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Article

Modern biological science in the past 50 years has 
made a spectacular journey providing us fascinating 
insights into the nature of living organisms, and 
leading to accumulation of incredible amount of 
information. Nowadays, we observe introduction 
of the new systems approaches, that allow us to 
supplement the qualitative nature of the life sciences 
by quantitative and mechanism-driven analysis [1]. 
More and more scientists are becoming attracted 
by the unique opportunities that are provided by the 
novel synthetic approaches encompassed by the 
systems biology, systems physiology and systems 
pharmacology in various fields [2–6]. Right now, it is 
not simply mathematical or computational modelling 
of biological systems: a wide range of tools including 
various approaches from big data field, progressive 
statistical methods, “omics” and others are used toget 
insight into the mechanism of health and disease.

On the other hand, although novel systems 
approaches in biomedicine are powerful tools, 
their multidisciplinary nature is a challenge to both 
researchers in this field and readers of their papers. 
Theoretical and mathematical biology have been 
sceptically viewed by biologists for a long time, and 
systems biology these days is in danger of following 
them. 

Therefore, we believe that the corresponding 
scientific journal niche, although not being exacly 
vacant, is not represented sufficiently. We feel a need 
for more in-depth interaction between people focused 
on specific biologic fields and systems biologists, and 
we would like to address this in this new journal.

One can say: why do we need yet another journal 
on in silico-based studies of life sciences? Of course, 
there is a plethora of respected and acclaimed 
journals. However, the papers on systems biology 
published in systems biology journals are often lacking 

in depth regarding the specific biological field (be it 
hematology or signal transduction). Furthermore, the 
mathematical modelling papers in these journals are 
often overlooked by the biologists, physicians and 
researchers in general, whose involvement into the 
subject of mathematical biology might be less deep. 
On the other hand, highly professional biological 
journal in the specific field might have difficulties 
with proper review of systems-biology-rich papers. 
Finally, applied mathematics in bio-sciences is quickly 
emerging and becoming more and more valued, 
what makes it critical to be aware of the advantages 
and drawbacks of the novel methods. Thus, our first 
and most important goal was to create a forum for 
the in-depth discussions between the physiologists, 
physicians, biologists, biochemists and biophysicists, 
mathematicians that would be understandable and 
meaningful for all these in the field of life sciences.

Our editorial board consists of the professionals 
combined expertise in the fields of physiology, 
biology, mathematical sciences, immunology, 
oncology and, of course, systems biology. The 
spectrum of scientific sections of our journal includes 
self-organization at the level of molecules and 
macromolecular complexes, molecular mechanisms 
of biochemical reactions; cell signal transduction and 
metabolic networks, regulation of cell cycle, gene 
expression and epigenetic regulation; mechanisms 
of physiological and pathophysiological processes 
at the levels of cells, tissues, organs and organisms; 
pharmacological research and diagnostics (as long 
as they are related to physiological and pathological 
mechanisms).In order to make this journal accessible 
and friendly to authors, reviewers, and readers 
from different fields, we come up with a list of 
initiatives. Above all, we are convinced, that scientific 
knowledge should be free of any kinds of paywalls 
and thus we are open access journal. Furthermore, 
we also encourage our authors to upload their works 
to the pre-print services, so, that their work can be 
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additionally appreciated by the society even prior 
to publishing. When the review reports would be 
complete, we would be delighted to publish them 
alongside the paper, as we wish to make the review 
process transparent and productive. Finally, we are 
well aware that review process can be frustrating and 
exhausting for all the parties involved. Thus, we are 
keen on implicating the most versatile and effective 
ideas for scientific reviewing. We provide the two-step 
reviewing pipeline, that consists of pre-evaluation 
stage, at which the manuscript is rated based on a set 
of criteria. Based on the obtained score, our system 
gives the review type and the number of allowed 
modifications. We believe this approach would allow 
to regulate both reviewers’ and author’s work. We 
wish to fill the publishing process by enthusiasm and 
fun, instead of irritation and despair. We encourage 
authors to provide short popular reviews, so that 
their works would be better understood by the ones 
that are not so deeply involved in the field systems 
biology and systems physiology.

Finally, we wish to broaden scientific knowledge 
and thus, we are bi-lingual journal: at the moment 
our basic language is English. However, all of the 
published works will be translated into Russian to 
lower the entry barrier for the younger professionals, 
making their first steps in the field. We also look 
forward to include other languages with the growth 
of our journal. 

Systems Biology and Physiology Reports 
(SBPReports) would be published quarterly with 
its first issue coming in March. We also would be 
publishing Special Issues

The launch of SBPReports is a milestone for 
our team and we are fascinated and excited by the 
opportunities and challenges that await our creation. 
We are encouraging other scientists to join us in 
this new undertaking and participate by submitting 
their outstanding research, making reviews and 
henceforth contributing the field of systems biology 
and physiology for the sake of exceeding scientific 
barriers.

Yours Truly,

SBPReports Editor-in-chief

Mikhail A. Panteleev 
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Abstract

In this study, we have revisited the existing and 
suggested new approaches to the use of patch-clamp 
methodology for measuring the activity of single ion 
channels and membrane potential of human platelets 
in the cell-attached configuration. We recorded 
single-channel events of platelets in the cell-attached 
configuration after activation with potent agonists: 
thrombin and ionomycin. The feasibility of platelet 
membrane potential measurement in cell-attached 
mode was investigated both experimentally and with 
the help of simple electrical circuits, revealing that the 
single-channel events can alter the recorded potential 
by invoking oscillations. Here, the simple approach 
to obtain inside-out configuration was described 
and calcium-dependent single-channel ion currents 
were recorded. Taken together, this study introduces 
new approaches for further investigations of the role 
of ion channels and membrane potential in platelet 
physiological and pathophysiological response.

Keywords: platelets, patch-clamp, membrane 
potential, ion channel

Introduction

Mammalian platelets are small anucleate cells 
that play a major role in thrombosis and hemostasis. 
In the past couple of decades, it has been identified 
that both ion channels and membrane potential 
play a pivotal role in platelet physiological and 
pathophysiological functions. Before the introduction 
of patch-clamp methodology, researchers used 
fluorescence potential sensitive dyes [1–3] and 
radioactive isotopes [4–7] to study ion conductance 
and changes in membrane potential. The introduction 
of the patch-clamp technique [8, 9] provided tools 
for direct assessment of the conductance of single 
ion channels or the whole membrane, as well as the 
way to precisely measure the value of the membrane 
potential even of such small cells as platelets.

