47). Although very sparse literature data is available on the neural  regulation of PMCA
isoforms on gene and mRNA level or controlled isoform proteolysis (48), it seems that PMCA
is an important candidate in Ca2+ mediated delayed neuronal death in brain and spinal cord
(49, 50). 

2. INTRACELLULAR CALCIUM STORES AS TARGETS 
OF ISCHEMIA/ REPERFUSION DAMAGE

Intracellular calcium stores include membrane structures endowed with two concomi-
tant machineries responsible for Ca2+ release (IP3 and ryanodine sensitive Ca2+ channels)
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and Ca2+ uptake (Ca2+ pump- SERCA). Endoplasmic reticulum (ER) plays a co-ordina-
ting role in intracellular Ca2+ signalling in neurones and glia. Alteration in the equilibrium
of endoplasmic Ca2+ sequestration/release makes possible changes  of multiple signalling
routes and strongly affects neuronal  functioning and survival, especially in hypoxia/ische-
mia (49). The ER membranes contain both SERCA type Ca2+ pump isoforms (SERCA 2b and
SERCA 3) and Ca2+ channels that mediate the uptake and release of Ca2+ into/from the
store. Depletion of ER Ca2+ pools activates a stress response (suppression of global prote-
osynthesis and activation of stress genes- ER stress) and it is thought that disturbances of
the ER functions may be involved in stress (ischemia, seizure)- induced cell injury in which
stress response protein serves a neuroprotective action (51). 

As shown by experiments from our laboratory, the alkoxyl and peroxyl radicals generated
in vitro lead to the loss of ability of neuronal ER membranes to sequester Ca2+, as well as to
the increase of Ca2+ permeability and to the decrease of Ca2+-ATPase activity. Further, we
have shown that the potency of two ROS generated systems to decrease membrane fluidity
correlated well with the system’s potency to induce lipoperoxidation (52,53). Furthermore,
ROS induces both lipid mediated and lipid independent modifcations of the ER membrane
proteins as detected by the increase of fluorescence excitation (350/360 nm) and emission
(440/450 nm) maximum and by the decrease of the intrinsic fluorescence of aromatic
amino acid residue(s) (54). 

As analyzed in in vivo condition, global cerebral ischemia induced by four vessel occlusi-
on in rats, activates both the lipoperoxidation-dependent and direct oxidative modifications
of neural proteins including ER (43,44). Furthermore, as shown by Babusikova et al. (53),
oxidative modifications of proteins and lipoperoxidation are related to the aging process and
affects mitochondria and synaptosomes in parallel with other cellular compartments, such
as the ER. These results might have an important implications for the prospective post-
ischemic antioxidant therapy even in clinical settings. 

It has been suggested that nitric oxide (NO)- derived reactive species may contribute to
ischemia-induced damage (55) by a marked depletion of ER calcium stores through an inhi-
bition of ER Ca2+-ATPase and by a concentration-dependent suppression of protein synthe-
sis which leads to depression of recovery of neurons from insult. Thus, the NO-induced dis-
turbances of energy metabolism and the loss of ER function seems to be the primary target
of NO-toxicity in ischemic neuronal tissue. 

3. STRESS OF ENDOPLASMIC RETICULUM  (ER STRESS) AS CONSEQUENCE 
OF ISCHEMIC/REPERFUSION CONDITIONS

The stress to endoplasmic reticulum (ER stress) is recently recognized component in
the pathophysiology of neuronal cell injury. The unique role of ER in neural synthesis/fol-
ding/processing of newly formed membrane proteins, in the mechanisms of protein matu-
ration destined to secretion and responses to the cellular stress are strictly calcium depen-
dent and the level of Ca2+ in the ER lumen should be kept high enough (2). In addition, the
proper lumenal oxidative environment is required for normal ER function (4). 

A unique set of several lumenal chaperons and folding enzymes reside in the lumen of ER
to execute proper protein folding and quality control in the secretory pathways. Thus, an
enzyme of protein disufide isomerase (PDI) enables protein disulphide bond formation,
peptidyl prolyl isomerase (ERp57) catalyzes cis-trans isomerization of peptides and seve-
ral glucose regulated family: GRP78 (BiP), GRP 94 (endoplasmin) or GADD 153 and 34
are responsible for proper protein folding and are involved in the regulation of cell growth
and cell viability. BiP protein is very abundant ER chaperone which is similar to cytosolic
heat shock protein HSP 70. Similarly, GRP94 is homologous to cytosolic HSP 90. In addi-
tion, glycoprotein folding is helped by Ca2+ binding protein calreticulin and family of other
Ca2+ dependent proteins – calnexins. 
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4. POSTISCHEMIC ALTERATIONS OF CALCIUM TRANSPORT 
IN INTRACELLULAR CALCIUM STORES

Various toxic agents and injuries to neurons can induce ER stress, including oxidative
and metabolic stress such as excitotoxicity, hypoxia/cerebral and spinal cord ischemia and
trauma (51, 56). As it has been shown in cells from various tissues, ER dysfunction indu-
ce highly conservative stress response: the unfolded protein response (UPR), the ER over-
load response  (EOR) and the ER associated protein degradation (ERAD) (51). The pro-
per function of translated proteins in the ER requires their proper folding and unit compo-
sition. All eukaryotic cells respond to accumulation of unfolded proteins by depresion of glo-
bal translation and by activation of genes encoding molecular chaperones and folding enzy-
mes This unique translational and transcritional response is called unfolded protein res-
ponse and activates molecular mechanisms which transmits signal from ER lumen to the
nucleus. The mechanisms are different from those which starts on plasma membrane.
ERAD and EOR are suplementary mechanisms which respond to ER dysfunction in various
pathological conditions such neurodegenerative brain damages.

Brain ischemia/reperfusion induces depletion of ER Ca2+ stores. Free arachidonic acid
which is produced during ischemia induces inhibition of protein synthesis and mobilization
(depletion) of Ca2+ from the ER. Kohno et al. (57) have shown that content of ER calcium in
vulnerable neurons is lost by ischemia and is not recovered after 3 hours of reperfusion.
Furthermore, Ca2+ release from the ER contributes to the Ca2+ dependent proteolysis trig-
gering neuronal cell death because Ca2+ release blocker dantrolene protected neurons aga-
inst bioenergetic failure and cellular damage (58). 

As it has been shown in a series of studies from our laboratory, free radical-generating
systems depress Ca2+ uptake activity of isolated neuronal microsomes (ER calcium store).
The disruptive action of radicals involves membrane lipids concomitantly with membrane
protein modifications (52,54). In addition, global ischemia induced by four vessels occlusi-
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on in rats induces oxidative damage of lipids and proteins mainly in time of reperfusion as
can be seen from the formation of lipid and protein oxidation products (43, 44). Likewise,
as proved by several laboratories including ours, the microsomes from postischemic brains
display significant depression of the rate of Ca2+ accumulation (59,60) that may be related
to prolonged uncoupling of Ca2+ transport from Ca2+ -ATPase activity and RO(N)S-mediated
oxidative stress (4,52 ). 

Chronic depletion of Ca2+ in the lumen of endoplasmic reticulum has been shown to lead
to cell degeneration and has been proposed as a mechanism underlying delayed neuronal
death following ischemic insults to the CNS. As shown on CA1 hippocampal neurons ische-
mic insult impaires refilling of ER stores after caffeine challenges which represent ryanodi-
ne sensitive Ca2+ channels. These observations are consistent with earlier finding that vol-
tage-gated influx is sharply reduced in post-ischemic in CA1 neurons and supports the
hypothesis that the resulting depletion in endosomal Ca2+ is an important cause of delayed
neuronal death induced by ischemic insult (61).

Interestingly, in a series of studies on PC12 cells it was shown that several agents interfe-
ring with different aspects of the posttranslational protein modifications, such as processing
within the ER, ER calcium depletion, abolishing the oxidative potential, inhibition of glyco-
sylation, or block of secretory pathway, thereby activating the ER stress-induced UPR, led to
a 2- to 3-fold increase of the SERCA-mediated 45Ca2+ transport to microsomes. The time cour-
se of this response corresponded to that for transcriptional upregulation of ER stress prote-
ins, as well as to the increase in the SERCA2b mRNA in parallel with increasing mRNA levels
for the ER stress marker proteins BiP/GRP78 and CHOP/GADD153. In contrast, SERCA3
mRNA levels did not change. Observed  increased functional upregulation at the protein level
suggests for the existence of a coupling between the induction of the UPR pathway in gene-
ral, and the regulation of expression of at least one of the SERCA pump isoforms.(62,63). 

In line of this, we have tested if ischemic reperfusion insult affect level of SERCA2b pro-
tein and Ca2+ binding protein - calreticulin. Results have shown that statistically signifi-
cant changes between controls, ischemic animals and reperfused animals could  be detec-
ted in the levels of SERCA2b and calreticulin (30). However, in a more detailed study Shin
et al. (64) measured level of intracellular Ca2+-ATPase chronologically by immunoreactivity
in the hippocampus after transient forebrain ischemia. Immunoreactivity was significantly
altered in the hippocampal CA1 region and in the dentate gyrus, but not in the CA2/3 regi-
on. In accordance with results of Caspersen et al. (62) immunoreactivity in the CA1 region
and in the dentate gyrus peaked 3 h after ischemic insult. Interestingly, one day after
insult, immunoreactivity was decreased, it was observed in some CA1 non-pyramidal cells,
and on 4 days after insult, immunoreactivity was detected only in astrocytes and recover to
sham operated levels. This strongly suggests that Ca2+ -ATPase changes are associated with
a response to ischemic damage in hippocampal CA1 pyramidal cells. 

