
Thrombin (EC 3.4.21.5), a highly specific protease

from the trypsin family and a key protein in the blood

coagulation system, is formed as a result of limited pro�

teolysis of prothrombin by activated factor Xa at sites of

tissue and vascular injury. Thrombin is involved in the

regulation of many physiological and pathophysiological

processes by interactions with protease�activated recep�

tors (PAR1, PAR3, and PAR4) [1�3]. Thrombin activates

positive and negative feedback reactions in hemostasis

and fibrinolysis, participates in the regulation of vascular

tonus, organism development, as well as in the processes

of inflammation, tissue repair, atherogenesis, carcinogen�

esis, and neurodegenerative diseases (Alzheimer’s disease

and others) [2�6]. Thrombin multifunctionality is associ�

ated with the features of its tertiary structure and the pres�

ence of two subsites (besides the classical active site), so�

called anion�binding exosites (ABE) (also called addi�

tional sites for substrate and receptor recognition) [6, 7].

Anion�binding exosite 2 (ABE2) enables thrombin bind�

ing to heparin and glycosaminoglycans [8]. ABE1, the

recognition site for complementary domains of receptors

(PAR1, thrombomodulin), specific substrates (fibrino�

gen), and inhibitors is responsible for high specificity of

bond cleavage and selection of thrombin substrates, as

well as thrombin regulatory functions during inflamma�

tion and tissue repair, which are always accompanied by

activation of the coagulation system and thrombin accu�

mulation at the site of injury of vessel and surrounding tis�

sue [4, 7, 9, 10]. Contemporary data on the role of throm�

bin in traumatic and ischemic brain injury are controver�

sial. Thrombin, whose effect is implicated through the

seven transmembrane G�protein coupled protease�acti�

vated receptors (PAR), is considered both as a death fac�

tor and survival factor for neural cells [10�17]. It has been

demonstrated that the introduction of thrombin in the

caudate nucleus induces the development of inflamma�
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tion and edema, whereas low enzyme concentrations

have a protective effect on central nervous system cells

[13, 16]. Transient ischemic episodes in the nervous sys�

tem result in development of resistance to subsequent

severe brain ischemia, and thrombin is apparently

involved in this phenomenon [16]. Functions of coagula�

tion factor Xa (FXa), a serine protease that is able to acti�

vate PAR1 but predominantly activates PAR2 [3, 6], are

poorly known beyond hemostasis and inflammation.

Expression of prothrombin, FXa, and PAR mRNA was

detected in brain regions most susceptible to ischemic

damage, among those being cortex, striatum, hypothala�

mus, hippocampus, and cerebellum [13, 17�19]. Data on

the role of PAR in regulation of cell survival are also con�

tradictory. Neurodegenerative function of PAR2 has been

reported [20]; however, cell death is diminished upon

activation of these receptors in the course of neuroin�

flammation, injury, and ischemia [21�24]. A number of

authors indicate increased brain damage upon activation

of PAR1 under conditions of ischemia and hypoxia [24].

It is known that such damages of brain tissue as trauma,

ischemia, and neurodegenerative diseases (Alzheimer’s

disease and others) are associated with hyperstimulation

of glutamate receptors [25]. Massive Ca2+ influx into

nerve cells through ionotropic glutamate receptor�associ�

ated channels disrupts the homeostasis of this intercellu�

lar messenger, which in turn results in initiation of a com�

plex apoptotic cell death cascade [26, 27]. Therefore, the

study of reactions triggered in nerve cells by serine pro�

teases during glutamate toxicity is of special interest.

The aim of this work was to study the effect of throm�

bin and factor Xa on survival and calcium homeostasis of

cultured rat hippocampal neuron cells during glutamate

toxicity.

MATERIALS AND METHODS

Hippocampal neuron culture. Studies were performed

using 9�14�day primary culture of neurons from hip�

pocampus obtained from brain of 1�3�day�old Wistar rats.

