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Abstract. A new method for studying platelets based on low-angle light scattering has previously revealed that platelets taken
from pregnant women with preeclampsia are hypersensitive to ADP, with aggregation developing at concentrations of 7–
15 nmol l−1. The method has been applied to further studies in experimental toxicology and clinical pathology. Toxicological
experiments with fluoroacetate (FA), an inhibitor of TCA cycle, showed that the platelet hypersensitivity could also be caused
by energy depletion. In modeling experiments, the low-angle light scattering method was applied to assessment of potential
corrective agents of the pathological states related to hypersensitivity of platelets. Sodium glutamate (SG) was shown to be a
potent antiaggregant in vitro, and subsequent in vivo studies demonstrated that SG can apparently serve as anaplerotic agent
and normalize the platelet status of rats intoxicated with FA. Donators of nitric oxide (NO), such as isosorbide-5′-dinitrate, can
also normalize in vitro the hypersensitive status of platelets taken from the patients with preeclampsia.
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1. Introduction

Previously we have shown, using a low-angle light scattering method, that there is a certain or-
der of ADP concentrations acting on three types of purine receptors, EC50 ∼ 20 nmol l−1 (P2X1) <
EC50 ∼ 90 nmol l−1 (P2Y1) < EC50 ∼ 120 nmol l−1 (P2Y12) [1]; EC50 of ADP reflecting the sensitivity
of P2 receptors for this purine. Platelets normally are activated with P2X1 receptor, EC50 being in the
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range of 5–30 nmol l−1. It was also shown that P2X1 receptors play an important role in increase of intra-
cellular concentration of Ca2+ and in transition of platelets to a spherical state [2]. P2X1 receptors also
play a regulatory role in hemostasis and thrombosis in vivo [3]. Normally, aggregation is induced with
cooperative participation of P2Y1 and P2Y12 receptors, with ADP in the range 110–160 nmol l−1 [1].
At the same time, in studies of functional activity of platelets from pregnant women with preeclampsia
we revealed a hypersensitivity of platelets, with aggregation being developed at ADP concentrations
of 7–15 nmol l−1 and P2X1 receptors being cooperatively bound with ADP [4]. An unsolved problem
is that of the role of two other groups of P2 receptors coupled with G-proteins in the development of
hypersensitivity of platelets. This problem is closely related with another one, namely reciprocal rela-
tions of intracellular energetics and signalling pathways. ATP is needed for Ca-ATPases to control the
intracellular calcium balance, and GTP is needed for G-proteins and related receptors.

In the present work, we tried to find an approach to these problems with the low-angle light scattering
technique, having conducted additional clinical and laboratory experiments with platelets obtained from
patients with preeclampsia, as well as toxicological experiments with fluoroacetate (FA), an inhibitor of
TCA cycle. Our choice of FA for modeling the hypersensitivity was reasoned by common disturbances of
hemodynamics and Ca2+ balance in development of the two intoxications, in spite of radical differences
in etiology. During preeclampsia, disorders of microcirculation cause (or are caused by?) a number
of essential shifts in metabolism. Intracellular phospholipases are activated, generating toxic radicals
that break the barrier and matrix functions of cell membranes. As a consequence, ionic channels and
primarily calcium channels become dysfunctional, leading to energy starvation and vasospasm [5–7].
Among the physiological and biochemical effects caused by FA, the principal ones are considered to be
a reduced level of ATP, disturbance of calcium balance, and acid-base and hemodynamical disorders [8].
In the modeling experiments we tried to find the ways of correction of these pathological states related
to hypersensitivity of platelets, using the new technique.