As it has been shown in cells from various tissues including neurons, conditions associ-
ated with ER dysfunction induce highly conservative stress response: the unfolded prote-
in response (UPR), the ER overload response and the ER associated protein degrada-
tion (51). Cellular response is also characterized by activation of the double stranded RNA
activated protein kinase (PRK) and the PRK like ER kinase (PERK). A central role is
played by the chaperone GRP 78 by the activation of stress genes, as indicated by the obse-
rvations that the overexpression of GRP 78 protect cells from death associated with ER
stress. The unfolded protein response components activate after injurious stimuli either
pro-survival mechanisms (e.g., by the activation of transcription of genes for GRP78, pro-
tein disulfide isomerase, and brain specific isoform of SERCA2b pump (51, 62) or pro-apo-
ptotic mechanisms (e.g., by the activation of several kinase such as Jun N-terminal kina-
ses, caspase-12 from the protease family and degradation of 28 S ribosomal RNA). 

In parallel, after ischemic insult in neurons the protein synthesis inhibition occurs
during early reperfusion and involves alterations of initiation factors 2 (eIF2) and 4 (eIF4)
(65).  Phosphorylation of the α subunit of eIF2 catalyzed by transmembrane PER kinase
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(PERK) inhibits translation initiation. PERK activation, along with depletion of endoplasmic
reticulum Ca2+ store and inhibition of the ER Ca2+-ATPase, SERCA2b, indicates that an ER
unfolded protein response occurs as a consequence of brain ischemia and reperfusion.
Brain ischemia and reperfusion also induce Ca2+ dependent proteases- μ-calpain-media-
ted or caspase-3-mediated proteolysis of eIF4 which can also promote apoptosis (66). Thus,
alterations in eIF2 and eIF4 have major implications for protein synthesis in neurons
during brain reperfusion and these pathways play role either in pro-survival and/or pro-
apoptotic processes that may be differentially expressed in vulnerable and resistant regions
of the reperfused brain (65,66).

The IP3 receptor of Ca2+ channel, type I, is in rodent predominant and the best charac-
terized neuronal form mainly enriched in cerebellum. Isoform II has been detected in cere-
bellar granular cells and in glia and type III is expressed mostly in basal ganglia and limbic
system (67,68). Calcineurin, a protein phosphatase, is also involved in the regulation of IP3
receptor (69). Calreticulin, a Ca2+ binding protein of low affnity and high capacity, acts as
a lumenal Ca2+ sensor for store depletion (1). Although calreticulin is widely distributed in
the ER, it seems from the distribution of the IP3 - and ryanodine receptors that Ca2+ stores
are not homogeneous but rather molecularly heterogeneous. 

As we detected in rodent forebrain by Western blot analysis, neural cells express proteins of
the IP3 receptor type I, SERCA isoform 2b and lumenal calreticulin. The general response of
neurons to ischemia seen on morphological level is associated with disturbed cellular integri-
ty and ER aggregation, formation of cisternal stacks and appearance of cytoplasmic vacuoles
(70). As shown in our laboratory, transient ischemia/reperfusion in Mongolian gerbils did not
affect the protein levels of SERCA 2b and calreticulin. However, cytoarchitecturally more
superficial and closer localized proteins such as PMCA and IP3 receptor type I are affected
by ischemia/reperfusion. In fact, ischemic insult resulted after 7 to 10 days of reperfusion to
a decreased amount of IP3 receptor type I. Binding analysis and biochemical evaluation  docu-
mented changes of both ryanodine- and IP3 sensitive Ca2+ channels after ischemia- and sei-
zure-induced cell death and other neuropathologies (71,72,73). Furthermore, Nagata et al.
(70) have shown that basal Ca2+ uptake and caffeine induced Ca2+ release were normal in the
ischemic region. However, in CA1 hippocampal sector the IP3 induced Ca2+ release was inhi-
bited and, as in our study, exhibited a loss of IP3 receptor type I with the preservation of other
IP3 receptor isoforms. In addition, down-regulation of IP3 receptor on both transcriptional and
translational level has been documented in affected areas after IRI (38).

Using decapitation ischemia Parsons et al. (59) have observed an  inhibition of ER Ca2+

accumulation by uncoupling of Ca2+ uptake and ATP hydrolysis. In our experimental para-
digm, both carotides occlusion caused depression of ER Ca2+ accumulation in pentobarbital
anesthesia only with partial recovery after reperfusion. Surprisingly, under halothane ane-
sthesia, signifcant changes were not detected either in the forebrain or in the hippocampus.
In addition, in line with Parson’s results, decapitation ischemia led to significant changes of
the Ca2+ uptake in both anesthetics used. These findings indicate that ischemic insult alters
neuronal ER Ca2+ sequestration and the damaging effect depends both on the ischemic model
and on the anesthetics (60). In parallel, in the reperfusion period an ischemic insult induces
a non specific alteration of physical properties of total membrane preparation such as modi-
fications of proteins as well as content of lipoperoxidation products (43). In addition, ische-
mic/reperfusion insult initiates NO-induced S-nitrosylation of lumenal ER proteins and thus
inhibits their enzymatic activities (74). Similar NO-induced modification of SERCA is propo-
sed for the age-dependet decrease of Ca2+ ATPase activity in the rat heart (75).

5. INTRACELLULAR CALCIUM STORES AND NEURONAL APOPTOSIS

Interestingly, Chen et al. (76) showed that the anti-apoptotic protein Bcl-2 (either wild
type or selectively localized to the ER) significantly inhibited IP3 -mediated calcium release
and elevation of cytosolic calcium.  They proved that the inhibition was due to an effect of
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Bcl-2 at the level of IP3 receptor, which suggets for  the functional interaction of Bcl-2 with
IP3 receptor  and thereby regulation of the IP3 -induced calcium release from the ER. IP3
receptor typ I is also subject of the caspase-3-induced truncation  which accelerates apo-
ptotic cell death ( 77). As shown on studies with in-vitro cultured neurons, treatment with
amyloid- beta A peptides induces neuronal loss by apoptosis. This is based on proposed
perturbation of intracellular Ca2+ homeostasis based on the Ca2+ release mediated by rya-
nodine receptors or IP3 receptors (78). 

Calcium signalling mediates many cellular functions, including programmed cell death
through influences on free radical production, organelle disruption and proteolytic activa-
tion (2). Recent reasearch reveals a privileged communication between mitochondria and
endoplasmic reticulum calcium stores and elucidates function of several proteins inclu-
ding Bcl-2 family members, cytochrome c (cyt c) and caspases in an evolutionary con-
served programmed cell death. Early and pivotal events in apoptosis is now to occur in
mitochonria and the ER and the release of cyt c from mitochondria and calcium ions from
ER into the cytosol are requisities for apoptosis. Various apoptotic signals elicit IP3 recep-
tor induced increases in mitochondrial calcium, overproduction of free radicals, resulting
in permeability transition pore (PTP) mediated decrease of membrane potential and rele-
ase of cytochrome c. In a paper of Boehning et al. (79), authors proved that early in apo-
ptosis, cyt c translocates from mitochondria to closely adjacent endoplasmic reticulum
where it selectively binds to IP3 receptor resulting in diminishion of luminal calcium-indu-
ced inhibition of IP3 receptor function. This leads to IP3 receptor  mediated release of cal-
cium which is necessary for the subsequent massive exodus of cyt c from all mitochond-
ria resulting in sustained, oscillatory cytosolic calcium increases and mitochondrial and
cytosolic calcium overload. This interaction provide a molecular mechanism whereby IP3
receptor and mitochondria work in concert to execute the apoptotic cell death program-
me. Interestingly, authors did not observe co-immunoprecipitation of cyt c with SERCA
which demonstrates the specificity of this interaction between cyt c and IP3 receptor. The
importance of IP3 receptor in apoptosis has been emphasized by numerous studies using
IP3 receptor type I deficient  cells or by treatment with antisense RNA. IP3 receptor can be
cleaved by caspases and the calcium sensitive proteolytic calpain and such cleavage is
a part of apoptotic cell death. Although at early stages, cyt c translocation is independent
of caspase-mediated IP3 receptor hydrolysis, at later times, a progressive decrease in IP3
receptor mediated by caspase 3 with almost complete absence at 24 and 48 h was obser-
ved. 

In another study Beresewicz et al. (80) have shown the biphasic efflux of cytochrome
c to cytoplasm in the delayed postischemic neuronal death. Similarly to previous studies
in vitro, authors proved that also in in vivo conditions cytochrome c interacts with IP3
receptor type 1 in gerbil hippocampus subjected to transient brain ischemia and short
reperfusion. Thus, cytochrome c was identified as a messenger that coordinates mito-
chondrial-endoplasmatic reticulum interactions that drive apoptosis in ischemic condi-
tions. 

All of these facts suggest that ER based processes are crucial for cellular function and
that disturbation of ER function is sufficient to trigger cell death. The complex of strictly
Ca2+ dependent processes which take place in the lumen of this subcellular compartment
are however, affected in different ways in various disorders. While the ER Ca2+ homeostasis
is disturbed in ischemia, the ER-associated degradation of misfolded proteins is affected in
Parkinson’s disease and it is the unfolded protein response which is down-regulated in
Alzheimer’s disease. It is now clear that low levels of Ca2+ in the lumen of endoplasmic reti-
culum inhibits protein disulfide isomerases, causing malfolding in the ER lumen of newly
synthetized peptides and participate in activation of apoptotic maschinery by oxidative
stress in ischemic neurons (51, 81, 82).
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CONCLUSIONS

The amount of reactive oxygen(nitrogen) species is dysbalanced  in response to ischemic
insult and oxidative stress participates in several processes of neuronal damage/death.
Disturbation of intracellular calcium stores induced by ischemia can be explained at least
partially by deteriorating effects of RO(N)S, and loss of transport function may consequent-
ly participate in derangement of neuronal ion homeostasis. The alteration of functional pro-
perties and number of Ca2+ transport proteins during reperfusion period can contribute to
the changes which lead to derangement of Ca2+ homeostasis, and may participate and/or
follow the delayed death of hippocampal neurons after ischemic insult.