Patch-clamp is an electrophysiological technique, 
which allows measurement of ion currents through 

single channels by clamping voltage of an isolated 
piece of the cell membrane (or whole-cell). There are 
several configurations in this technique. Getting a 
giga-seal between the pipette and the cell membrane 
leads to cell-attached configuration, allowing the 
measurement of ion currents through single channels 
under the patch pipette. Rupture of cell membrane 
under patch pipette leads to whole-cell configuration, 
in which both average currents across the entire 
surface area of the cell and kinetics of membrane 
potential can be measured. Other widely used 
patch configurations are the inside-out and outside-
out configurations, in which either the intracellular 
or extracellular surface of the membrane patch is 
exposed to the extracellular solution.

The application of the patch-clamp technique 
to platelets shed light on various mechanisms of 
their functional activity. For example, it was shown 
that the most abundant ion channel in the platelet 
membrane is voltage-dependent potassium channel 
Kv 1.3, and its pivotal role in maintaining resting 
membrane potential was demonstrated [10, 11]. 
Patch-clamp helped to identify calcium-dependent 
potassium channels KCa 3.1 and to reveal their role in 
maintaining the driving force for Ca2+ during platelet 
activation [12]. Furthermore, several important 
modulators of calcium signaling wмere revealed in 
platelets and megakaryocytes using this technique: 
the receptor-operated cationic P2X channels [13, 14] 
as well as CRAC-channels Orai-1 [15–17]. One of the 
essential applications of the patch-clamp technique 
is the measurement of membrane potential. Previous 
studies, using fluorescent techniques, showed 
that platelet activation by various agonists leads 
to different changes in membrane potential. Thus, 
platelet activation by thrombin (more than 0.1 U/ml) 
leads to depolarization of the platelet membrane, 
while ADP (0.3-30 µM) induces hyperpolarization 
followed by depolarization [18]. More recent 
experiments using patch-clamp showed that 
membrane potential of megakaryocytes and possibly 
platelets can oscillate during activation with ADP [19, 
20]. Furthermore, changes of the membrane potential 
of megakaryocytes can directly modulate intracellular 
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calcium spiking [20]. There is also some evidence 
of direct voltage control of G-protein coupled 
receptors [21, 22].

Transcriptomic analysis [23] as well as recent 
studies of platelets and megakaryocytes [24] evidence 
for the existence of ion channels unidentified earlier 
in platelets. This suggests that the application of 
the patch-clamp methodology to platelets is still of 
great importance for understanding the mechanisms 
underlying the variety of functions of these minute 
cells.

 However, no matter how helpful this method is, 
there are many challenges concerning applying it to 
platelets. These cells are very tiny and fragile, which 
makes some of the developed patch-clamp techniques 
unusable. For example, there is no documented 
evidence that outside-out configuration is possible for 
platelets; furthermore, there is an opinion that there is 
no need for it as whole-cell configuration for platelets 
is essentially outside-out [25]. It is also worth saying, 
that obtaining whole-cell configuration for platelets is 
sometimes pretty challenging, and oftentimes leads 
to the deterioration of the patch. Evidence exists that 
adding ATP to the pipette solution in the absence of 
calcium ions helps to obtain this configuration [10]. A 
more prominent way to achieve whole-cell is to use 
nystatin (perforated patch-clamp technique) [13], but 
it also has several limitations.

Difficulties in working with platelets, their 
fragileness, and small size led researchers to the 
use of megakaryocytes and corresponding cell lines 
as model cells in patch-clamp studies instead of 
platelets [26, 27]. From one side it helps to achieve 
results that previously were very hard to obtain with 
platelets. On the other side, besides the similarities 
of megakaryocytes and platelets in regards to the 
receptor profiling, main signaling pathways, and ion 
channels, one can’t be sure, that obtained results 
on megakaryocytes can be directly transferred to 
platelets. 

 That is why this study aims to assess the 
difficulties of application of the patch-clamp technique 
to platelets, and suggest possible solutions, as well 
as to demonstrate the possibilities of the proposed 
method in regards to studying the single-channel 
currents during platelet activation.

Materials and methods

Chemicals

Sodium citrate, HEPES, ADP, glucose, ionomycin, 
and apyrase were purchased from Sigma-Aldrich (St. 
Louis, USA). Prostacycline was obtained from Santa 
Cruz (Dallas, USA).

Solutions

NaCl-based extracellular buffer saline (external 
BS) contained: 150 mM NaCl, 10 mM KCl, 10 mM 
HEPES, 10 mM glucose, titrated to pH 7.35 with 
NaOH. KCl-based pipette buffer saline (pipette 
BS) contained: 150 mM KCl, 10 mM NaCl, 10 mM 
HEPES, 2 mM CaCl2, 2 mM MgCl2, titrated to pH 7.2 
with KOH. In the ion exchange experiments, KCl was 
replaced by an equimolar amount of NaCl in pipette 
BS. The osmolarity of solutions was brought to 300 
mOsm for extracellular saline and 270 for pipette 
saline with the MilliQ water. All solutions were filtered 
through 0.22 μm syringe filters.

Cell preparation

Venous blood of healthy volunteers was collected 
into 10 mL tubes with 3.8 % (w/v) Na-citrate at 9 
to 1 ratio, 0.5 μM PGI2, 0.3 U/mL of apyrase and 
centrifuged at 100 g for 7 min. 250 μL of platelet-
rich plasma was mixed with 1.25 mL of extracellular 
saline, 0.5 mL of Na-citrate (pH 5.5), 0.5 μM PGI2, 
0.3 U/mL apyrase, and then centrifuged at 200 g for 5 
min. Cells were resuspended in NaCl-based external 
BS. All manipulations were performed in compliance 
with the Declaration of Helsinki.

Patch pipettes

Patch pipettes were pulled from filamented 
borosilicate glass capillaries (0.86 mm ID, 1.5 mm 
OD). (HEKA Instruments) on a Sutter Instruments 
Brown P-97 pipette puller, and then heat polished on 
the same puller as described by the manufacturer. 
The resistance of patch pipettes filled with KCl-based 
pipette BS was 7-15 MΩ.

Electrophysiological recordings

Cell-attached and inside-out patch-clamp 
recordings were carried out in voltage-clamp and 
current-clamp modes using HEKA EPS 8 amplifier 
(HEKA Elektronic GmbH). Because all experiments 
were aimed at studying single-channel events, no 
series resistance compensation or correction for 
liquid junction potential were made. The experimental 
chamber was earthed directly through Ag/AgCl wire 
placed aside of the cells. The pipette was handled 
with Sutter MP-225 motorized micromanipulator. The 
plastic chamber was placed on the stage of the upright 
microscope (Olympus IX51WI, Tokyo, Japan) with an 
overall magnification of 400x. Data was filtered at 0.7 
kHz using a built-in low-pass Bessel filter and digitized 
directly to the personal computer through B-381 AC/
DC converter. Data was recorded at 1 kHz using a 
custom acquisition program on Matlab 2004 (The 
MathWorks, Inc.). Obtained data was analyzed using 
Origin 8.1 (Origin Lab, Northampton, Massachusetts, 
USA), WinEDR v. 3.9.1 (University of Strathclyde), 
and Spectragryph Software (F. Menges “Spekwin32 - 
optical spectroscopy software”, Version 1.2.14, 2020, 
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http://www.effemm2.de/spekwin/).