Cell suspension was obtained according to a previously

described technique [28] and transferred onto a cover

glass (one hippocampus in 200 µl per glass) covered with

poly�D�lysine (10 mg/ml). The cells were allowed to sed�

iment for 1 h at 37°C and 5% CO2, then non�attached

cells were removed and 1.5 ml of culture medium (neu�

robasal medium A containing 2% Supplement B�27 and

0.5 mM L�glutamine) was added. At day 3�4 cytosine ara�

binoside (AraC, 10–5 M) was added to suppress the

growth of glial cells.

Determination of neuron death. Neuron death in cul�

ture was estimated 24 h after the cell exposure (for

15 min) to glutamate and other studied substances, which

were added to cells upon replacement of culture medium

with HEPES�saline buffer (HBSS). HBSS composition

in mM was: NaCl, 145; KCl, 5; CaCl2, 1.8; MgCl2, 1.0;

HEPES, 20; glucose, 5 (pH 7.4). Cell death was deter�

mined using two approaches, biochemical and morpho�

logical. The biochemical approach was based on the

measurement of lactate dehydrogenase level (LDH) in

the medium. The presence of cytoplasmic enzyme in the

culture medium indicates the damage of cell membrane

(necrosis). LDH activity was determined spectrophoto�

metrically at 340 nm using an Anthos Lucy1 microplate

reader (Anthos Labtec Instruments, Austria) and LDH�L

reagent kit (Diagnostic Chemicals Limited, Canada).

The percentage of neuron death was calculated as (LDH

activity in cell medium/total LDH content) × 100, where

total LDH content was determined after cell lysis by 0.2%

Triton X�100 for 15 min at 37°C.

Morphological estimation of neuron death (apopto�

sis) included the study of nuclear fragmentation using a

fluorescent DNA�tropic dye, Hoechst 33342 (absorption

wavelength 360 nm, emission wavelength 460 nm), that is

able to penetrate into living cells and bind to A�G pairs of

damaged fragmented DNA [29]. Stained cells were inves�

tigated and visually counted using a fluorescence micro�

scope Axiovert 200 (Zeiss, Germany); the amount of

apoptotic cells was expressed as percentage.

Registration of intracellular calcium concentration
[Ca2+]i. [Ca2+]i was measured spectrophotometrically

using fluorescent probes Fura�2/AM or Fura�2FF/AM

with high or low affinity to Ca2+, respectively. The fluo�

rescence spectrum for these lipophilic probes is shifted to

lower wavelength upon binding of the probe molecule to

Ca2+. Prior to the experiments the cells were loaded with

the probe (5 µM) for 40 min in the culture medium, after

which the cell culture was washed off with HBSS. A cell�

coated glass was placed in a perfusion chamber (0.2 ml)

assembled on the table of the Axiovert 200 microscope.

Light of two different wavelengths (340 and 380 nm, alter�

nating in 100�200 msec pulses) was used for excitation of

fluorescence; emission was assayed at 505 ± 10 nm. A

CCD video camera (Roper Scientific, USA) and comput�

er software Metafluor 6.1 (Universal Imaging Corp.,

USA) allowed obtaining and processing a digital record of

the experiment. In the experiments where Fura�2FF/AM

was used, the change in [Ca2+]i was estimated by the fluo�

rescence ratio at 340 and 380 nm (F340/F380). In other

experiments the absolute values of [Ca2+]i were deter�

mined using calibration solutions according to [30]. In all

experiments, the background fluorescence was subtracted

from registered fluorescence emitted by neurons. All

experiments were performed at room temperature (26°C).

Materials. Bovine thrombin, bovine FXa, fluores�

cent dye Hoechst 33342, NaCl, KCl, CaCl2, MgCl2,

KH2PO4, HEPES, glucose, EGTA, 2�aminoethoxy�

diphenyl borate (2�APB), dantrolene, ionomycin, tetro�

doxin, glutamate, NMDA, phenylmethylsulfonyl fluoride

(PMSF), glutamax, AraC, Triton X�100, and poly�D�

lysine were from Sigma (USA); Fura�2/AM and Fura�
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2FF/AM from Molecular Probes (USA); synthetic PAR1

agonist peptide (PAR1�AP, TFLLRN) and PAR2 agonist

peptide (PAR2�AP, SLIGRL) were from Biosyntan

(Germany); PAR1 antagonist (Mpr(Cha)) (Mercapto�

propionyl�F(Cha�Cha)RKPNDK�NH2) was kindly pro�

vided by A. Kawabata; neurobasal medium A containing

2% Supplement B�27 (Gibco, USA) and L�glutamine

(Gibco) was from Gibco; LDH�L reagent kit was from

Diagnostic Chemicals Limited.