Experimental results present evidence that endoplasmic reticulum (ER) is the site of com-
plex processes such as calcium storage, synthesis and folding of proteins and cell respon-
se to stress. ER function is impaired in ischemic conditions, which in turn induce calcium
store depletion and conservative stress responses. New agents which can affect these sig-
nalling routes seem to be promising in preventing changes which culminate in selective
neuronal loss after ischemia. 
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HIGH DEPRENYL DOSE IMPAIRS PREIMPLANTATION EMBRYO
DEVELOPMENT IN RAT

MIHALIK JOZEF, ŠPAKOVSKÁ TATIANA, SCHMIDTOVÁ KATARÍNA
Department of Anatomy, Medical Faculty, P. J. Šafárik University, Košice, Slovak Republic

A b s t r a c t
To investigate the role of potent MAO-B inhibitor deprenyl in fertilized females, we have evaluated the effect of

chronic treatment with deprenyl at a high dosage on preimplantation embryo development in Wistar rats. We have
found that the number of isolated embryos per rat was significantly lower in the experimental group. Almost 14 %
of embryos in experimental animals were flushed from oviducts compared to 1.95 % of those in the control rats.
Morphological analysis of embryos isolated from deprenyl-treated animals had revealed impaired rates in the
distribution pattern compared with controls. But deprenyl administration had no significant effect on the mean
number of cells in morulae or even blastocysts. On the other hand, analysis of cell number distribution in blasto-
cysts using the chi-square test indicated a significantly decreased cell proliferation in the experimental group.

Our description of the adverse effects of deprenyl administration on rat preimplantation embryo development is
very important because deprenyl is still widely used in human medicine as a treatment. Potential mechanisms
mediating deprenyl-induced impaired preimplantation embryo development are proposed.

Key Words: MAO-B inhibitor, preimplantation embryo

INTRODUCTION

Monoamine oxidases (MAO) are enzymes that degrade biogenic monoamines. They are
strongly bound to the outer mitochondrial membrane. MAO-A has a higher affinity for the
substrates serotonin and noradrenaline and MAO-B has a higher affinity for ß-phenylethy-
lamine. Dopamine is a common substrate of both monoamine oxidases. MAO are involved in
many behavioral processes and their inhibition has marked effect on brain function, blood
pressure regulation and the detoxification of potentially harmful exogenous amines (1).

In recent years, increasing numbers of claims have been made about the therapeutic
effects of MAO inhibitors in psychiatric and neurological disorders, including depression,
bulimia, schizophrenia, Parkinson’s disease, neurodegenerative diseases in general, Alzhei-
mer’s disease etc. Although the molecular bases of these diseases are often complex, the
fact that most of them have been linked with abnormal MAO activity provides a biochemi-
cal rationale for further pursuit of the therapeutic potential of MAO inhibitors. Synthesis of
new MAO inhibitors could dramatically increase the effectivness of the treatment and decre-
ase the risk of undesirable side effects (2).

The total lack of information as to whether long-term MAO inhibitor administration can
influence the course of pregnancy during the preimplantation period of embryo develop-
ment prompted us to start an investigation into this area. We have decided to begin our
work employing the potent MAO-B inhibitor deprenyl, which is known for its neuroprotec-
tive effects (3), antiapoptic effect in both cultured neurons (4) and animal models (5) and
exerting a cardiac neuroprotective effect in congestive heart failure (6).

MATERIAL AND METHODS

Animals
All procedures performed with animals adhered to the permission of the Committee for

Ethical Control of Animal Experiments at Šafárik University and the permission of the Slo-
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vak State Veterinary and Alimentary Administration (permission no.# 7881/04-220/3). All
efforts were made to minimize both the number of animals and their suffering.

Young, virgin female Wistar rats (200-240 g, 85-90 days old) were obtained from the ani-
mal facility of the University. The animals were given free access to standard diet and water
and were maintained in a 12 h light/12 h dark cycle. Rats were injected i.p. daily for 30 days,
either with saline (control animals) or with the dose (2.5 mg/kg/day) of  deprenyl (Sigma,
M003) dissolved in saline (experimental animals). After the last drug administration, fema-
les were mated overnight during the next week with the males of the same strain. Pregnan-
cy was confirmed the following morning by the presence of a sperm-positive vaginal smear. 

Embryo collection
Pregnant rats were killed by lethal dose of  thiopental (40 mg/kg; ICN Czech Pharma, Pra-

gue, Czech Republic) 102 – 104 hours after fertilization at 13:00 on day 5 of pregnancy.
Oviducts and uterine horns were immediately removed and embryos were gently flushed
from them with prewarmed PBS + PVP (3 mg/ml). Embryos were counted and classified
according to developmental stage (7) as follows: (a) degenerated – abnormal or damaged
embryos with cytoplasmic fragmentation, (b) morula, (c) early blastocyst – with small blas-
tocoele, (d) expanded blastocyst – with a clearly demarcated trophoblast and inner cell
mass, (e) hatched blastocyst.

Cell staining
The total cell number of individual morulae and blastocysts was counted as was descri-

bed before (8). Briefly, the zona pellucida was removed using short incubation in acid Tyro-
de solution (pH 2.3-2.4) and embryos were transferred onto a glass slide into small drops
of working solution. The fluorescent DNA-specific dye 4’6-diamidino-2-phenylindole (DAPI,
Sigma) was employed for nucleus staining. The excess of working solution was removed and
embryos were embedded between a slide and coverslip with mowiol. Cell number counting
was performed using UV light epifluorescence (Jenalumar a/d contrast, Carl Zeiss Jena,
Germany).

Statistical analysis
Results are given as means ± S. D. Mean numbers of embryos, the cell number in moru-

lae and blastocysts were analyzed by two-tailed unpaired Student’s t-test. Differences in the
distribution of preimplantation embryos and the cell number distribution in blastocysts
were compared by the chi-square (Χ2) test. P<0.05 was considered as significant. Data pre-
sented here are pooled from three independent replications of the same experiment.

RESULTS

Embryo collection.The number of embryos isolated from animals is given in Table 1 and
their developmental stage in Table 2. The mean number of embryos recovered per female
differed significantly (p<0.05) between the experimental and control groups (7.76 ± 3.01 vs.
9.63 ± 1.96, respectively). Moreover, almost 14 % of embryos in the experimental group were
flushed from oviducts compared with 1.95  % of those from the control group (p<0.001).
Most of them were degenerated embryos, the lesser part consisted of morulae and early
blastocysts. The morphological analysis embryos isolated from deprenyl-treated females
revealed significantly disturbed development (p<0.01) because of the higher incidence of
degenerated embryos and the lower incidence of morulae and blastocysts. But no signifi-
cant changes (p>0.05) were detected comparing developmental stages of blastocysts.

Cell number. No significant effect of deprenyl administration on the mean cell number in
morulae or even blastocysts was found (p>0.05; Table 3). On the other hand, statistical ana-
lysis employing chi-square test revealed decreased cell proliferation in blastocysts derived
from experimental females in comparison with the control group (p <0.001; Table 3).
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Table 1. Number of embryos collected from oviducts and uteri at day 5 of pregnancy from deprenyl - trea-
ted (2.5 mg / kg) and control rats

Deprenyl                                   Control

Number of rats 17 16
Total number of embryos (%) 132 (100%) 154 (100%)
Embryos / rat ± S.D. 7.76 ± 3.01 9.63 ± 1.96

unpaired t-test p<0.05

No. of embryos (%):
flushed from oviducts 18 (13.64 %) 3 (1.95 %)
flushed from uteri 114 (86.36 %) 151 (98.05 %)

Χ2 test p<0.001

Table 2. Developmental stages of embryos and distribution pattern of blastocysts collected at day 5 of
pregnancy from deprenyl - treated (2.5 mg / kg) and control rats

Deprenyl Control

No. of blastocysts (%) 61 (46.21%) 76 (49.35 %)
No. of morulae (%) 39 (29.55 %) 54 (35.07 %)
No. of degenerated embryos (%) 32 (24.24 %) 24 (15.58 %)

Χ2 test p<0.01

No. of hatched blastocysts (%) 3 (4.92%) 6 (7.89 %)
No. of expanded blastocysts (%) 34 (55.74 %) 39 (51.32 %)
No. of early blastocysts (%) 24 (39.34 %) 31 (40.79 %)

Χ2 test p>0.05

Table 3. Cell number in morulae and blastocysts and distribution of cell number in blastocysts (DAPI stai-
ning) isolated from deprenyl - treated (2.5 mg / kg) and control rats

Deprenyl Control

No. of stained morulae 21 30
cell number ± S.D. 14.00 ± 2.51 15.10 ± 3.03
unpaired t-test p>0.05

No. of stained blastocysts 41 66
cell number ± S.D. 23.68 ± 8.17 23.59 ± 5.17
unpaired t-test p>0.05

No. of stained blastocysts                                        41 66
% 16-24 cells 63.41 % 53.03 %
% 25-32 cells 29.27 % 39.39 %
% >32 cells 7.32 % 7.58 %

Χ2 test p<0.001
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DISCUSSION

Our results demonstrated that the long-term intraperitoneal administration of deprenyl
to rat females significantly decreased the number of isolated embryos. Moreover, we have
recorded significantly delayed embryo transport from oviduct to uterus and impaired
embryonic development as was indicated by the increase of degenerated embryos and by
the decrease of morulae and blastocysts. In contrast to this, deprenyl had no detrimental
effect on the mean cell number in healthy morulae and blastocysts. However, analysis of
cell proliferation revealed a higher percentage of blastocysts with a lower cell number in the
experimental group. 