Activation of the cells

To avoid early platelet activation during platelet 
contact with the glass capillary (patch pipette), the 
process of gigaseal formation was performed in NaCl-
based external BS in the absence of Ca2+. After that, 
100 μL of extracellular suspension was mixed with 
CaCl2 and agonist, and the experimental chamber 
was perfused with that mix (final CaCl2 concentration 
in bath solution was 2 mM unless otherwise specified).

Results and Discussion

Patch pipettes and electronic noise

Usually, for small size cells it is recommended 
to use thick-walled capillaries for patch pipette 
production (for example, 0.86 mm ID, 1.5 mm OD) 
[28]. Theoretically, thin-walled pipettes also can be 
used, but the process of pipette production with a 
small aperture suitable for platelets is much harder. 
However, when using thick-walled pipettes, there are 
several obstacles, the main of which is the increased 
level of electronic noise that comes from the dielectric 
properties of glass [8]. Since many of the single-
channel currents have amplitudes in the range of 0.5 
to 2 pA, increased noise levels can obscure these 
events. In some patch-clamp studies, the reduction of 
noise level was achieved by covering the pipette tip 
with special silicon elastomer Sylgard which reduced 
pipette capacitance [9]. However, in our experiments, 
the necessary and sufficient requirements for single 
ion channel recordings with the amplitudes down 
to 0.4-0.5 pA, and in some cases even lower were: 
the proper grounding of the equipment, including 
Faraday cage, the seal resistance higher than 20 GΩ 
and gain level of the amplifier of 100 mV/pA or higher.

Obtaining gigaohm seal

2 μL of platelet suspension was placed on the 
bottom of the plastic chamber made out of 12-well 
cell culture plates with 700 μL of NaCl-based external 
BS, containing 1 mM of MgCl2 (in the absence of 
Ca2+). Platelets were allowed to settle to the bottom 
of the chamber. Patch pipette was moved up to 
1-2 mm of the chamber bottom with a motorized 
micromanipulator. Then 40x water-immersion 
objective of the upright microscope was moved into 
the suspension, and the tip of the pipette appeared 
on the screen. Only floating platelets were patched. 

The success rate of the patch relies on several 
factors. Firstly, the pipette tip should always be clean, 
thus we made pipettes only before the experiment. And 
secondly, extracellular and pipette solutions should 
always be properly filtrated. Other important factors 
for successful gigaseal formation are the presence of 
the divalent cation (namely calcium and magnesium) 
in the pipette solution, and the difference in osmolarity 

between the pipette and extracellular saline’s at 
around 10% (30 mOsm), as was suggested by Neher 
and Sakmann in their pioneer work [9]. Previously 
it was shown both theoretically and with the help 
of model membranes, that divalent cations greatly 
enhance the contact between the cell membrane and 
capillary glass [29]. Another important factor is the 
level of pH in the pipette solution, because H+, as well 
as Ca2+ and Mg2+, also greatly improves the gigaohm 
seal formation by enhancing the strength of adhesion 
between cell membrane and glass. When all the 
above-mentioned requirements were completed, the 
success rate of gigaohm seal formation increased to 
about 90%. Although the stability of various patches 
varied, it was possible to achieve successful gigaseal 
contacts within 5 hours after obtaining the platelets.

Cell-attached mode for platelets

Due to the small size of platelets and the above-
mentioned difficulties only a few ion channels in 
platelet membrane, including KCa 3.1, KV 1.3, P2X, 
chloride channels, were identified and characterized 
using the patch-clamp technique. However, recent 
evidence [23] suggests that despite its small size and 
absence of nuclei, platelets possess a great variety of 
ion channels that are poorly characterized. Besides, 
previously measured experimental results were 
obtained using megakaryocyte, but not platelets. 
Therefore identification and characterization of 
ion channels in platelet membrane are of great 
importance for extending our knowledge about 
their role in various cell signaling pathways and 
physiological response [22, 30-36].

Figure 1. Schematic illustration of recording currents of single 
ion channels of platelets during activation, excluding Kv 1.3.

Measurement of single-channel ionic currents during 
platelet activation

Earlier it was shown that platelets possess a great 
amount (300-400 per cell) of voltage-gated potassium 
channels Kv 1.3 [37]. Considering the area of the 
platelet membrane and the size of the aperture of 
the patch pipette, at least a couple of these channels 
will always be present in the patch and will make a 
significant contribution to the registered ion channel 
currents, which will make it harder to distinguish other 
important ion channels. Taking 
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into account the available data on the biophysical 
characteristics of this channel, namely the potential 
of half-activation of about -30 mV, we proposed the 
method to measure the activity of other ion channels. 
Usage of cell-attached configuration in voltage-clamp 
mode and application of a potential to patch pipette 
from +80 to +150 mV allowed us to avoid activation 
of voltage-gated ion channels and made it possible 
to register currents from other ion channels. During 
this procedure, the membrane under the patch 
pipette was hyperpolarized, which inactivated Kv 1.3 
channels, at the same time there was enough driving 
force for all ions, which helped with the identification 
of even the smallest ionic currents in the range of 
1-2 pS. Schematic illustration of the technique can 
be seen in Fig. 1.

The above-mentioned approaches for obtaining 
a good gigaohm seal allowed us to record single-
channel ionic currents in cell-attached mode from 
platelets activated by thrombin (0.73 μg/ml) without 
the deterioration of the seal (Fig. 2A, B, C).

Analysis of data from 6 patches allowed the 
identification of at least 5 different types of channels, 
with the conductivity varying from 2 to 20 pS. 
Considering that most of the identified and known 
channels have such a small conductivity, recordings 
with small applied potentials give the little result. 
When the applied potential is +50 mV, the resulting 
single-channel events have amplitudes of 0.4 – 0.5 
pA, which only slightly exceeds the noise level (Fig. 
2A). So we can recommend using potentials in the 
range of +80 – +150 mV. In that way, currents from 
even the smallest-conductance channels will be 
easily registered. Yet, high applied potentials may 
lead to relatively quick deterioration of the seal. 

In Fig. 2B the same recordings but with NaCl-
based pipette BS can be seen. Regarding the 
observed amplitudes in NaCl salts, we obtained a 
much lower number of channels than in KCl saline, 
suggesting the involvement of more than 2 types of 
potassium channels in the process of activation of 
platelets by thrombin.

To test the stability of the patches obtained by 
the proposed method, we recorded single-channel 
ion currents from platelets in response to 1 μM of 
ionomycin, Ca2+-ionophore which induces strong 
platelet activation. Results of recordings of single-
channel events with different pipette BS solutions are 
shown in Fig. 2C.