2. Materials and methods

Experiments with sodium fluoroacetate (SFA, synthesized in-house at the Research Institute of Hy-
giene, Occupational Pathology and Human Ecology), sodium acetate (SA, Merck), sodium glutamate
(SG, Sigma), and sodium nitroprusside (SNP, Sigma) were conducted with platelets of male Wistar rats
using a low-angle light scattering technique [2]. To estimate the kinetic parameters of platelet aggre-
gation in experiments with SFA in vitro, the platelets were incubated with 0.1–10 mmol l−1 SFA for
1–5 min. In the in vivo experiments, SFA was administered subcutaneously at a dose of 3 mg kg−1. ADP
was used as agonist, causing platelet activation and aggregation in the concentration range 10 nmol l−1

to 10 µmol l−1.
Studies on effects of NO-donators, isosorbide-5-dinitrate and isosorbide-5′-mononitrate (correspond-

ingly IDN and IMN), on the hypersensitive status of platelets were carried out with platelets obtained
from pregnant women with preeclampsia (n = 25), the level of gravity of the condition was estimated
to be nephropathy I. The blood was taken from cubital vein with citrate as anticoagulant. The blood was
divided into three 5 ml aliquots: one control and two experimental samples. Isoket R© (0.1% solution of
IDN) or IMN (Sigma) were added to the experimental samples of blood to 120 µmol l−1. Platelet rich
plasma (PRP) was then obtained by centrifugation of the samples of blood for 7 min at 200g. The total
incubation time of IDN or IMN with platelets was 20 min, before registration of light scattering intensity
began.



I.V. Mindukshev et al. / A new method for studying platelets 3 59

3. Results and discussion

3.1. Effects of FA on the functional state of platelets

The mechanism of toxic action of FA is widely known as “lethal synthesis” [9], which essentially
involves enzymatic conversion of the inherently nontoxic FA into toxic fluorocitrate (FC). The latter
has long been believed to inhibit aconitase, thus blocking the TCA cycle [10,11]. It was discovered
later that the actual toxicant is 4-hydroxy-trans-aconitate, a fluorine-free fluorocitrate derivative [12],
and FC was named a “suicide substrate” [13]. The physiological and biochemical basis of the toxic
action of FA is a disturbance of energetic metabolism, the essence of which is inhibition of substrate
oxidation in the TCA cycle, and reduced glycolysis and oxidative phosphorylation. Exogenous FC has
been shown to cause a decrease in calcium capacity of mitochondria and to induce a spontaneous leakage
of Ca2+ from mitochondria via an electrogenic system and electroneutral 2H+/Ca2+ exchange [14],
as well as a reduction of affinity of G-protein dependent PAF-receptors [15]. We suggested that the
effects observed were caused by uncoupling of intracellular regulatory processes due to reduction of ATP
level and intensity of substrate phosphorylation with GTP synthesis in the 2-oxoglutarate dehydrogenase
complex.

Upon introduction of SFA solution into the cuvette with the platelet suspension, a rapid and apparent
activation of platelets was registered. Figure 1 shows the test record with activation of the cells after
introduction of 5 mmol l−1 SFA. For comparison, activation of platelets under action of SA in the same
concentration is also shown. After activation of platelets with SFA or SA, aggregation of platelets was
initiated with appropriate concentrations of ADP from 10 to 100 nmol l−1 (Fig. 2).

On the basis of light scattering intensity (LSI) recordings of platelets exposed to SFA or SA followed
by ADP action, plots of dependences of aggregation velocities upon ADP concentrations were obtained
(Fig. 3). Having investigated the mode of response of the platelets incubated with SFA at 10 mmol l−1,

Fig. 1. Registration of light scattering intensity by rat platelets at an angle of 12 degrees (I12) induced by action of sodium
fluoroacetate (1) or sodium acetate (2), at a concentration of 5 mmol l−1.
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Fig. 2. Registration of light scattering intensity (LSI) by rat platelets under action of sodium fluoroacetate (SFA) at 10 mmol l−1,
with aggregation induced with ADP over the concentration range 30 to 100 nmol l−1. LSI recorded at angles of 2 (I2) and 12
(I12) degrees, reflecting the processes of platelet aggregation and platelet activation, respectively.