The lower number of isolated embryos from experimental rats after MAO-B inhibitor
(deprenyl) treatment could be explained in two ways. The first is mediated through impai-
red hypothalamic control of ovarian action and the second one by direct impact on ovarian
ovulation. Substantial activity of monoamine oxidase B, using a coupled peroxidatic tech-
nique, was identified in several hypothalamic regions, such as the periventricular and para-
ventricular nuclei (9). The hypothalamus regulates the sexual behavior of rats and works in
the neural control of ovulation. The MAO value in the hypothalamus is the highest of all
areas of the brain. This suggests the presence of high levels of biogenic amines in this area (10). 

MAO activity, which is involved in the inactivation of catecholamines and serotonin in
vivo, is detected in various reproductive organs. As was previously known, MAO-A type in
the rat ovary is located predominantly in the corpora lutea and interstitial gland cells. But
only MAO-B type was found in the ovarian blood vessels, where it has shown characteris-
tic changes of activity during the oestrous cycle and was higher in the proestrus. These his-
tochemical results suggest that MAO-B activity might possibly be involved in ovulation, pre-
sumably in association with humoral information (11). 

More than 98 % of control embryos were collected from the uterus compared to 86 %
embryos from experimental animals. The oviduct can distinguish between unfertilised oocy-
tes and preimplantation embryos which are transported at different rates, with embryos
reaching the uterus one day earlier than unfertilised oocytes (12). More degenerated embry-
os were collected from experimental animals than from controls. But the ratio between them
(1.33 : 1) does not correlate with the ratio between experimental and control embryos flus-
hed from oviducts (6 :1). It is clear that some other(s) factor(s) must be involved in the delay-
ed embryo transport in our rat females. Recently, the discovery of both MAO enzymes in the
oviduct’s lamina propria mucosae layer and predominantly in the muscle cells of rat oviduct
and uterus have been documented (13). Thus, one can speculate that administration of
MAO-B inhibitor can disturb the passage of the embryo through the female reproductive
system. 

L-deprenyl, a potent MAO-B inhibitor, has been used clinically as an  antidepressant for
many years (1). Cigarette smoking has a similar effect, due to the presence of an MAO inhi-
bitory compound in tobacco smoke. The observation that smokers have reduced brain
MAO-A and MAO-B levels impels the need to look beyond nicotine as the only pharmacolo-
gically relevant substance in tobacco smoke (14). Concerning reproduction we have to keep
in mind that the transport of preimplantation embryos through the oviduct can be inhibi-
ted by cigarette smoking, apparently by an inhibition of oviductal smooth muscle contrac-
tion (12). Certain tobacco constituents, but not nicotine, have modest MAO-inhibitory acti-
vity. The beta-carboline compound norharman is a prominent candidate as an inhibitor of
MAO-B in tobacco smoking. In contrast to norharman, the beta-carboline harman is not a
potent inhibitor of MAO-B, but effectively inhibits MAO-A. Finally, nitric mono-oxide (NO),
a major component of cigarette smoke, has an MAO-inhibiting activity but is not involved
in the inhibition of MAO in tobacco smokers since this radical is rapidly bound in the cir-
culation by haemoglobin and degraded to nitrite (15). From this point of view there is a need
to look at cigarette smoking and deprenyl administration as having a possible detrimental
effect on preimplantation embryo development through impaired MAO enzyme levels.
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Nevertheless, futher experiments are necessary to prove negative impact of MAO inhibitory
compounds in tobacco smoke on the process of reproduction. 

Interestingly, we were not able to prove the detrimental effect of deprenyl administration
on the mean cell number in morulae or even blastocysts. The mean cell number in blasto-
cysts was in very close agreement with the values described by others (16) but was slight-
ly lower than the values found by Pampfer et al. (7). This could be explained by use of a very
similar mating scheme (16) as was employed in our experiment, when the precise time of
copulation, fertilization and subsequently the time of embryo development was determined
for each female. In contrast to results achieved by Student’s t-test, analysis employing the
more sensitive chi-square test confirmed significantly decreased cell proliferation in blasto-
cysts derived from experimental animals. It may be a good point of interest to observe lat-
terly whether those delayed cell divisions have some consequent effect on  the number of
implanting embryos or/and even on birth weight. But other types of experiments are nee-
ded to confirm this hypothesis.

Since other research groups (17) have proven the expression of serotonin 5-HT1D recep-
tor mRNA from mouse oocytes and preimplantation embryos to the blastocyst stage, it
appears that endogenous and/or exogenous serotonin in preimplantation embryos could be
involved in the regulation of embryo development and embryo-maternal interactions. Dep-
renyl is well known for its capability to inhibit not only MAO-B but also MAO-A in specific
regions of the rat brain, an enzyme which preferentially oxidises serotonin (18). To date
there has been no relevant published work describing the influence of deprenyl administ-
ration on serotonin and MAO-A levels in the reproductive system. Due to this, we should
not eliminate the possibility that the impaired embryo development described in our paper
was achieved through the disturbed MAO-A level in the oviduct/uterus, because mice
embryo exposure to serotonin in vitro had a detrimental effect (17).

Negative impact of deprenyl administration at dose 2.5 mg / kg over 30 days on the pro-
cess of reproduction has been recorded in rats. The number of collected embryos was lower
and the incidence of degenerated embryos was higher in the experimental group. Moreover,
we have found delayed cell proliferation in blastocysts. Due to this, it could be dangerous
in women who want to achieve pregnancy to use deprenyl as a treatment at high doses over
a long period. The data presented here will be used as the basis for further experiments in
the research into the influence of MAO inhibitors on the reproductive system in rats and
humans. 
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STICKY PLATELET SYNDROME: WHERE IS ITS CAUSE?
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A b s t r a c t
The aim of this study was to detect any abnormality in the expression of platelet membrane glycoprotein recep-

tors (GP) in patients with sticky platelet syndrome (SPS). This disorder is a hereditary, autosomal dominant throm-
bophilia associated with an increased incidence of arterial and venous thrombosis. Typically, there is a platelet
hyperaggregation induced by low concentration of platelet inducers – by adenosinediphosphate (ADP) and epi-
nephrine (EPI) (12, 20). The cause of SPS still remains unknown but some studies suggest an abnormality of pla-
telet surface glycoprotein receptors that leads to their hyperfunction. 

75 patients with SPS were included in the study and examined by flow cytometry to assess the expression of
platelet surface GP receptors (CD41, CD62P, CD61/63, CD36/63, CD29/49b and CD51). 

The significant differences between the patient and control groups were detected in the expression of CD62P,
CD51 and in the co-expression of CD61/63. These GP receptors are neoantigens expressed on the platelet surfa-
ce only after platelet degranulation (CD62P, CD51, CD63) or their expression is much higher (CD41/61) after pla-
telet activation. 

On the basis of our measurements we can say that platelets in SPS patients in comparison with controls are
activated. We suggest that the expressions of CD62P, CD63 and CD51 may serve as predictors of thrombophilia
in SPS patients. 

Key words: platelets – platelet hyperaggregability – thrombosis – flow cytometry – glycoprotein receptors    

INTRODUCTION

Sticky platelet syndrome was described by Holliday at the Ninth Conference on Stroke
and Cerebral Circulation in Arizona in 1983 (6). The results of recent studies suggest SPS
to be a common cause of arterial and venous thrombosis. This syndrome is defined as
a platelet hyperaggregability after stimulation by low concentrations of platelet inducers –
after ADP and EPI, whilst platelet response to other inducers is normal (12, 20). According
to Mammen and Bick the SPS is the second most common hereditary thrombophilia, after
resistance to activated protein C (APC-R) and the most common thrombophilia associated
with arterial thrombosis with the incidence of 21% approximately (6,13, 20).

Clinical signs of SPS usually include otherwise unexplained arterial thrombotic events –
angina pectoris, acute myocardial infarction (MI), cerebrovascular thrombosis, transient
cerebral ischemic attacks (TIA), retinal thrombosis, and peripheral arterial thrombosis,
especially in stressful situations, probably due to higher level of epinephrine (14, 20). Less
common signs are otherwise unexplained venous thromboembolic events - deep vein throm-
bosis, with or without pulmonary embolus, frequently recurrent under oral anticoagulant
therapy (warfarin) (6, 12, 20). SPS patients sometimes suffer from migraine headache, but
their family members often complain of this symptom (17, 19, 20). According to Bick SPS
is the second most common thrombophilia (after antiphospholipid syndrome) that causes
recurrent spontaneous abortions or fetal loss syndrome (3, 4, 5). Thromboembolic episodes
may occur in any age and patients are usually younger, up to the age of 45-50. Children
may be afflicted as well (20, 28).