A substantial rise in intracellular calcium levels, 
induced by ionomycin or combined action of collagen 
and thrombin, usually switches platelets to a new 
procoagulant state [38]. During this transition, the 
morphology of the cells changes drastically. They 
become balloon-shaped [39], many of the plasma 
membrane proteins and phosphatidylserine move to 

the so-called cap region [40, 41]. In Supplementary 
material, fig. S1 and fig S2, patched and floating 
platelets can be seen before and after this transition. 
Despite all that, only about 30% of patches 
deteriorated after activation with ionomycin.

Ion channels play a pivotal role in a variety of 
processes underlying platelet activation. For example, 
potassium channels take part in calcium signaling, 
maintaining the membrane potential and thus 
increasing the driving force for Ca2+. Calcium entry 
during activation also depends on the functioning 
of many ion channels, including Orai1, P2X, TRPC 
[17, 27, 42]. Scramblase Ano6, which plays a pivotal 
role in platelet procoagulant response, also acts as 
an ion channel with chloride conductivity and has a 
very high threshold for activation by calcium [33, 43]. 
We believe that the proposed approach of registering 
single-channel currents is a useful tool to establish 
and investigate various platelet signaling events in 

Figure 2. Single channel events recorded from platelets in 
cell-attached mode. A, B Activation of platelets with 0.73 μg/ml 
thrombin in NaCl-based external BS. KCl-based pipette BS (A), 
NaCl-based pipette BS (B). C, Activation of platelets with 1 μM 
ionomycin in NaCl-based external BS. 1,2 - KCl-based pipette 
BS, 3 - NaCl-based pipette BS. Holding potential (Vhold) is labeled 
to the left of each current trace. Typical kinetic records of 15 
independent experiments from various donors are presented.
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which ion channels may play a key role.

Measurement of membrane potential in the cell-
attached mode.

Previously, in the work by Mason J. et. al. [19], a 
new method for studying membrane potential in a cell-
attached model was proposed. According to the model 
experiments and patch-clamp data, the accuracy of 
the recorded potential in current-clamp depends on 
the ratio between seal resistance of the patch and 
input resistance of the membrane, as well as on the 
composition of the pipette solution, as it should mimic 
the intracellular composition of the cell. This method 
enables one to assess the membrane potential of 
platelets or any other cell type without breaking the 
membrane as for whole-cell configuration, in which 
fast perfusion of the intracellular constituents with 
electrode saline occurs.

To test this method for platelets we recorded the 
kinetics of membrane potential of platelets activated 
by human myeloperoxidase (MPO), which was 
shown previously to modulate platelet aggregation, 
cytoskeleton reorganization, and store-operated 
calcium entry [44], as well as to activate neutrophils 
[45] and to bind to human red blood cells and 
change their properties [46, 47]. Adding 100 nM of 
MPO to extracellular bath solution led to a slight 
hyperpolarization of the plasma membrane at the 
level of 10-12 mV (Fig. 3A).

In some experiments, we observed strange 
spikes in recordings of potential in the cell-attached 
configuration. This effect can be seen in Fig. 3B. 
These spikes were very rapid and had an amplitude 
of about 7-10 mV, suggesting that either these 
spikes arose from the changes of platelet membrane 
potential itself, or that openings of ion channels were 
involved. 

We tried to investigate this behavior with a simple 
model. It is known that the input resistance of the 
membrane of platelets is around 50 GΩ [10]. We’ve 
used the proposed simplified model [19] of measuring 
membrane potential in cell-attached mode and 
modified it by including single-channel conductance 
(Gchannel), imitating single ion channels under patch 
pipette. The resulting electrical circuit can be seen 
in Fig. 3C.

Modified equations are as follows:

Model parameters: Ginput - 17 pS (59 GΩ), Gchannel- 
5 pS or 24 pS (corresponding to the obtained in 

present study single-channel conductance’s), Gseal 
– variable (corresponding with patch resistance 
(Rcontact) of 20, 30 и 50 GΩ). Vmembrane = -60 mV. F(t) 
– the function of time, that determines the process of 
channel opening. In our case, it is a simple Gaussian 
function (eq. 2) with the following parameters:  a = 1, 
b = 3, c = 0.07

The results of modeling (Fig. 3D) indicate that the 
opening of ion channels led to spikes in membrane 
potential. The amplitude of spikes is inversely 
proportional to the contact resistance and directly 
proportional to the conductance of the opened 
channels. In the case of a theoretically perfect 
gigaohm seal (seal resistance approaches infinity), 
we wouldn’t be able to see any spikes in recorded 
potential during channel openings. Similarly, in the 
case of very small input resistance (for example, the 
addition of nystatin to the patch pipette) there also 
wouldn’t be any effect.

Earlier the oscillatory nature of membrane 
potential recordings in the cell-attached configuration 
was shown by Mason J. et. al. from platelets activated 
by ADP [19]. The results of the present study indicate 
that the reason for oscillatory behavior may be the 
openings of single channels in the patch. This should 
be taken into account, especially considering that the 
membrane potential of megakaryocytes can oscillate 
[20].

Inside-out mode

The inside-out configuration is a useful tool 
that allows to control the ionic content of solutions 
on both sides of the patch membrane and to study 
the activation of ion channels by the direct action of 
secondary messengers in the absence of various 
intracellular signaling events. 

To get this configuration, we used the method 
suggested earlier [48]. Briefly, a drop of viscous 
substance (we used immersion oil for microscopy) 
is placed on the bottom of the plate, after which the 
procedure of gigaohm seal formation as described 
earlier was performed. Then the pipette with the cell 
on its tip is brought to the edge of the oil drop and 
the cell is gently dipped into the oil. After contact 
between platelet and oil occurs, the tip is retracted 
to break off a patch of membrane from the rest of the 
cell, which remains in the oil. Following the above-
mentioned recommendations we managed to obtain 
a successful inside-out patch in more than 90 % of 
cases, and it was stable for up to 10 min. Animation 
of the process of obtaining inside-out configuration 
can be seen in Supplementary materials, in Fig. S3.

In this configuration, we obtained recordings of 
ionic currents through single channels in the absence 
and presence of Ca2+ (Fig. 4) as an example of 
studying the effects of second messengers on the 

x(i, j) = xintra
mean(i) + σintraR(0, 1), Eq. 1

y(i, j) = yintramean(i) + σintraR(0, 1),

xintra
mean(i) = xtrue + σinterR(0, 1), Eq. 2

yintramean(i) = ytrue + σinterR(0, 1),
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Figure 3 Changes in plasma membrane potential of platelets. A, Membrane potential of platelets after treatment with 100 nM MPO 
was measured in cell-attached configuration with the current-clamp mode of the amplifier. A typical kinetic curve of 15 independent 
experiments from various donors is presented. B, Kinetics of platelet membrane potential in cell-attached configuration during 
activation by 1 μM of ADP. Small oscillations of the membrane potential of around 7-10 mV are observed. A typical kinetic curve 
of 10 independent experiments from various donors is presented. C, Simplified electrical circuit of the recording of membrane 
potential in cell-attached configuration [19]. Vmeasure – recorded potential, Gseal– seal conductance, Ginput – input conductance, Gchannel– 
single-channel conductance. In the model, membrane potential (Vmembrane) is -60 mV. D, Results of simple electrical circuit modeling 
representing the recordings of membrane potential in cell-attached configuration with two different ion channels (24 pS, 5pS) in the 
patch.
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activity of platelets in single ion channels.