Statistical treatment of data was performed using

Student’s t�test for paired samples.

RESULTS

Effect of thrombin and FXa on the death of hippocam�
pal neurons caused by glutamate toxicity. In the first set of

experiments the death (by necrosis) of cultured rat hip�

pocampal neurons was studied 24 h after exposure to

100 µM glutamate (for 15 min) or combined effect of glu�

tamate, thrombin, and synthetic peptide – a PAR1 ago�

nist (PAR1�AP) or PAR1 antagonist (Mpr(Cha)) using

biochemical techniques (Fig. 1, a and b). Glutamate

induced cell death in 34% of hippocampal neurons (Fig.

1a). Incubation of cell culture with thrombin at concen�

trations from 0.1 to 10 nM resulted in almost two�fold

decrease in glutamate�induced neuron death (Fig. 1a).

Thrombin at high concentration (100 nM) did not have a

protective effect. Moreover, 100 nM thrombin caused cell

death in 32% of neurons, which is comparable with gluta�

mate�induced death (data not shown).

Experiments with specific PAR1 agonist peptide

(TFLLRN) that selectively activates only PAR1 and with

PAR1 antagonist peptide (Mpr(Cha)) indicate the

involvement of PAR1 receptors in neuron activation by

thrombin. According to our data, PAR1�AP (100 µM)

protected neurons from the death from glutamate toxici�

ty similarly to thrombin (Fig. 1b), whereas PAR1 antago�

nist peptide, Mpr(Cha) (100 µM), prevented the neuro�

protective effect of thrombin (Fig. 1b).

In the second set of experiments, the death of rat

hippocampal neurons was studied by morphological tech�

niques using the apoptosis marker Hoechst 33342.

Apoptotic neurons had condensed chromatin and frag�

mented nucleus (Fig. 2, a and b; see color insert). As seen

from Fig. 2c, glutamate caused apoptosis after 24 h in

34% of neurons, thrombin (10 nM) decreased the number

of apoptotic neurons to 17%, PAR1�AP (100 µM) imitat�

ed the neuroprotective effect of thrombin, and PAR1

antagonist peptide (100 µM) prevented the protective

effect of thrombin. Therefore, the results of biochemical

and morphological studies have confirmed our prelimi�

nary data on the involvement of PAR1 in the neuropro�

tective effect of thrombin [31].

In the next two sets of experiments the influence of a

protease, FXa, on glutamate cytotoxicity was studied

using the biochemical (Fig. 3) and morphological (Fig. 4,

see color insert) approaches. It was found that FXa at the

concentration of 1 and 10 nM decreased neuron death

caused by a 15 min exposure to 100�µM glutamate down

to 12 and 20%, respectively (Fig. 3a). The block of PAR1

receptors by Mpr(Cha) antagonist did not prevent the

protective effect of FXa (Figs. 3b and 4c). Since the effect

of FXa on cells is mediated predominantly by PAR2 [3],

we used a synthetic PAR2 agonist peptide (PAR2�AP)

(100 µM) for simulation of the FXa effect on neuron sur�

vival after glutamate toxicity. However, as seen from Figs.