SPS is diagnosed by aggregometry - a platelet aggregation measurement that is performed
by aggregometer, after platelet activation by inducers – ADP and EPI. An aggregometer fol-
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lows the change of the light transmission as a percentage of aggregated platelets in platelet
rich plasma during 5 minutes. According to the method of Mammen 3 low concentration of
each platelet inducer are used (18, 20). Aggregation induced by collagen, ristocetin, arachi-
donic acid and thrombin is normal and plasma levels of ß-thromboglobulin and PF4 are not
elevated in these patients (20). By the results of aggregometry SPS is classified as type I
(hyperaggregation after both ADP and EPI), as type II (hyperaggregation after EPI alone) and
as type III (hyperaggregation after ADP alone). SPS type II seems to be the most common (6,
20). If SPS is not associated with another thrombophilic disorder, other coagulation tests
are normal and thrombophilic screening is negative (14).

The low-dose treatment (100 mg per day) by acetylsalicylic acid (ASA) normalizes platelet
hyperaggregability in most of SPS patients and thus protects them against recurrent throm-
boembolic events. Only in rare cases the higher dose of ASA is needed, no more than 325
mg per day.  If the platelet hyperaggregability still remains, ADP inhibitors (clopidogrel, tic-
lopidine) or GPIIb/IIIa inhibitors (e.g. abciximab) are indicated (14, 20). But if patient suf-
fers from another thrombophilia or from venous thrombosis mainly, it is convenient to use
combination of low molecular weight heparins (LMWH) and ASA as a secondary prevention
of thrombosis (14, 20).

The etiology of SPS is still uncertain, but it is suggested that glycoprotein receptors on the
platelet surface membrane may be involved and thus their abnormality leads to platelet
hyperfunction in SPS patients. Nowadays abnormalities of GPIIb/IIIa (CD41/61) that is
a receptor for fibrinogen and has a crucial role in platelet aggregation and GPIa/IIa
(CD29/49b) that serves as a receptor for collagen and mediates platelet adhesion on colla-
gen type I are studied by flow cytometry or molecular and genetic methods as well (13, 14).
In recent years some authors suggest that abnormal GAS-6 protein may be engaged in eti-
opathogenesis of SPS and its polymorphism GAS-6 c.834 + 7G > A is studied (2, 25).

The aim of this study was to detect any abnormality in the expression of platelet mem-
brane glycoprotein (GP) receptors that caused increased platelet sensitivity to inducers and
their hyperaggregability. 

PATIENTS AND METHODS

75 patients with SPS (22 men and 53 women with the mean age of 41.6 years) were inc-
luded in the study.

SPS was diagnosed by aggregometry according to the method of Mammen in patients who
suffered from arterial and venous thromboembolic episodes (stroke, transitory ischemic
attacks, angina pectoris, myocardial infarction, recurrent venous thrombosis and recurrent
abortions) during the thrombophilia screening in the National Centre of Hemostasis and
Thrombosis in Martin (18, 20).

Patients were examined by flow cytometry to detect any abnormality in the expression of
platelet surface glycoprotein receptors. This laboratory method is very fast and reliable and
under conditions of the high quality of reagents and proper sample processing it is also
a very sensitive method. The availability of fluorescent monoclonal antibodies and probes
now provides a powerful tool for examining platelet function by flow cytometry. This tech-
nique may be used to determine the resting or activation-dependent expression of platelet
surface GP receptors and microparticle generation. Because of relatively high concentrati-
on of platelets, they can be rapidly examined in very small blood volumes (27).

In this study we assessed by means of flow cytometry the expression of the main platelet
membrane glycoproteins that serve as receptors for platelet inducers and as platelet acti-
vation markers. Flow cytometer BD FACS Calibur was used to analyze the sample (platelet
rich plasma). Platelets were tested for the expression and co-expression of the surface gly-
coprotein receptors – CD62P (P-selectin), CD41, CD61/63, CD36/63, CD29/49b and CD51
after their incubation with fluorescent monoclonal antibodies labeled by fluorescein isothi-
ocyanate (FITC) or phycoerythrine (PE). The sample was processed by CELLQuest softwa-
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re® (Becton Dickinson). The results were obtained as diagrams – dot-plots that are analy-
sed by the quadrant statistics, then as percentage of total expression of the appropriate
measured GP receptor. A group of SPS patients was compared with a group of 20 controls
(healthy blood donors and healthy volunteers). The statistical comparison was performed
by Wilcoxon test with the use of statistical analysis software SPSS 16.0. P-value less than
0.05 was considered statistically significant. 

Results: 
SPS was classified as type I in 19 cases (25%), 53 patients (71%) had type II and 3 pati-

ents (4%) were diagnosed as type III, respectively. Clinically SPS resulted as an arterial
thrombosis (myocardial infarction, stroke, transitory ischemic attack) in 40 (53%) patients,
venous thrombosis occurred (deep vein thrombosis and/or pulmonary embolism) in 20
(27%) patients, 7 (9%) women suffered from recurrent spontaneous abortions and in 3 (4%)
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Table 1: Results of the total GP expression in SPS patients and controls

% of the GP           average                median                   average              median               P-value 
expression      – SPS patients       – SPS patients            – controls            – controls             (<0.05)

CD62P      56%  57% 39% 43% 0.01

CD36/63 20% 15% 31% 24% 0.93

CD41 96% 97% 97% 98%          0.75

CD61/63 18% 11% 7% 6% 0.001

CD29/49b 96% 97% 97% 98% 0.40

CD51 2.4% 1.6% 1.2% 0.5% 0.02

Fig. 1: Comparison of
total expression (%) of
CD62 in SPS patients
(CD62SPS) and control
group (CD62K

p<0.01

CD62SPS – the expression of
CD62 in SPS patients

CD62K – the expression of 
CD62 in control group
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cases there were both arterial and venous thrombosis. 13 (17%) patients have not passed
thrombosis yet and they were diagnosed as SPS because of the positive family history of this
disorder. 54 (72%) patients were treated by ASA. 

The significant differences (P-value <0.05) between the patient and control groups were
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Fig. 2: Comparison of
total co-expression (%)
of CD61/63 in SPS pati-
ents (CD6163SPS) and
control group
(CD6163K)

p<0.001

CD6163SPS – the expression
of CD61/63 in SPS patients

CD6163K – the expression of
CD61/63 in control group

Fig. 3: Comparison of
total expression (%) of
CD51 in SPS patients
(CD51SPS) and control
group (CD51K)

p<0.01

CD51SPS – the expression of
CD51 in SPS patients

CD51K – the expression of
CD51 in control group
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detected in the expression of platelet GP receptors CD62P, CD51 and in the co-expression
of CD61/63. There where no significant differences in the co-expression of CD41,
CD36/63 and CD29/49b. The results are depicted in the table 1 and figures 1 - 4.

DISCUSSION

The aim of this study was to detect any abnormality in the expression of platelet surface
glycoprotein receptors that may cause platelet hyperaggregability in patients with SPS with
the use of flow cytometry. There is an advantage of flow cytometric assessment - it permits
to measure the extent of own platelet activation in spite of assays of plasma ß-thromboglo-
bulin and platelet factor 4 concentration that are particularly vulnerable to artifitial in vitro
platelet activation. Furthermore, soluble P-selectine in plasma may be of endothelial cell
origin (7, 11, 16). 

The results of flow cytometric analysis in SPS patients in comparison with healthy con-
trols have shown that there is a significantly higher expression of CD61 (a component of
GPIIb/IIIa, integrin αIIbβ3 – a crucial GP in platelet aggregation), then higher expression of
CD62P, CD51 and higher co-expression of CD61/63. There are significant differences on
the 5% level of significance, even on the 1% level (CD62P and CD61/63). We did not con-
firm any significant difference in the expression of CD29/49b (GPIa/IIa – a receptor for col-
lagen type I), of CD41 and of CD36 (a receptor for thrombospondin that plays a role in
thrombus stabilization). P-selectine (CD62P) mediates adhesion of activated platelets to
monocytes and neutrophils. It is a platelet neoantigen expressed on the platelet surface
only after α-granule release and thus serve as a marker for this aspect of platelet activati-
on. Therefore a P-selectine antibody only binds to degranulated platelets, not to resting pla-
telets (9, 21, 22, 26). CD63 is a lysosomal granule neoantigen that is suggested to be anot-
her platelet activation marker, expressed on the platelet surface only after granule secreti-
on (27). CD51 is an activation marker as well, it is located on platelet surface and also on
platelet microparticles and it serves as a receptor for vitronectin. The expression of
GPIIb/IIIa is much increased after platelet activation. Increased circulating P-selectine-
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Fig. 4: Examples of the results of platelet GP expression measurement by flow cytometry in SPS patient (obtai-
ned as dot-plots and appropriate results of quadrant statistical analysis)
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positive and CD63-positive platelets have been reported in acute cerebrovascular ischemia.
Furthermore, increased expression of P-selectin on platelets is a risk factor for silent cereb-
ral infarction in patients with atrial fibrillation (10, 24). Platelet-derived microparticles have
been reported to be increased in the following clinical disorders: transient ischemic attacks,
acute coronary syndromes and cardiopulmonary bypass (1, 8, 15).

Mammen thought that platelets in SPS patients are not activated, because plasma levels
of proteins released from platelets after their activation by inducers are not elevated (PF-4,
ß-thromboglobulin) (20). On the basis of our measurement we can say that platelets in SPS
patients in comparison with controls are activated. But we still are not sure which GP
receptor is the cause of platelet activation and their tendency to hyperaggregate. We sug-
gest that the expressions of CD62P, CD63 and CD51 may serve as predictors of thrombop-
hilia in SPS patients. 

Clinical application of flow cytometry assays of platelet function in disorders associated
with increased risk of thrombosis may include prediction of ischemic events and identifica-
tion of patients who would benefit from additional anti-platelet therapy (23). But there is
hope that flow cytometry may contribute to discover the cause of SPS and to allow appro-
priate treatment of this syndrome. 