Fig. 3. Dependence of the aggregation velocity of rat platelets upon ADP concentration, and influence of sodium fluoroacetate
(SFA) and sodium acetate (SA). (A) dependence of ADP concentration of maximum velocity of aggregation, Vmax (unnormal-
ized relative units). (B) the Hill’s plot; dependence of log(Vmax/V − 1) upon log [S], where S = ADP. SA at 5 mmol l−1 (!);
SFA at 5 (") and 10 mmol l−1 (1).

the following parameters of their functional activity were obtained: EC50 = 25.24±8.34 and h = 2.93±
0.62. SFA at 5 mmol l−1 produced the following levels of kinetic indices: EC50 = 35.13±12.55 and h =
3.01 ± 0.96. For comparison, the platelets were exposed to SA at the same concentration (5 mmol l−1)
to demonstrate the specific effect of SFA, resulting in EC50 = 53.83 ± 12.74 and h = 2.96 ± 0.79. The
parameter EC50 characterizes the status of platelets exposed to SFA as hypersensitive to ADP, while the
coefficient of Hill (h) and dependence of aggregation velocities upon ADP concentrations is evidence of
cooperative binding of purine receptors with ADP.
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Fig. 4. Changes in kinetic parameters of rat platelet aggregation under intoxication with SFA at 1/2 LD50. Time of exposure (t)
of platelets to SFA ranged from 1 to 6 hours; Umax = maximum velocity of platelet aggregation; ∗P � 0.05 and ∗∗P � 0.01
relative to Control.

In the in vivo experiments, we studied the kinetic parameters of rat platelet aggregation 1, 3 and
6 h after subcutaneous (s.c.) introduction of SFA at dose 1/2 LD50. PRP of the poisoned animals was
characterized by development of spontaneous aggregation (though being in mixture with citrate as anti-
coagulant), and this fact was in accordance with our in vitro data on transition of platelets to the hyper-
sensitive status upon action of SFA. However, the cells which avoided aggregation showed an extremely
high level of desensitization as a consequence of their transition to the refractory state described in [4].
This is evidenced by increase of their EC50 indices (Fig. 4). In several experiments the development of
the refractory state was so intense that ADP could not induce platelet aggregation at a very high (and
non-physiological) concentration of 10 mmol l−1 (Fig. 6B). The maximal velocity of aggregation having
been slightly enhanced 1 h after the poisoning then reduced by the 3 hour point.

3.2. Effects of sodium glutamate (SG) on ADP-induced platelet aggregation and correction of the
functional status of platelets in rats poisoned with SFA

The choice of SG as a potential corrective agent of kinetic parameters of platelet aggregation was
based on data on possible utilization of glutamate as an alternative metabolic substrate upon blockade of
TCA cycle with fluoroacetate [16,17].

Incubation of platelets for 1 min with SG (0.5–6 mmol l−1) caused a decrease of intensity of light
scattering proportional to concentration of SG, under action of a constant concentration of 1 µmol l−1

ADP (Fig. 5). The minimal significant concentration of SG influencing the initial velocity of platelet
aggregation in vitro was calculated to be 5.32 mmol l−1. In a subsequent series of in vitro experiments,
we studied the kinetic parameters of platelets aggregation under the action of SG in concentration close
to that calculated as the minimal significant, 6 mmol l−1 (Table 1). EC50 was enhanced nearly 3-fold and
the maximum velocity of platelet aggregation (Umax) was reduced nearly 9-fold. Thus, SG appeared to
be a rather potent antiaggregant in vitro.

To establish whether or not SG could correct the kinetic parameters of rat platelet aggregation in vivo,
SG was administered to rats after poisoning with SFA. The rats were administered SFA s.c. at the
LD50 dose (3 mg kg−1) and immediately afterwards SG was introduced intraperitoneally at a dose of
250 mg kg−1. After 1 h of SG administration, PRP was obtained for determination of kinetic parame-
ters of platelet aggregation. Figure 6 shows typical traces registered with platelets from three animals:
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Fig. 5. Initial velocities (V ) of rat platelet aggregation after one minute exposure to sodium glutamate (SG) over the range 0.5
to 6.0 mmol l−1. Activation of platelet aggregation was with ADP at 1 µmol l−1.