3b and 4c, cell death after the incubation of neuron cul�

tures with glutamate and PAR2�AP did not reliably differ

from that caused by glutamate alone. The data obtained

Fig. 1. Effect of thrombin, synthetic PAR1 agonist peptide

(PAR1�AP), and PAR1 antagonist (Mpr(Cha)) on the death of

hippocampal neurons induced by incubation of cell culture with

100 µM glutamate for 15 min. Cell death was estimated by the

level of lactate dehydrogenase in cell cultures 24 h after applica�

tion of glutamate. a) Effect of thrombin at concentrations from

0.1 to 100 nM on neuron death; b) effect of PAR1�AP (100 µM)

and PAR1 antagonist Mpr(Cha) (100 µM) in combination with

thrombin (10 nM) on death of neurons. * p < 0.05 compared to

glutamate, here and further n = 5�7 independent experiments.
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by different techniques are in good agreement with each

other and provide evidence that the PAR1 and PAR2

receptors are not involved in the neuroprotective effect of

FXa. Apparently, the protective effect of FXa is realized

through a yet unknown subtype of protease�activated

receptors, in so far as the presence of proteolytic activity

is absolutely necessary for displaying the effect of FXa. We

have demonstrated that 10 nM FX, inactivated by PMSF,

as well as PMSF�inactivated thrombin (10 nM), did not

protect hippocampal neurons from death under condi�

tions of glutamate cytotoxicity (30.5% neuron death vs.

34% resulting from the effect of glutamate alone). These

results confirm the data obtained earlier regarding the

protective effect of FXa during glutamate cytotoxicity

[32].

Effect of thrombin and FXa on [Ca2+]i in hippocampal
neurons. As seen from Fig. 5, activation of hippocampal

neurons by 10 nM thrombin elicited a rapid, transient

increase in [Ca2+]i, the concentration of which reached a

maximum (150�200 nM) for 20�30 sec. Then, despite the

presence of thrombin in the incubation medium, [Ca2+]i

reverted to the initial level. Not all hippocampal neurons

responded to thrombin by changing [Ca2+]i; the number

of responding neurons was on average 64% of the total

number of studied neurons (n = 36).

Preliminary incubation of cells with 2�APB (10�

100 µM), an IP3 receptor blocker, decreased the calcium

response in neurons by more than three�fold (Fig. 5). In

such case, thrombin response in the presence of 2�APB

was observed in 24% of cells. Incubation of cells with

30 µM dantrolene, an inhibitor of ryanodine receptors,

did not change the number of cells responding to throm�

bin, but decreased the amplitude of calcium response by

3.1�fold. Contrary to thrombin, FXa did not induce the

change in [Ca2+]i at all concentrations studied (0.1�

80 nM) (data not shown).

Next we studied the effect of thrombin and FXa on

the change in [Ca2+]i (by the ratio of F340/F380) in

response to prolonged exposure (20 min) to 100 µM glu�

tamate (Fig. 6). The ability of neurons to regenerate the

basal level of [Ca2+]i after the removal of glutamate from

the solution has been analyzed (Fig. 6d). In these experi�

ments low affinity probe Fura2�FF, which is sensitive

only to substantial increase in [Ca2+]i (more than 1 µM)

was used for the registration of [Ca2+]i signal. Glutamate

caused a steady two�phase increase in [Ca2+]i in neurons

Fig. 3. Effect of factor Xa (FXa), PAR1 antagonist (Mpr(Cha)),

and synthetic PAR2 agonist peptide (PAR2�AP) on the death of

neurons caused by incubation of cell culture with 100 µM gluta�

mate for 15 min. Cell death was estimated by the level of lactate

dehydrogenase in cultures 24 h after application of glutamate. a)

Effect of FXa at concentrations from 0.1 to 10 nM on neuron

death; b) effect of PAR2�AP (100 µM) and PAR1 antagonist

(Mpr(Cha)) (100 µM) in combination with 10 nM FXa on gluta�

mate�induced death of neurons. * p < 0.05 compared to glutamate.
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(Fig. 6a). After removal of glutamate, [Ca2+]i level in the

vast majority of neurons did not revert to the original level

(Fig. 6a). Incubation of cells with 10 nM thrombin did

not have a significant effect on the increase in [Ca2+]i

caused by glutamate; however, it increased by more than

two times the number of neurons in which the basal level

of [Ca2+]i was recovered after removal of glutamate (Fig.

6, b and d). Similarly to thrombin, FXa facilitated rapid

recovery of intracellular calcium homeostasis after pro�

longed exposure to glutamate (Fig. 6, c and d).