Acknowledgement: This study was supported by grant UK 82/2007, grant UK
425/2008, grant VEGA 1/3381/06 and grant VEGA 1/00067/08. 
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VASCULAR ENDOTHELIAL GROWTH FACTOR (VEGF) - THE MARKER
OF DISEASE ACTIVITY IN PATIENTS WITH MULTIPLE MYELOMA?
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A b s t r a c t
Mutiple myeloma (MM) is a neoplastic proliferation of bone marrow plasma cells, characterized by lytic bone lesi-

ons, plasma cell accumulation in the bone marrow, and the presence of monoclonal protein in the serum and urine
[3]. It is well-known, that neoangiogenesis plays a very important role in tumour cell growth and in its progressi-
on in patients with solid tumours. Now there is also growing evidence of the importance of angiogenesis in hae-
matological malignancies. Some authors reported the increased microvessel density (MVD) in paraffin-embedded
bone marrow biopsies of patients with multiple myeloma. Vascular endothelial growth factor (VEGF) is a known
angiogenic factor in both solid tumours and haematological malignancies [7]. In our pilot study we measured the
serum concentration of VEGF in 21 patients with MM in different stages of the disease. We supposed that the inc-
reased concentration of VEGF would be related with the stage of the disease and so could be an appropriate bio-
chemical marker of disease activity. Even though we found the statistically significant increased concentration of
VEGF in patients with MM in comparison to the healthy blood donors (p = 0.001), its dependence on the stage of
the disease was not confirmed. 

Keywords: vascular endothelial growth factor (VEGF), multiple myeloma, angiogenesis, marker of the disease
activity

INTRODUCTION

Multiple myeloma (MM) is a haematological malignancy, that affects terminally differen-
tiated B-cells or plasma cells and belongs to the larger group of monoclonal gamapathies.
They are characterized by existance of a plasma cell clone, which produces a monoclonal
protein (M-protein, paraprotein or M-component). MM has to be distinguished from anot-
her monoclonal gamapathies and its diagnosis depends on three principal findings: 1. fin-
ding of monoclonal protein in serum and/or in urine; 2. finding of increased plasma cells
in the bone marrow, ussually more than 20 %; 3. finding of signs of organ impairment due
to MM [3].

MM occurs mainly in persons over the age of fourty with a peak incidence in the seventh
decade. It accounts for 1% of all mallignant neoplasms and 10% of haematological malig-
nancies [5]. We differentiate three stages of the disease according to Durrie-Salmon@s cri-
teria. 

1st stage All mentioned conditions have to be fulfilled:
- Hb concentration > 100g/l
- Ca concentration up to 3 mmol/l
- normal bone structure or solitary lytic bone lesion
- low concentration of M-protein:
a) in serum: M-IgG < 50 g/l, M-IgA < 30 g/l
b) excretion of light chains in urine < 4g/24 hours 
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2nd stage The conditions neither for I. nor for III. stage aren’t fulfilled.

3rd stage At least one of the following conditions has to be fulfilled:
- Hb concentration < 85 g/l
- Ca concentration over 3 mmol/l
- more than 3 osteolytic lesions
- high concentration of M-protein:
a) in serum: M-IgG > 70 g/l, M-IgA > 50 g/l
b) excretion of light chains in urine > 12 g/24 hours

Subclassification: A- physiological renal function; B- renal impairment, creatinin level > 177 mmol/l 

Table 1: Staging of the disease according to Durie-Salmon’s criteria [1]

It’s common that the patients are admitted at first with advanced disease, mostly in the
second or third stage with massive infiltration of bone marrow with plasma cells, patholo-
gic fractures, bone pain and acute renal failure.  One of the very important part of dia-
gnostic process is investigation of bone marrow trephin biopsies to evaluate the extent of
infiltration of bone marrow. Some authors describe the increased microvessel density (MVD)
in immunohistochemical CD34-stained paraffin-embedded samples. As the MVD was noted
the mean number of vessels per area in each sample [6]. Sezer et al. observed the evident
decrease of bone marrow angiogenesis in myeloma patients achieving a remission after che-
motherapy. They describe that the post-treatment MVD in the two group of patients with or
without remission was significantly different. This result suggests that angiogenesis should
be a crucial pathophysiological mechanism also in the progression of MM, not only in pro-
gression of solid tumours. It’s known that many growth factors and cytokines participate
the process of angiogenesis. The most important from this group is vascular endothelial
growth factor. 

Fig. 1: Immunohistochemical examination of bone marrow. a) numerous wavy small vessels in patient before tre-
atment (CD34 stain, 200x); b) the same patient after administration of conventional dosing chemotherapy after
achieving remission. Except two small vessels some CD34 positive immature precursors of hemopoiesis are pre-
sent (CD34 stain, 200x)

T h e  r o l e  o f  V E G F  i n  a n g i o g e n e s i s  i n  M M
In MM, VEGF is produced both by MM cells and bone marrow stromal cells (BMSCs) and

could be responsible, at least in part, for the increased angiogenesis observed in MM pa-
tient bone marrow [7]. However, direct evidence linking VEGF level and prognosis in MM
patients is not firmly established. 

We distinguish several types of VEGF. VEGF-A plays the most important role in tumour
angiogenesis. It signals mainly through VEGF receptor 2 (VEGFR-2). VEGF-A increases
a permeability of vessel wall and so an extravascular leakage of plasma and plasmatic pro-
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teins. It is a characteristic property for tumour microvascularization and represents a first
important step in formation of tumour mass. VEGF also impacts selectively endothelial
cells. The most of receptors for VEGF-A with tyrosine kinase activity is localized on their
surface. The other growth factors are relatively non-selective and stimulate also the proli-
feration of other cell types. The human tumour cells produce VEGF in increased amount.  

Fig. 2: Schematic illustration of VEGF-A function in vascular permeability, proliferation, migration and survival
of endothelial cells [4]

T h e  r o l e  o f  V E G F  i n  t u m o u r  g r o w t h  a n d  m i g r a t i o n  o f  t u m o u r  c e l l s
MM cell lines and patient cells express VEGF receptor Flt-1, and VEGF triggers its phosp-

horylation, ERK activation and proliferation, which can be neutralised by either antibody to
VEGF or VEGF receptor tyrosine kinase inhibitors PTK 787 and GW654652 [7]. VEGF indu-
ses also MM cells migration, but this effect is considerable mainly in patients with plasma
cells leukemia. MM cells migration is associated with PI3K-dependent protein kinase C
(PKC) α-activation [7].  

These direct effects of VEGF on tumour cells, coupled with its induction of cytokines (e.g.
IL-6) and angiogenesis in the bone marrow microenviroment, provide the framework for tar-
geting VEGF in treatment strategies.
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PATIENTS AND METHODS

Patients: Total 21 patients with MM were included in this study, with the disease in dif-
ferent stage according Durie-Salmon; in the time of sampling 3 patients were in the first
stage, only with supportive treatment, 4 patients in the second stage, 4 patients in the third
stage of the disease. 5 patients were in partial remission achieved with standard chemot-
herapy, 5 patients in complete remission (3 of them after high-dosing chemotherapy follo-
wed up with autologous stem cell transplantation).

Complete remission (CR) means less than 5% plasma cells in bone marrow, absence of
soft tissue plasmocytomas and negative result of immunofixation in urine and serum. Pati-
ents in stringent complete remission (sCR) fulfill all conditions valid for CR, and further-
more there is a normal free-ligth chain ratio and absence of clonal plasma cells. Patients
achieve very good partial response (VGPR), if the serum M-protein concentration decreases
to 10% of its initial concentration and daily urine M-protein excretion is lower than 100mg.
In patients in partial remisson serum M-protein concentration decreases and number of
soft tissue plasmocytomas under 50%, daily urine M-protein excretion under 200 mg.

We compared the serum concentrations of VEGF in MM patients to healthy blood donors,
we measuring the same parameter in twenty-one controls with the same method as in pati-
ents with MM (described below).

Staging of disease: Each from the patients with MM was classified according to Durie-
Salmon criteria. The degree of bone marrow infitration with plasma cells was assesed after
trephin biopsy.

Serum concentrations of VEGF: Venous blood samples were collected into clean tubes
without any anticoagulants and were centrifuged (4000g, 10 min) within 2 h after a sam-
pling and stored at – 30°C until assayed. Serum concentrations were determined using
a sandwich enzyme-linked immunosorbent assay (ELISA) technique according to manufac-
ture’s instructions (Quantikine, R&D Systems Inc., Minneapolis, MN, USA). 

Statistical methods: Differences between the VEGF concentration in healthy blood
donors and patients were evaluated using the non-parametric Wilcoxon rank sum test and
confidence interval refers to 95% boundaries (p<0.05).