Table 1

Kinetic parameters of rat platelet aggregation after in vitro exposure to SG

Group EC50 for ADP Umax

(nmol l−1) (rel. units)
Control (n = 9) 284.70 ± 68.53 189.16 ± 45.48
SG (6 mmol l−1) (n = 4) 951.6 ± 209.2 22.2 ± 49.0∗∗

Umax = maximum velocity of platelet aggregation; SG = sodium glutamate; ∗∗P � 0.01
relative to control.

Table 2

Correction with SG of kinetic parameters of rat platelets under intoxication with SFA

Group Parameters of platelet aggregation

EC50 for ADP Umax

(nmol l−1) (rel. units)
Control (n = 10) 284.70 ± 68.53 189.16 ± 45.48
SFA, LD50, 1389.4 ± 441.7∗ 596.5 ± 10.3∗

1 h after poisoning (n = 5)
SFA, LD50, 294.94 ± 71.29 280.18 ± 67.72

+ SG 250 mg kg−1,
1 h after poisoning (n = 5)

Umax = maximum velocity of platelet aggregation; SFA = sodium fluoroacetate; SG = sodium
glutamate; ∗P � 0.5 relative to control.

A – control, B – 1 h after poisoning with SFA, and C – 1 h after poisoning with SFA and treatment with
SG. It can be seen from the traces that SFA does not affect the platelet activation, but causes platelets
to become refractory, apparently as a result of their initial hypersensitivity. SG makes the platelets resis-
tant to SFA action, their status being retained at the control level. Calculation of the kinetic parameters
proved SG to be a powerful anaplerotic (compensatory) source under the TCA cycle blockade (Table 2).
Obviously ATP generation in platelets renders Ca-ATPases functioning to prevent development of hy-
persensitivity, while GTP generation provides normal functioning of the G-protein mediated signalling
pathways, thus safeguarding the adequate response of platelets to physiological concentrations of ADP.
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Fig. 6. Influence of sodium fluoroacetate (SFA) and sodium glutamate (SG) on ADP induced activation and aggregation of
rat platelets. Light scattering intensity was recorded at angles of 2 and 12 degrees, (I2) and (I12) respectively. (A) platelets
from control rats (under action of 1 µmol l−1 ADP); (B) platelets from rats 1 h after poisoning with SFA (under action of
10 µmol l−1 ADP); (C) platelets from rats 1 h after poisoning with SFA and concurrent treatment with SG (under action of
1 µmol l−1 ADP).

3.3. Effects of sodium nitroprusside (SNP) on ADP-induced aggregation of rat platelets in vitro and
correction of the hypersensitive status of platelets obtained from pregnant women with
preeclampsia

We have previously demonstrated that platelets of pregnant women with preeclampsia are character-
ized by a hypersensitive status with positive cooperative effect of binding ADP with purine receptors [4].
Molecular mechanisms of development of the platelet hypersensitivity are not known at present. Our
experiments with SFA suggest that a partial energetic blockade could be a possible mechanism. ATP
shortage can lead to decrease in activity of Ca-ATPases, which enhances [Ca2+]i levels. It is clear that
pharmacological intervention is needed to correct the hypersensitive status of platelets. As previously
shown, nitric oxide (NO) plays an important role in pathogenesis of gestosis [18,19]. Significant reduc-
tion of aggregating capacity of platelets under treatment with organic nitrates has been reported [20].
Compounds such as SNP, glycerol trinitrate, IDN etc. are potent vasodilators; they also inhibit cell ad-
hesion, activation and aggregation.

To study the effects of SNP on platelets in vitro, platelet aggregation was induced with 400 nmol l−1