DISCUSSION

It is known that during focal cerebral ischemia the

amount of the neurotransmitter glutamate, the toxic

Fig. 6. Effect of thrombin and FXa on the change in [Ca2+]i (by ratio of F340/F380) in hippocampal neurons upon prolonged exposure to

100 µM glutamate. Low affinity probe Fura�2FF was used. a) The original record of change in [Ca2+]i in individual neurons before, during,

and after the effect of glutamate. The cells were washed free of glutamate using calcium�deprived medium containing 100 µM EGTA; b) incu�

bation of cell culture with 10 nM thrombin; c) incubation of cell culture with 10 nM FXa; d) effect of thrombin and FXa on the ability of

neurons to recover the basal level of [Ca2+]i after the removal of glutamate. The number of cells (%) in which the F340/F380 ratio 10 min after

the washing free of glutamate was started did not exceed the basal level by more than 25% is shown. * p < 0.01 compared to glutamate.
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effect of which on neurons causes rapid, non�controlled

increase in [Ca2+]i, is significantly increased in the inter�

cellular space [33�35]. The disruption of [Ca2+]i homeo�

stasis triggers a cascade of intracellular reactions resulting

in rapid or delayed cell death by apoptosis or necrosis [26,

27].

Primary neuron culture is a convenient experimental

model for study of neurodestructive processes caused by

glutamate, since the cytological and biochemical charac�

teristics of cultured cells are similar to those observed in

neurons in situ [36]. The glutamate concentration used in

this work (100 µM) had a neurotoxic effect on hippocam�

pal neurons, as indicated by the experiments for estima�

tion of neuron cell death resulting from glutamate expo�

sure (Figs. 1 and 2) as well by change in [Ca2+]i (Fig. 6a).

Hence, the selected model of glutamate cytotoxicity is

comparable to endogenous pathological conditions of the

injured brain.

In recent times, interest in the effect of serine pro�

teases of the blood coagulation system beyond homeosta�

sis has dramatically increased [3, 4, 6, 10]. However, the

data on the effect of hemostasis proteases on neurons are

contradictory and not abundant. We have attempted to

characterize the role of thrombin, a key serine protease of

hemostasis, and its precursor in the coagulation cascade,

FXa, using the model of glutamate cytotoxicity in cul�

tured rat hippocampal neurons.

The data indicate that at low concentrations (up to

10 nM) thrombin and FXa display a neuroprotective

effect. At higher concentrations (100 nM), these proteas�

es cause cell death. The minimal neuroprotective concen�

tration of thrombin is 0.1 nM, and the corresponding FXa

concentration is one order of magnitude higher, 1 nM

(Fig. 3a). Different enzyme specificity to their substrates,

PAR receptors, can be explained by a certain difference in

the tertiary structure of these related enzymes. In the

thrombin molecule there is a specific anion�binding

exosite ABE1, which recognizes a complementary region

in PAR1 exodomain, which in turn is similar to the nega�

tively charged C�terminus of hirudin, a highly specific

thrombin inhibitor [37]. Structural features of the

enzymes are responsible for the difference between

thrombin and FXa in the choice of their substrates and

receptors. Our data on the protective effect of low throm�

bin concentrations confirm the results of a previous

investigation [38], where the effect of thrombin on neu�

rons was studied using hippocampal slices for modeling

ischemia; however, they are not in agreement with other

data [39] on the ability of thrombin to potentiate NMDA

receptors in hippocampal neurons.

The effect of thrombin on cells is mediated by PAR1

as well as PAR4 [3, 4, 13, 40]. The use of agonist and

antagonist showed that thrombin imparts a neuroprotec�

tive effect on hippocampal neurons through PAR1, since

the PAR1 antagonist prevented the protective effect of

thrombin, whereas the PAR1 agonist imitated its effect

(Figs. 1b and 2c). Thus, thrombin exerts its neuroprotec�

tive effect in a narrow concentration range (0.1�10 nM) in

conjunction with PAR1 receptors. It is probable that the

destructive effect of thrombin simultaneously involves

different types of receptors and in large amount.

There is evidence that FXa activates vascular

endothelial cells through PAR1 and PAR2 receptors [41].