RESULTS

The serum VEGF concentrations in patient group ranged from 58 pg/l to 2496 pg/l with
the mean 532pg/l. After division according to gender of the patients, the concentrations
measured in females seem to be higher than in males (mean 625.2 pg/l versus 331pg/l)
(Table 1). The serum VEGF concentrations in the control group reached the levels between
54-397 pg/l with the mean 141pg/l. The influence of gender on serum VEGF concentrati-
ons was not confirmed in this group (Table 2). After evaluation the differences between
these two groups using the Wilcoxon rank sum test, the concentrations of VEGF were sig-
nificantly higher in myeloma patients with p-value 0.001 (Figure 3). 

n           minimum          maximum          mean 
(pg/ml) (pg/l)             (pg/l)

patients together   21               58                   2496              532

male                                 7                58                    755               331

female                              14               80                   2796             625.2
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n           minimum          maximum          mean 
(pg/ml) (pg/l)             (pg/l)

patients together   21              54                    397               141

male                                 7              100                   242               163,3

female                              14              54                    397               129,8

The Table 3 represents the serum VEGF concentration and stage of the disease in the time
of sampling in each patient. 
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Table 2: Serum VEGF concentrations in the control

Fig. 3: VEGF levels in patients (VEGFP) and in healthy blood donors (VEGFK)

in CR              in PR              1st stage             2nd stage             3rd stage
(n=5)               (n=5)                 (n=3)                  (n=4)                    (n=4)

VEGF (pg/l)                         125                  270                    97                        58                     80

VEGF (pg/l)                         213                  310                   326                     199                    146

VEGF (pg/l)                         302                  460                  2496                    719                     284

VEGF (pg/l)                         346                 1120                    –                      1291                    755

VEGF (pg/l)                         388                 1187                    –                         –                         –

median                             302                  460                   326                     459                     215

Table 3: The relationship between the stage of the disease and serum VEGF concentration
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In one patient, seventy-years old man in partial remission, the serum VEGF levels were
measured repeated, first, on the 18th day and then on the 36th day after chemotherapy
administration to approximate the Hatjiharissi research (2). The serum concentrations sho-
wed a continuous increase from 229 pg/l in first day, through 332 pg/l in 18th day to 460
pg/l in 36th day.

DISCUSSION

Bone marrow angiogenesis, estimated by MVD, is increased in patients with multiple
myeloma and it increases further with progression of the disease [2]. Neoangiogenesis is a
very complex process and it is a result of cooperation between malignant plasma cells, mar-
row stromal cells, endothelial cells and a number of angiogenic cytokines, such as VEGF
[2]. VEGF is produced by both myeloma and bone marrow stromal cells. Adherence of mye-
loma cells to bone marrow stromal cells upregulates VEGF secretion which triggers myelo-
ma cell growth through induction of IL-6 synthesis by endothelial cells. VEGF production
by myeloma cells directly influences their growth and survival through the receptors
VEGFR1 and VEGFR2. That is probably reason why VEGF levels have been found to be inc-
reased in patient with MM [2]. 

Hatjiharissi also describes that increased levels of VEGF correlate with survival of pati-
ents with MM. From the Table 3 follows that in our study the relationship between the dise-
ase activity and VEGF level was not confirmed. On the other hand, spread of measured
VEGF values in patient group was very large. It is possible that the levels of VEGF have to
be assessed strictly individually and the progressive elevation of its serum concentration
and speed of this elevation are more important in assessment of the disease activity. Repe-
ated sampling in one male patient in interval lasting 15-18 days [2] didn’t confirm this
hypothesis - the concentrations of VEGF had got increasing tendency. Maybe, the changes
in the sampling timing is required. 30-36 days after chemotherapy administration is not
sufficient time for good assessment of the disease reaction to treatment. The measurement
of VEGF levels together with another investigestion (trephin biopsy, investigestion of bone
impairment, urine immunofixation) during restaging of the disease after fourth and eighth
cycle of chemotherapy would have, probably, the higher value. 

The VEGF levels could be influenced as well by many other factors as age, gender or other
processes with increased angiogenesis.

It needs to be mentioned that patients in this study were already treated according diffe-
rent treatment strategies. Some of them include also agents with anti-angiogenic potential
(e.g. thalidomide), which could also influence results of this study. 

In conclusion we have shown that VEGF levels are significantly increased in patients with
multiple myeloma. This finding correlate with increased MVD confirmed in another previ-
ous studies. We haven’t established the role of increased VEGF concentration in assess-
ment of the disease activity and its progression. We are aware that the next research in this
field requires larger group of patients with multiple myeloma, repeated sampling during
disease restaging and more consistent subclassification of patients mainly according to the
used treatment strategies.

Acknowledgement:This work was supported by grant (project) VEGA 1/3381/06 and
grant UK GUK/424/2008.
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MALIGNANT MELANOMA OF THE NECK

CALKOVSKY VLADIMIR 1 ,MINARIKOVA EVA 2 ,BOBROVSKA MARTINA 3,
HAJTMAN ANDREJ 1

1Clinic of Otorhinolaryngology and Head and Neck  Surgery, 2Clinic of Dermatovenerology, 3Institut of Patholo-
gical Anatomy, Jessenius Faculty of Medicine, Comenius University and Martin Faculty Hospital, Martin, Slovak

Republic

A b s t r a c t
Malignant melanoma has shown a rapid rise in incidence rate over the last few decades. In white population,

approximately 10-20% of all malignant melanomas occurred on the head and neck. The behaviour of the head and
neck melanoma is aggressive and it has an overall poorer prognosis than that of other skin sites, partially due to
more variable lymphatic drainage.  Because of varied drainage patterns and complex anatomy of the region with
subsequent risk to cranial nerves and major blood vessels, successful sentinel lymph node biopsy is technically
challenging. The approach to treatment in these patients is multidisciplinary and may include surgery, chemo-
therapy, actinotherapy, and immunotherapy. 

Patient with extremely rapidly growing melanoma of the neck is reported and unique medical issues concerning
head and neck melanomas are discussed.

Key words: malignant melanoma, head and neck, lymph node dissection, sentinel node, surgery

INTRODUCTION

Melanoma is one of the most aggressive cancers in humans. Although malignant mela-
noma accounts for approximately 5% of all skin cancers, it is responsible for more than
77% of skin cancer-related deaths (1). Malignant melanoma has shown a rapid rise in inci-
dence rate over the last few decades (2). Approximately 10-20% of all cutaneous melanoma
arise in the head and neck region (3). Head and neck melanomas carry the worst progno-
sis when compared with other anatomical sites. The rich regional lymphatics of the head
and neck play an integral part in staging and the overall prognosis for an individual mela-
noma patient.

We report a patient with extremely rapidly growing melanoma of the neck and discuss
unique medical issues concerning head and neck melanomas. 

CASE STUDY

A 46-year-old man was admitted to the Clinic of Otorhinolaryngology and Head and Neck
Surgery, Jessenius Faculty of Medicine, Comenius University and Martin Faculty Hospital
in Martin because of resistance in the upper third of the neck on the right side noticed in
December 2007. He had a history of resection of pigmented benign marks in occipital regi-
on on the right side in 2004 and 2006. 

In general anesthesia, the tumor from the upper third of the neck on the right side was
extirpated. Grossly, the resected mass was solid, lobulated, dark-brown, about 70x55x30
mm large and it was in intimate relation to v.jugularis interna, a.carotis interna
and n.accessorius. Histopathologically it was verified as a metastasis of malignant melano-
ma (Fig.1). The patient was transferred in stabilized condition to out-patient care on the 3rd
post-operative day. 
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At 12th post-operative day the patient complained of the resistance in the oral cavity on
the left. By otorhinolaryngological (ORL) examination, a new solid, unpainful infiltration in
the upper pole of the tonsilar bed on the left, sized 20x15 mm was detected (Fig. 2). Cervi-
cal lymphatic system dissection on the right and partial dissection of oropharynx on the left
were indicated by oncodermatologist. Pre-operative control x-ray of the chest revealed new
polycyclic tumor lesion, sized 70x50 mm, involving upper right hilus. The patient was repe-
atedly admitted for surgical treatment to Clinic in January 2008.  While differentiation of
pulmonary finding, mild bilateral edema of submandibular region developed. Mild enlarg-
ment of submandibular salivary glands with physiological findings of lymph nodes were
confirmed by ultrasonic examination.

Comprehensive subradical dissection of cervical lymphatic system modus I on the right
and partial resection of oropharynx on the left were done in mid-January 2008. During
intubation, superficial, fragile, necrotic infiltration of the base of the tongue, sized 20x20
mm, was found. At admission, this lesion was not present at ORL examination. Time-inter-
val between admission and surgery was 10 days.  This tumor was not amenable by trans-
oral approach. Because of extent and dynamics of the disease the tumor was not resected
from medial pharyngotomy. The patient was moved in stabilized condition to out-patient
care on the 4th post-operative day for further oncologic treatment. Histopathology of resec-
ted mass confirmed metastases of malignant melanoma in small lymphatic nodes and in
tumor growing from tonsilar bed and base of the tongue. The patient was admitted to regi-
onal hospital because of massive bleeding from oral cavity at 8th post-operative day and he
was stabilized by conservative treatment. Due to dissease progression the patient died in
mid-February 2008.  

The time-interval between the appearance of the first symptoms and the patient’s death
was less than three months.   
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Fig. 1 Histological evidence of malignant melanoma
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Fig. 2 Tumor of the oropharynx developed within twelve days

DISCUSSION

Epidemiology and Etiology
The epidemiological profile of head and neck melanoma is specific (4). The incidence of

malignant melanoma is increasing and today it is approximately double that in 1970 (5).
The incidence of malignant melanoma in Žilina Region in Slovakia in the last 15 years is
shown in Figure 3.
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Fig. 3 The incidence of new cases of malignant melanoma in Žilina Region. Upper bars:    female; lower bars: male
(data provided by Clinics of Dermatovenerology JFM CU and MFH) 

1–36 8/3 hotove po  13.1.2009  13:59  Str. 39



In general, the incidence rate is slightly higher in females than in males, however, the
death rate is higher in males (male-female ratio of 1.2). Melanoma is more common in white
population (1). Skin exposure remains one of the most important risk factors in developing
melanoma. The sun is considered responsible for almost 65% of cases. Anatomic cutane-
ous locations in the head and neck correlate with areas of greatest sun exposure, and more-
over, head and neck region possesses higher density of melanocytes. Head and neck cuta-
neous melanoma is frequently diagnosed among older age groups compared with cutane-
ous melanoma of other regions (1). 