ADP. SNP was then introduced at the peak of ADP-induced aggregation. If aggregation was reversible,
SNP would cause development of platelet disaggregation depending upon dose (SNP at concentrations
of 50, 100, and 150 µmol l−1 was used, Fig. 7). From the data obtained, the temporal constant (k, min−1)
and the half-development period (t1/2, min) of the platelet disaggregation process were calculated ac-
cording to equations: k = ln(∆I/∆T ) and t1/2 = ln 2/k, where ∆I is a change of disaggregation ve-
locity for the time interval ∆T . The control platelets showed k ∼ 0.0028 min−1, t1/2 ∼ 4.12 min;
when SNP at 50 µmol l−1 was introduced, the parameters were k ∼ 0.0037 min−1, t1/2 ∼ 3.12 min;
SNP at 100 µmol l−1 gave k ∼ 0.0044 min−1, t1/2 ∼ 2.62 min, and SNP 150 µmol l−1 showed
k ∼ 0.006 min−1, t1/2 ∼ 1.92 min. The control platelets without addition of SNP developed a dis-
aggregation, the velocity of which increased up to 4 h after platelets were obtained (aggregation was
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Fig. 7. Dose-effect dependence of rat platelet aggregation upon sodium nitroprusside (SNP) addition. (A) Light scattering
intensity recorded at an angle of 2 degrees (I2) at different SNP concentrations (µmol l−1): 0 (control; a); 50 (b); 100 (c);
150 (d). (B) Plot of half-development period (t1/2) of the disaggregation process against SNP concentration.

Fig. 8. Dependence of the time constant (k) of rat platelet disaggregation upon time, and effect of sodium nitroprusside (SNP).
Aggregation was induced by ADP at 400 nmol l−1 with measurements taken from the moment of obtaining the platelet rich
plasma. Control (!), development of disaggregation; influence of SNP (") on disaggregation, with 50 µmol l−1 SNP introduced
at the peak of ADP-induced aggregation.

induced by ADP, 400 nmol l−1). Addition of SNP at 50 µmol l−1 enhanced disaggregation at the ADP-
induced aggregation in a time dependent manner (Fig. 8).

A series of ex vivo experiments was carried out with platelets obtained from patients with preeclamp-
sia. The platelets were incubated with donators of NO (IDN or IMN, 120 µmol l−1), then activated with
ADP at concentrations from 2 to 40 nmol l−1. The data on the functional parameters (h, EC50) of the
platelets with and without NO donators are given in Table 3. It is evident that even after incubation of the
platelets with NO donators the cooperative effect of ADP binding with purine receptors was observed
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Table 3

Effect of nitric oxide on the kinetic parameters of the hypersensitive platelets obtained from
patient with preeclampsia

Group h EC50 for ADP
(nmol l−1)

Control (n = 15) 2.59 ± 0.55 10.88 ± 3.69
IMN (n = 15) 2.06 ± 0.56 66.12 ± 18.0∗∗∗

IDN (n = 15) 1.91 ± 0.68 52.67 ± 20.72∗∗∗

h = Hill’s coefficient; IMN = isosorbide-5′-mononitrate; IDN = isosorbide-5′-dinitrate;
∗∗∗P � 0.001 relative to control.

(h ∼ 2.06). At the same time, a stabilizing effect of the exogenous donators of NO is apparent. It is
known that NO causes increase of intracellular cGMP, which induces a decrease of [Ca2+]i through ac-
tivation of cGKI; the final effect of exogenous NO is inhibition of platelet aggregation, phosphorylation
of several target proteins such as VASP and thromboxane receptor coupled with Gq-proteins [21–23].
The pathology, which is characterized by the hypersensitivity of platelets to stimuli, is related to a high
risk of thrombosis and embolism development and needs to be corrected by administration of corre-
sponding donators of NO.

4. Conclusions

The low-angle light scattering technique was successfully applied to investigation of the hypersensitive
status of platelets, in in vivo, in vitro or ex vivo studies either of the platelet status per se or potential
correctors of the hypersensitive status of platelets. It was shown for the first time that one of the main
causes of the hypersensitive status could be a partial or complete blockade of the TCA cycle. Seemingly,
the greater the TCA cycle blockade the higher the probability of the refractory state of the platelets
being developed, as characterized by an increased EC50 index. It was also shown that the hypersensitive
status can be corrected in two fundamentally different ways: (1) effects of NO donators on the cGMP-
dependent phosphorylation; (2) effects of alternative substrates on activation of alternative metabolic
pathways compensating the energetic deficiency of platelets (and other cells?).
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