Conclusions

At the moment patch-clamp method is the most 
powerful instrument for studying ion channels and 
their role in cell lifespan. During the past couple 
of decades ion channels, alongside numerous 
membrane receptors and intracellular messengers, 
have been realized to be an important constituent 
of the mechanisms of platelet activation and their 
physiological response. The present study provides 
the techniques and approaches that can help other 
researchers to extend the usage of the patch-clamp 
technique for the study of small cells and help to 
reveal new ways by which ion channels govern 
platelet functions.
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Abstract

Despite an extensive literature on statistical 
methods and their proper application to biological 
data, incorrect analyses remain a critical and widely 
spread problem in research papers. Inherently 
hierarchical (nested, clustered) structure of biological 
measurements is often erroneously neglected, leading 
to pseudo-replication and false positive results. 
This, in turn, complicates the correct assessment 
of statistical power and impairs optimal planning 
of experiments. In order to attract more attention 
to this problem and to illustrate the importance of 
direct account for the nested structure of biological 
data, in this article we present a simple open-source 
simulator of two-level normally distributed stochastic 
data. By defining ‘true’ mean values and ‘true’ intra- 
and inter-cluster variances of the simulated data, 
users of the simulator can test various scenarios, 
appreciate the importance of using correct multi-level 
analysis and the danger of neglecting the information 
about the data structure. Here we apply our nested 
data simulator to highlight some commonly arising 
mistakes with data analysis and propose a workflow, 
in which our simulator could be employed to correctly 
compare two nested groups of experimental data 
and to optimally plan new experiments in order to 
increase statistical power when necessary.

Keywords: nested data, statistical analysis, 
p-value, false positive, false negative, statistical 
power, simulated data, intra-cluster correlation

Introduction

Biological experiments often produce ‘clustered’ or 
‘nested’ data. By these terms, we mean a hierarchical 
grouping of individual measurements via a certain 
principle, so that the data points in each cluster are 
not completely independent from each other (Fig. 
1). Imagine a scenario when some measurement 
is repeated on several experimental days. Despite 
the experimentalist’s effort to reproduce exactly the 
same conditions every time, in practice, the actual 
conditions may still slightly vary from day to day. 
Therefore, data points collected on a particular day 
may correlate with each other more than with points 
from other days. Such grouping of data by day is one 
very common example of hierarchical data structure 
in biological experiments. Another common example 
is a scenario when multiple data points are collected 
from a smaller number of animals, patients, cells, etc. 
In this case, measurements from the same animal/
patient/cell may not be completely independent, so 
they form clusters with slightly shifted mean values.

Unfortunately, it is not uncommon for researchers 
to ignore the nested structure of their experimental 
data. In this case, a researcher naively pools all data 
points collected under a certain test condition assuming 
(often erroneously!) that they are independent. The 
pooled data are then usually processed altogether, 
using some standard statistical criteria and methods 
such as t-test, regression analysis, ANOVA etc., which 
are precisely applicable only for independent values. 
Considering statistically non-independent data as 
statistically independent creates a problem of pseudo-
replication [1]. This artificially increases the sample 
size and leads to irreproducible or meaningless 
results. Due to pseudo-replication, statistical analysis 

Cite as: Alexandrova V.V.*, Anisimov M.N.*, Eltsov I.A.*, Kilina A.P.*, Lopanskaia I.N.*, Makarova L.O.*, Vovchenko M.A.* and 
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tests an incorrect hypothesis, rather than the one, 
which the researcher really intends to test [2]. This 
problem has been described in several excellent 
reviews [2, 3, 4]. A hallmark of pseudo-replication is 
an overly small p-value reported by the test, even in 
spite of substantial overlaps of data points from the 
compared groups [5].

Besides the problem of false positives, incorrect 
statistical treatment of data and ignoring their nested 
structure may also increase the probability of false 
negative results. For example, one might naively 
expect that just adding more data from each cell/
animal/patient/day should boost the statistical power 
of the analysis. This is not necessarily the case with 
clustered data. Therefore, careful analysis of data 
clustering is very important for both optimal planning 
of experiments and for solid statistical evaluation of 
biological measurements [1, 3].

Correct treatment of nested biological data 
requires multi-level statistical analysis [6]. Various 
software packages have been developed to 
implement it, including a commercial tool Prism 
GraphPad [7] and free programs, such as InVivoStat 
[8], developed specifically to plan and analyze 
experiments with animals. In the multi-level analysis, 
data are compared at the level of cluster averages 
while maintaining the difference between the 
variance within clusters and the variance between 
clusters. This approach explains parts of the variation 
of the experimental effect and provides the greatest 
statistical power. The multi-level analysis not only 
ensures correct statistical interpretation of the results 
and thus correct conclusions but can also provide 
unique information on the collected research data 
that cannot be obtained when standard statistical 
methods are used on either individual observations 
or summary statistics [5, 6].

Here we present a simple open-source data 
simulator to illustrate common problems arising 
in the statistical analysis of clustered biological 
data. We show how false assumptions about data 
independence can lead to incorrect assessment of 

the statistical significance of the difference between 
the compared groups and how this result depends 
on the extent of intra-cluster correlation (ICC) of the 
data. Using our simulator, we also demonstrate how 
the statistical power of analysis changes depending 
on the number of clusters and the number of elements 
in them, and propose an algorithm for processing 
multi-level data and planning optimal experimental 
measurements.

Methods

Generation of stochastic nested data

We developed a program, which generates two 
normally distributed stochastic variables: ‘control’ (x) 
and ‘experiment’ (y), each containing N data clusters 
with n observations per cluster. Random variables, 
representing ‘control’ and ‘experimental’ values are 

Figure 1. Schematic of a typical biological experiment design, generating nested data

generated as follows:where i is the cluster number 
from 1 to N; j is the number of the observation within 
the cluster from 1 to n;  is the mean value of 
‘control’ observations in the i-th cluster;  is the 
mean value of ‘experimental’ observations in the i-th 
cluster;  is the intra-cluster variance; R(0,1) is a 
random normally distributed number with a mean of 
0 and a standard deviation of 1.