FXa induced calcium signal in fibroblasts through PAR1

receptors and stimulated cell proliferation and procolla�

gen synthesis [42]. In our experiments, the preliminary

incubation of cells with PAR2 agonist peptide did not

protect the cells from glutamate�induced death, and with

PAR1 antagonist it did not prevent the neuroprotective

effect of FXa (Figs. 3b and 4c).

Therefore, according to our data, thrombin displays

a protective effect on hippocampal neurons during gluta�

mate toxicity by activation of PAR1. FXa exerts a protec�

tive effect through an unknown subtype of PAR, because

the effect of FXa is not imitated by the PAR2 agonist and

not blocked by PAR1 antagonist (Figs. 3 and 4).

Since glutamate at toxic concentrations causes irre�

versible increase in [Ca2+]i, it can be assumed that the

reduction of neurotoxic glutamate effect on cells by

thrombin is mediated by modulation of [Ca2+]i. There are

sporadic data in literature concerning the change in

[Ca2+]i in rat hippocampal neurons caused by thrombin

[43]. In the present work we have confirmed the data

obtained by us earlier [31] that indicated that PAR1 ago�

nist peptide imitates the thrombin�induced calcium sig�

nal in hippocampal cells, whereas the antagonist blocks

it. It was demonstrated that PAR1 is involved in the calci�

um signal induced by thrombin in human brain astrocytes

[44].

Increase in [Ca2+]i in neurons may be associated both

with mobilization of Ca2+ from intracellular stores and

Ca2+ influx into cells. Earlier we have shown [31] that in

calcium�free medium (100 µM EGTA), thrombin causes

an increase in [Ca2+]i, but the amplitude of calcium signal

is more than two times lower than in calcium�containing

medium. After depleting the reticulum of neurons in cal�

cium�free medium using cyclopiazonic acid (an inhibitor

of reticulum Ca2+�ATPase), the addition of thrombin did

not result in increase in [Ca2+]i. These data indicate the

role of intracellular reticulum in thrombin�induced calci�

um signal. Release of calcium from the reticulum can be

realized by activation of two types of receptors, IP3 and

ryanodine. The use of corresponding blockers of the

above receptors, 2�ABP and dantrolene, showed the pre�

dominant role of the IP3 receptors in the calcium

response to thrombin (Fig. 5). These results are in agree�

ment with the data illustrating that the mechanism of

PAR1�dependent calcium response in oligodendrocytes

is also mediated by the IP3 receptors of endoplasmic

reticulum [45]. However, some authors mention that the

reticulum IP3 receptors are involved in the induction of

death of granule cells in cerebellum [46].
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Since the apoptotic effect of glutamate is based on

the overloading of cells by calcium and disruption in the

regulation of calcium homeostasis, we have studied the

effect of thrombin on glutamate�induced increase in

[Ca2+]i in hippocampal neurons. It has been demonstrat�

ed that the incubation of cell culture with thrombin at the

concentration of 10 nM or with FXa at the same concen�

tration improves the recovery of calcium homeostasis in

neurons after exposure to glutamate (Fig. 6). The mecha�

nism of the effect is unknown; however, it can be assumed

that through the activation of the intracellular factors ser�

ine proteases facilitate the calcium transport system (first

of all, Ca2+�ATPase of the plasma membrane), resulting

in the enhancement of calcium efflux. It cannot be

excluded that proteases might diminish the [Ca2+]i signal

induced by activation of glutamate receptors. Thus, we

have previously found that preliminary incubation of cells

with low concentrations of thrombin resulted in a

decrease in intracellular calcium signal in hippocampal

neurons upon application of NMDA, an agonist of

NMDA subtype of glutamate receptor [31]. According to

literature data [47], neuroprotection in hippocampal

neurons can be achieved through decrease in ionic cur�

rent mediated by NMDA receptors. At the same time, we

have not found any change in [Ca2+]i in hippocampal

neurons induced by FXa. However, both thrombin and

FXa decreased the number of hippocampal neurons in

which the prolonged exposure to glutamate induced irre�

versible increase in [Ca2+]i (Fig. 6). This matter requires

further investigation.