Cutaneous melanoma is one of the neoplasms more usually associated with higher soci-
al class. However, for head and neck melanoma the influence of socio-economic class is
negligible (4).     

The most common histopathological subtype of cutaneous melanoma occurring in the
head and neck region is lentigo maligna, which accounts for approximately 47.4% (6).

Diagnosis
Melanoma is usually a cutaneous lesion and it is amenable to diagnostic biopsy. There-

fore, there is rarely a need for a non-invasive imaging study to aid the diagnosis. Imaging
is able to detect unsuspected lesions in settings where the initial lesion may be clinically
apparent. CT is currently the most common imaging study used for evaluation of patients
with melanoma. However, melanoma consistently shows dramatic fluorodeoxyglucose
(FDG) uptake on positron emission tomography (PET) studies. PET/CT is indicated for sta-
ging, assessing response to therapy, and surveillance in patients with melanoma (7). PET
has been shown to be more accurate than CT for determination of the presence and extent
of metastatic disease. It has been found to be 92% sensitive and 90% specific for metasta-
ses (5).

Sentinel node mapping
In 1992, the concept of sentinel lymph node (SLN) biopsy was developed for cutaneous

melanoma by Morton and co-workers (8). A sentinel lymph node is any lymph node which
receives lymph drainage directly from a tumor site. It is not necessarily the node closest to
the primary site, as lymphatic vessels can bypass many nodes before reaching the sentinel
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Fig. 4 Lymphatic drainage of the head and neck (adapted from Baylor College of Medicine; www.bcm.edu)
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node. Because the head and neck lymphatic system is more complicated than that of other
nodal basins (Fig.4), lymphatic mapping and SLN biopsy may not be as accurate or appro-
priate in this region. 

Rigual et al. (1) summarized several major reasons to perform sentinel lymph node biop-
sy in head and neck melanomas: to improve the accuracy of staging, to facilitate early the-
rapeutic lymph node dissection for those patients with nodal metastases, to identify pati-
ents who are candidates for adjuvant treatment with interferon and to identify homogenous
patient populations for entry to clinical trials.

Because of the close proximity of head and neck cutaneous melanomas to the regional
lymphatic basins, the radioactive signal from the primary tumor may obscure that from SLNs
in nearby nodal basins (5, 9). Moreover, drainage to multiple sentinel nodes is common, and
the nodes are often small. The clinical prediction of lymphatic drainage in the head and neck
is unreliable, and approximately one third of patients show drainage to the node sites that
is discordant with the clinical prediction (10). Such drainage often occurs to post-auricular
nodes from the skin of the face and anterior scalp. Drainage also occurs across the midline
in approximately 15% of patients with head and neck melanomas, and it also quite often
occurs from the base of the neck or in the supraclavicular region. Lymphatic vessels rea-
ching these nodes thus completely bypass all the nodes in the upper and middle cervical
areas as well as the preauricular (parotid), occipital, and postauricular nodes. 

In patients with SLN drainage to the parotid region, SLNs can be classified into 2 catego-
ries: those that are either adherent to the parotid gland or superficially embedded within
gland tissue that can be excised with minimal risk of complication. The second category in-
cludes SLNs that are distinctly embedded within the body of the gland (11).

The technique of SLN biopsy that is used in the head and neck is often the same as in the
other anatomical primary sites. The first Multicenter Selective Lymphadenectomy Trial
(MSLT-1) revealed that the identification rate in the head and neck, with a reported per-
centage of 85%, is significantly lower in comparison with trunk and extremity melanomas
(12). Dissection of the lymphatic vessels and the relatively small-sized sentinel nodes in the
head and neck region, often measuring 3.0-4.0 mm in greatest dimension, is technically
more demanding than in axilla or inguinal region. Therefore, a superficial parotidectomy
rather than a SLN biopsy is recommended, to avoid injuring branches of the facial nerve (9). 

Taken together, SLN biopsy is minimally invasive technique that can identify patients with
regional lymph node metastases  who may benefit from a complete nodal lymphadenecto-
my, while avoiding the morbidity of complete nodal dissection for patients without lymph
node metastases (13).

Treatment and prognosis
In the past decades only slight improvement in melanoma therapy was seen. Part of the

reason for treatment failure is the chemoresistance of melanoma (5). In stages I-III cutane-
ous melanoma is curable by means of surgical excision. Complete excision with appropria-
te margins is important for the patient’s best prognosis. In the head and neck region, ade-
quate margins may not be possible or advisable due to cosmetic or functional concerns. In
certain areas (e.g. face) narrower margins are necessary.

Surgical margins have been delineated based on the depth of invasion of the primary
melanoma. For melanoma in situ, surgical margin of 0.5 cm are recommended. For cuta-
neous melanomas of less than 2.0 mm thickness, 1 cm surgical margins are adequate. For
melanomas of 2.0-4.0 mm, 2 cm margins are equivalent to wider resection margins. For
cutaneous melanoma greater than 4 mm depth, it is recommended that at least 2 cm mar-
gins be resected around the primary lesion (1).

In clinically lymph node-negative patients with head and neck melanoma three treatment
strategies are possible (15). First, „watch and wait policy“ means the observation with fre-
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quent follow-up visits.  The advantage of this non-invasive approach is that only those pati-
ents who have involved nodes are subjected to an operation.  Second, elective lymphatic
node dissection (LND) that enables both detection of occult lymph node metastasis and
early treatment of such patients. Before selective sentinel lymphadenectomy was widely
used, nodal status from elective LND was the most important prognostic predictor of recur-
rence and death (16). Disadvantage is aberrant drainage patterns and difficulties to find the
metastasis in bulky neck dissection specimens including multiple nodes. Important is that
80-85% of patients will undergo unnecessary surgery of the neck because of the absence of
dissemination. In patients with elective LND regional recurrence was significantly lower
than in patients with therapeutic LND (17). These patients also had significantly decreased
likelihood of relapse and an increased survival. On the other hand, prospective randomized
trials failed to show an overall survival benefit for patients undergoing elective LND instead
of observation after wide local excision of the primary tumor (13).

An alternative to elective neck dissection elective regional radiotherapy was introduced in
early 1980s. Bonnen et al. (18) confirmed the efficacy and safety of this method for patients
with head and neck melanoma predicted to have a high rate of lymph node involvement.  It
may also serve as an alternative to sentinel lymph node biopsy, particularly for elderly pati-
ents or those with significant co-morbidity. The authors are convinced that elective lymph
node irradiation can provide very satisfactory regional control and may be a better option
than observation of the neck. 

Third treatment strategy in clinically lymfh node-negative patients is sentinel lymph node
biopsy (15). The sentinel node status is the most important prognostic factor in trunk and
extremity melanoma as well as head and neck melanoma. In spite of the fact, that sub-
stantial percentage of patients with sentinel-node negative head and neck melanoma will
recur, SLNB seems to have a clear advantage: the number of tumor positive nodes found by
early lymphadenectomy was significantly lower in comparison to delayed lymphadenecto-
my, and psychological trauma that accompanies nodal recurrence which negatively influ-
ences the quality of life was reduced (15). This primary systemic dissemination is probably
common in the highly vascularized area of the head and neck.

Fifteen percent of patients present with locally advanced or metastatic disease at the time
of diagnosis. Despite a wide variety of therapeutic options, current survival for patients with
metastatic disease is short. 

Melanoma metastases can be extremely subtle and small, and they can be obscured by
artifact. They can grow rapidly and therefore patients have to be closely followed-up. The
tongue is an unusual site for metastases of cutaneous malignant melanoma. In the litera-
ture there is only a few of such cases (14). The presence of metastases in the tongue usu-
ally indicates widespread dissemination of the melanoma and a terminal phase of the dise-
ase as was seen also in our patient. 

Melanomas arising from the head and neck region have a worse prognosis than melano-
mas in other regions. And even the prognosis of head and neck melanomas differs depen-
ding on the anatomical sites (3). Only the face and scalp or neck were significantly associ-
ated with patient’s survival, with better prognosis for face melanomas. Patients with lesi-
ons of the scalp or neck were 53% more likely to die compared with patients with lesions of
the face. Moreover, advanced age and male sex carry a significant risk of death. From pa-
thological findings, nodular morphological features, tumor thickness (Breslow score), ulce-
ration and Clark level V were associated with patient’s vital status (3).

Non-surgical treatment
Medical management is primarily directed at treating two situations. Adjuvant treatment

is aimed to prevent the recurrence or establishment of distant metastatic disease after defi-
nitive regional control. The other situation is to treat overt metastatic disease. The only
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adjuvant strategy of proven benefit is the administration of interferon IFN-α2B in a high
dose regimen.

Despite the utility of IFN-α in the adjuvant setting, it does not seem to be effective in the
metastatic setting. Indeed, there is no treatment for metastatic melanoma that is able to
significantly impact 5-year survival rate (1).

More recent strategies involve the use of melanoma-specific vaccines that are derived from
melanoma lysates, cell lines or molecules from melanoma. High-dose IL-2 produces durab-
le remissions but only in approximately 5-10% of all patients. New targeted therapies spe-
cifically inhibit molecular pathways important in melanoma carcinogenesis (for review see
e.g.1, 19).

CONCLUSION

The scalp and face are particularly sun-exposed and carry a higher risk of developing
melanoma as compared with other areas of the body. Head and neck malignant melanomas
are very aggressive and require intensive and complex care. In spite of adequate and fast
management the progression of local finding can be surprisingly dynamic and may very
often lead to the rapid death of the patient. 
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