Intra-cluster means,  and , are 
defined as follows:

where  and  are ‘true’ mean values of the 
‘control’ and ‘experiment’; σ2

inter is the inter-cluster 
variance; R(0,1) is a random normally distributed 
number with a mean of 0 and a standard deviation 
of 1.

x(i, j) = xintra
mean(i) + σintraR(0, 1), Eq. 1

y(i, j) = yintramean(i) + σintraR(0, 1),

xintra
mean(i) = xtrue + σinterR(0, 1), Eq. 2

yintramean(i) = ytrue + σinterR(0, 1),

x(i, j) = xintra
mean(i) + σintraR(0, 1), Eq. 1

y(i, j) = yintramean(i) + σintraR(0, 1),

xintra
mean(i) = xtrue + σinterR(0, 1), Eq. 2

yintramean(i) = ytrue + σinterR(0, 1),
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where triangular brackets denote averaging, M = N ∙ n 
is the total dataset size and s is the pooled standard 
deviation defined as:

where SDx and SDY are the standard deviations of the 
observations in the pooled ‘control’ and ‘experimental’ 
groups, respectively.

Next, the p-value is computed from t-distribution 
with h = 2M - 2 degrees of freedom at 0.05 significance 
level.

Method 2: observations in each cluster are 
averaged. Mean values from each cluster are used 
as inputs for a standard unpaired t-test, based on the 
score t2:

here triangular brackets denote averaging, N is the 
number of clusters and smean is the combined standard 
deviation of the cluster means:

where SDxmean and SDymean are the standard deviations of 
the intra-cluster means in ‘control’ and ‘experimental’ 
groups, respectively. 

The p-value is found as in the first method, except 
that the degrees of freedom are now reduced to h = 
2N - 2.

Method 3: the nested structure of the datasets 
is taken into account by computing an adjusted  
where unpaired two-tailed t-test statistics [10]:  

c is the correction factor for t-distribution:

where M is the total number of data points, n 
is the number of observations per cluster, ICC 
is the intra-cluster correlation, computed as: 

The adjusted p-value is now calculated from t3-
distribution from Eq.6 with h degrees of freedom 
computed as follows:

Statistical power analysis

Provided that the true ‘control’ and ‘experiment’ 
values are different, the script also calculates 
statistical power, achieved by each method at a given 
set of simulation parameters. For this purpose, the 
stochastic simulation is repeated 1000 times. At the 
significance level of 0.05, the null-hypothesis about 
equality of the means is rejected or accepted based 
on computed p-values in each of the 1000 runs. The 
power is determined as the percentage of cases 
when false negative outcome is not obtained. 

Code availability

The nested data simulator is available from https://
github.com/juliaLopanskaia/nested_data_simulator.

Results

Do not pool your data if they are intra-cluster-
correlated

We would like to start by using our random 
nested data simulator to illustrate the importance 
of accounting for data clustering. Suppose it is 
necessary to conduct a study of some quantity for the 
equality of its means under two different conditions 
(‘control’ and ‘experiment’; here and everywhere 
below the null hypothesis - the means are equal).  
For this purpose, we will generate 50 simulated 
‘measurements’ for each of the three clusters. In the 
first example scenario, we will generate the data in 
such a way that the true means in each condition 
are equal so that there is no difference between 
‘control’ and ‘experiment’. As described in Methods, 
our nested data simulator populates each cluster 
with normally distributed random data, which are 
generated to have a user-defined mean and intra-
cluster variance, σintra. The user also defines the inter-
cluster variance, σinter, describing the extent of scatter 
of the mean values among the clusters.

Depending on the variances between and within 

Statistical comparison of ‘Control’ and ‘Experimental’ 
groups

The simulator script processes the stochastic 
datasets, using three methods to test the null 
hypothesis about the quality of the means in ‘control’ 
and ‘experiment’.

Method 1: n observations from all N clusters are 
combined together to form two aggregated pools of 
values: ‘control’ and ‘experiment’. The aggregated 
pools are then compared using a standard unpaired 
two-tailed t-test, based on the score t1:

2

2

t1 = |〈x〉−〈y〉|
s
√

2
M

, Eq. 3

s =

√
(M−1)·SD2

x+(M−1)·SD2
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2
M

, Eq. 5
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Figure 2. Analysis of an example of simulated nested data with equal means in ‘control’ and ‘experimental’ groups. The 
number of observations in a cluster 50, the number of clusters 3. In all cases, the true means in ‘control’ and ‘experiment’ are equal 
(1.0 a.u.). (A) Weak intra-cluster correlation (ICC = 0.01). Intra-cluster variance: 0.3 a.u., inter-cluster variance: 0.03 a.u. Different 
colors mark different clusters. Numbers above the plots represent three p-values, computed as described in Methods. Central lines 
and error bars show mean and s.e.m. (B) Strong intra-cluster correlation (ICC = 0.2). Intra-cluster variance: 0.3 a.u., inter-cluster 
variance: 0.15 a.u. Ignoring data clustering in this case leads to a false positive result. Different colors mark different clusters. 
Numbers above the plots represent three p-values, computed as described in Methods. Central lines and error bars show mean 
and s.e.m. (С) Dependence of the probability of obtaining a false positive result on the ICC when pooling all data (red points), 
using the means for each cluster (blue points) and applying adjusted t-test (green points). It can be seen that ‘incorrect’ processing 
(pooling data from all clusters) significantly increases the likelihood of a false positive result if the clustering is strong. At the same 
time, the use of means for each cluster or the adjusted t-test significantly reduces the likelihood of obtaining a false positive result.

clusters, the observations can be more or less 
independent from each other. Intra-cluster correlation 
(ICC) serves as a convenient metric for the degree 
of relative similarity of observations from the same 
cluster (Eq. 9). 

Let us consider two simulated cases: (1) the 
simulated data have a weak relative correlation within 
clusters (ICC = 0.01, Fig 2A) and (2) the simulated 
data have a strong relative correlation within clusters 

(ICC = 0.2, Fig 2B).

In order to illustrate some common pitfalls with 
statistical analysis, we can evaluate three ways 
of processing these data: 1) by naively combining 
observations from all clusters per condition and using 
an unpaired t-test to compare the two conditions; 2) 
by calculating means for each cluster and processing 
them with an unpaired t-test; 3) by using an adjusted 
unpaired t-test, which takes into account the multi-
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Figure 3.  Analysis of statistical power of experiments with different intra-cluster correlation, numbers of observations and 
clusters. In all cases, the true means in ‘control’ and ‘experiment’ are different and equal to 1.0 and 0.8 a.u., correspondingly. Different 
colors mark different clusters. Numbers above the plots represent p-values and powers, computed as described in Methods. Central 
lines and error bars show mean and s.e.m. (A) Weak intra-cluster correlation (ICC = 0.01). (B) Strong intra-cluster correlation (ICC = 
0.2). The number of measurements per each cluster 5, the number of clusters 3. (C-F) Statistics increased by adding measurements 
within each cluster (C, D), or clusters (E-F). False negative cases are shown in B and D, associated with low power. In all cases (C-F) 
the displayed power is slightly less when using processing the means for each cluster and an unmodified t-test compared to using the 
adjusted t-test. Data processing (A-F) was carried out using mean values for each cluster and a t-test based on per-cluster means 
or using an adjusted t-test.
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level structure of the data [10].