As pointed out above, thrombin is able to activate

PAR1 and PAR4 [17, 40]. However, the PAR4 molecule

lacks the site complementary to anion�binding exosite 1

(ABE1) in thrombin, which is responsible for binding of

highly specific substrates and receptors, and requires high

thrombin concentrations for its activation [3]. This

explains heterodirected effects of thrombin. Thus, effect

of thrombin on microglia is realized mainly through

PAR4, which is involved in brain inflammation processes

associated with neurotrauma and neurodegeneration [16,

40]. Thrombin can release NO in rat microglial cell cul�

ture, and this being the case, PAR1 inhibitor does not

block the above effect [48].

Both proapoptotic and antiapoptotic effects of

thrombin are described in the literature. Upon intraven�

tricular introduction, thrombin at high concentrations

(25 and 100 nM, 0.25 µl/h, 28 days) caused apoptosis and

decreased cognitive function in rats [49]. At concentra�

tions higher than 25 nM, thrombin increased the sensitiv�

ity of cultured hippocampal neurons to glucose depriva�

tion [44] and induced apoptosis in dopaminergic neurons

[50]. In addition, thrombin protected astrocytes and hip�

pocampal neurons from death caused by hypoglycemia

and oxidative stress [38, 51�53].

In summary, though thrombin itself can induce

death in a certain small population of hippocampal neu�

rons, upon combined effect (at low concentration) with

glutamate it is able to protect cells from glutamate�

induced apoptosis and, moreover, a long time after the

exposure to glutamate. The mechanism of neuroprotec�

tion is unknown. Activation of G�protein�coupled PAR1

receptors causes hydrolysis of phosphoinositides with for�

mation of diacylglycerol, a well�known protein kinase C

activator [3, 4, 6]. Perhaps the transduction of intracellu�

lar signal upon PAR1 activation occurs by the same path�

way as for the activation of metabotropic glutamate

receptors, which are also G�protein coupled. It has been

shown that preliminary incubation of these receptors

decreases the subsequent toxic effect of glutamate [54].

The increase in intracellular Ca2+ concentration induced

by activation of PAR can influence a number of intracel�

lular factors, both in nucleus and cytoplasm (transcrip�

tion factors NF�κB, FosB/JunD, AP�1, and others) and

trigger/suppress the expression of different genes includ�

ing those proteins (Bax/Bad from Bcl family, AIF, MAP

kinases, caspases) whose activity determines the progres�

sion of apoptosis during the toxic effect of glutamate [26,

55]. Investigation of mechanisms of interaction between

glutamate and PAR receptors is a promising direction in

the search for new approaches to treatment of cerebrovas�

cular diseases.
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Fig. 2. (L. R. Gorbacheva et al.) Effect of thrombin on apoptosis of hippocampal neurons 24 h after the incubation of cell culture with

100 µM glutamate for 15 min. Results of cell count for living and apoptotic neurons stained with nuclear fluorescent dye Hoechst 33243.

Solid arrow shows living cells and dashed arrow shows apoptotic cells. a) Cell fluorescence after the effect of glutamate; b) the same after

the effect of glutamate in combination with 10 nM thrombin; c) effect of 10 nM thrombin, 100 µM PAR1 agonist (PAR1�AP), and 100 µM

PAR1 antagonist (Mpr(Cha)) in combination with thrombin on glutamate�induced apoptosis. * p < 0.05 compared to glutamate.
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Fig. 4. (L. R. Gorbacheva et al.) Effect of FXa on apoptosis of hippocampal neurons 24 h after a 15 min incubation of cell culture with

100 µM glutamate. Results of cell count for living and apoptotic neurons stained with nuclear fluorescent dye Hoechst 33243. Solid arrow

shows living cells and dashed arrow shows apoptotic cells. a) Cell fluorescence after the effect of glutamate; b) the same after the effect of

glutamate in combination with 10 nM FXa; c) effect of 10 nM FXa, 100 µM PAR2 agonist (PAR2�AP), and 100 µM PAR1 antagonist

(Mpr(Cha)) in combination with FXa on glutamate�induced apoptosis. * p < 0.05 compared to glutamate.
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