In case if the observations are almost independent 
(ICC = 0.01, Fig 2A), all three ways to statistically 
process the data return similarly high p-values. This 
indicates that the likelihood that the null-hypothesis 
about equality of the means is correct is very high. 
This is the right answer, as we know that the ‘true’ 
means have indeed been user-defined to be equal.

In the case of a strong intra-cluster correlation 
(ICC = 0.2, Fig 2B), however, the three statistical 
procedures lead to different outcomes. Specifically, 
the most naive approach of pooling all data points 
together and conducting a standard unpaired t-test 
produces an extremely tiny p-value. This would be 
erroneously interpreted as an indication that ‘control’ 
and ‘experiment’ are significantly different. Obviously, 
this is not the case in our simulated scenario, so this 
type of analysis exemplifies how disregarding the 
nested data structure can lead to a false positive 
result. The second statistical procedure, that is 
averaging all the observations within each cluster 
and then using the intra-cluster means to conduct a 
t-test, performs better and does not lead to incorrect 
rejection of the null hypothesis. Finally, the last of the 
considered statistical procedures also supports the 
null-hypothesis of equal means.

To further illustrate the importance of taking data 
clustering into account, we plotted the dependence 
of the probability of obtaining a false positive result 
on the extent of the intra-cluster correlation ICC 
(Fig. 2C). This graph shows that the naive approach 
of pooling all data together dramatically increases 
the probability of false positives, while two other 
statistical treatments produce more accurate results 
in this scenario. The heatmap in Fig. S1 shows how 
the probability of obtaining a false positive result 
depends on the number of clusters and the number 
of observations per cluster.

How to properly plan your experiment and adjust data 
processing for detecting a true difference between 
compared groups?

We hope it is clear from our simulated example, 
described in the previous section, that combining 
measurements from all clusters into one pool and 
treating them as independent observations likely 
leads to false positive results unless the intra-cluster 
correlation is lower than 0.01. Therefore, it is highly 
recommended to recognize the nested structure of 
the data and average data within clusters to conduct 
statistical analysis on their means or use an adjusted 
unpaired t-test.

But if the latter two methods produce comparable 
rates of false positive results, is there really any 
preference to use one or the other? To answer this 
question, let us now consider another simulated 

scenario, in which both the ‘control’ and ‘experiment’ 
are represented by three clusters of data; but the 
‘true’ means in ‘control’ and ‘experiment’ are slightly 
different (Fig. 3A, B). Which type of statistical analysis 
will provide a lower probability of a false negative 
result?

We will start with an example, in which the 
amount of data is limited: only n = 5 observations 
per cluster, and only N = 3 clusters per condition. By 
running our nested data simulator repeatedly with 
fixed user-defined parameters, it is easy to calculate 
the probability of obtaining a false negative result, β. 
The corresponding statistical power is defined as (1 - 
β)*100%.  From the simulations, it becomes clear that 
the power is consistently higher when the same data 
are evaluated using adjusted t-test, compared to the 
t-test based on per-cluster means (Fig. 3A, B). This 
small, but reproducible gain in statistical power allows 
detecting small differences between the ‘control’ and 
‘experiment’ more reliably with the former method. 
Note that the statistical power is lower with both 
methods in case the data have higher ICC.

The probability of obtaining a false negative 
result depends on both the number of measurements 
in the cluster and the number of clusters (Fig. S2). 
Thus, to increase the sensitivity of data processing, 
the number of measurements in each cluster and/
or the number of clusters should be increased. In 
practice, however, it is usually difficult to increase 
the number of clusters (i.e. number of organisms/
patients/cells/experimental days). Therefore, for 
reducing the probability of obtaining a false negative 
result, it is easier (and sometimes more expedient) 
to increase the number of measurements within the 
cluster. Fig. 3C, D shows the examples, in which 
the number of observations per cluster is increased 
10-fold, compared to Fig. 3A, B. As one can see, in 
this case, the statistical power is indeed increased, 
but the gain is higher when the ICC is low (Fig. 3C), 
while with higher ICC increasing statistics within each 
cluster does not have such a dramatic effect (Fig. 
3D). Adding more clusters usually is a more effective 
way to enhance statistical power, as demonstrated 
by the simulated examples in Fig. 3E, F, in which 
the number of clusters is increased 5-fold relative 
to the case considered in Fig. 3A, B. In practice, 
researchers should make a decision whether to add 
more observations per cluster or more clusters based 
on the understanding of the associated expected 
gain in power (Fig. S2), and other factors, such as 
time, cost and effort investments, required to collect 
each type of data.

In any scenario, complete description of the 
outcomes of statistical analysis is essential for 
correct interpretation of the study. Some of the best 
practices of communicating the results of statistical 
comparisons include data visualization in the form 
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of SuperPlots [5], and reporting a full set of details 
about the statistical analysis, such as naming the 
null hypothesis, which was tested; reporting which 
statistical method was used; what was the sample 
size; which type of p-value (one-sided vs. two-sided) 
was computed. Besides the statistical significance, 
the substantive significance of the comparison (the 
effect size) should also be reported [11].

How to process nested data properly?

In this final section, we propose a tentative 
experimental workflow incorporating our nested 
data simulator (Fig. 4). It is applicable when the 
experimenter aims to compare mean values of some 
quantity under two experimental conditions and the 
associated measurements generate nested data, 
such as observations from different cells/organisms/
patients/experimental days. We suggest that the 
study should be carried out as follows. First, a pilot 
set of measurements should be made to produce 
two minimal datasets (N = 3 clusters, n = 10-20 
observations per cluster). With these data in hand, 
one can estimate the mean values, the variances in 
each cluster and the variances of the means between 
clusters.

Note that for simplicity we only consider the 
case, when the data are normally distributed and the 
variances in control and experimental groups are not 
significantly different. This is often the case with real 
data, justifying the application of the t-test. If the data 
do not follow a normal distribution, nonparametric 
tests, such as Mann-Whitney-Wilcoxon U-test, can 
be applied [12]. Taking the means and variances 
from the pilot experiment as input parameters for 
simulations, our nested data simulator can be used to 

estimate the statistical power of the pilot experiment. 
A reasonable and conventionally used tradeoff value 
for statistical power is 80% [13].

If the estimated power is higher than 80%, the 
pilot experiment is considered sufficient to detect the 
difference between the ‘control’ and ‘experiment’, so 
no more experiments are needed. The user can just 
employ the p-values from adjusted t-test, reported by 
the simulator, to reject or accept the null-hypothesis 
about the equality of the means. If the p-value is 
lower than some threshold, α, the ‘experiment’ is 
statistically different from the ‘control’ with the level of 
significance 1- α.

If the estimated power of the pilot experiment 
is lower than 80%, we suggest using the simulator 
to predict, how many new clusters (N) (i.e. animals/
cells/patients/experimental days) or how many 
observations per cluster (n) one should add to 
increase the power to the required level. This can 
be done by simply running the nested data simulator 
with the means and variances estimated from 
the pilot experiment, but increasing the number 
of clusters and observations within clusters until 
one gets a satisfactory outcome. After a good 
combination is found, the additional measurements 
should be carried out and the data added to the 
datasets. The new means and variances should then 
be estimated in ‘control’ and ‘experimental’ datasets 
and the cycle of the workflow repeated (Fig. 4). This 
workflow is expected to maximize efficiency, high 
statistical power and ensure a proper estimation of 
the significance of the difference of the means in 
‘control’ and ‘experimental’ conditions.

Figure 4. Proposed workflow for optimal planning of experiment and data processing.
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Conclusion

One of the strengths of a simple simulator like ours 
is the ability to clearly illustrate how incorrect implicit 
or explicit assumptions about data independence can 
lead to misuse of statistical procedures, producing 
false positive or false negative results. These 
common pitfalls become especially evident because 
the ‘true’ answers are known in the simulated data. In 
our experience, this kind of exercise with the nested 
data simulator helps training more intuitive thinking 
about statistical methods. But besides just illustration 
of widely-spread mistakes, the simulator can be 
directly incorporated into experimental workflow to 
help researchers plan and correctly analyze their 
experiments. We hope that by using our simple 
nested data simulator here, we have managed to 
attract attention to the old and important problem 
of statistical analysis of hierarchical biological data 
and convince the readers about the importance of 
accounting for data structure.
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Abstract

Blood platelets are small anucleated cells whose 
main function is to form a plug upon vascular damage 
to stop bleeding. This role involves a number of 
functional responses induced by different agonists 
and coordinated by an intricate network of signal 
transduction pathways. Understanding this network 
is vital from both basic research point of view and 
for the purposes of drug target identification in 
thrombosis and hemostasis. This review series will 
focus on the regulation of platelet signalling, on 
tracking the molecular relationship between receptor 
activation and functional responses, and on the 
networking aspects of these pathways. The present 
paper, first one out of two, focuses on the description 
of platelet functional responses and of the conditions 
for their triggering.

Keywords: hemostasis, thrombosis thrombus 
formation, platelet activation, platelet intracellular 
signaling.

Introduction

The process of hemostasis is a spatiotemporally 
regulated physiological response [1] aiming to stop 
bleeding upon vascular injury. Blood platelets play 
a critical role in this response. They actually have 
a number of critical roles in human physiology, 
which include formation of the hemostatic plug upon 
injury [2], acceleration of the membrane-dependent 
reactions of blood coagulation [3,4], maintenance 
of vascular integrity [5–7], modulation of immune 
responses [8–10], tissue growth and regeneration 
[11,12]. In order to perform these urgent functions 
when and where it is needed, platelets rely on their 
huge network of receptors and signal transduction 
pathways.

The functional responses of platelets to stimulation 
are numerous [13] (Fig. 1), and the number of 

positive and negative stimuli to be processed by the 
cellular signalling networks in order to make correct 
decisions is likewise not small [14]. Additionally, 
a number of platelet inhibitory signals has been 
identified in recent years [15,16]. As a result, the 
network of platelet signal transduction that is initiated 
by at least ten major receptors, goes through multiple 
interconnected pathways and ends up with various 
responses of different degree might appear quite 
terrifying (Fig. 2).

When these pathways are reviewed and 
discussed, they are usually analyzed not as a network 
but rather as a simpler cause-and-effect chain. For 
example: activator X stimulates receptor Y leading to 
an increase of a secondary messenger Z that mediates 
further downstream events, including responses 
“1”, “2”, and “3”. The interplay of different receptors 
that could work cooperatively or downregulate each 
other is often overlooked. Interestingly, in other fields 
like immunology, terms like “co-activator” or “co-

Figure 1. Scheme of the main platelet functional responses to 
activation (all of them could be blocked by inhibition). Blue ovals 
represent functions; yellow ovals represent blood coagulation 
factors, that can assemble on the surface of procoagulant 
platelets; GPIIb-IIIa is the main (but not only) platelet integrin 
, which determines platelets aggregation; GPIb represents 
receptor complex for von Willebrand factor, which determines the 
initial adhesion of platelets to the site of injury.

Cite as: Sveshnikova A.N., Stepanyan M.G. and Panteleev M.A.; t; SBPReports 2021 March 31; 1 (1) pp. 20-28
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receptor” have already became accepted [17,18]. 
Likewise, transformation of the signal along the 
signalling pathway, different dose-dependence for 
different responses to the same agonist caused by 
it, principles of signal encoding and de-coding are 
rarely discussed even beyond the platelet field [19], 
and almost never for platelets.

Another not usually discussed point in 
platelet receptor-response relationship is the 
mechanosensitivity of these cells, whose whole life 
is spent in fast streams of blood. There is enough 
evidence that platelets can “sense” the shear rate 
of the blood stream and even turbulence of the flow 
[20–23]. However, this question will be discussed in 
the next part of this review, as here our goal is to 
address issues of responses rather than receptors. 
We shall highlight the main principles of platelet signal 
processing and decision-making, with the focus not 
on the description of signalling pathways but rather 
on the attempt to characterize how they work together 

to achieve different sets of physiologically relevant 
responses depending on the situation.

Functional Responses and Their Immediate 
Causes

Here we shall mostly focus on the platelet 
responses relevant to hemostasis, because they are 
believed to be more comprehensively studied. The 
minimal set of main platelet functions implemented 
in response to injury usually includes integrin αIIbβ3 
activation [24], dense granule release [25], alpha-
granule release [26], thromboxane A2 synthesis, 
shape change, procoagulant activity [27], and 
contraction [28] (Fig. 1). The initial adhesion to von 
Willebrand factor mediated by glycoprotein Ib is not 
included among them because it does not require 
platelet activation [29]. It should be noted that these 
functions are probably not equally important, or rather 
not all of them were reliably shown to contribute to 
hemostatis.

Figure 2. Scheme of the relationship between platelet-activating agents (thrombin, ADP, collagen, thromboxane A2, vWF, podoplanin 
and adrenalin) and platelet functional responses (shape change depicted by filopodia formation, adhesion and aggregation 
depicted by integrin activation, granule secretion and thromboxane A2 synthesis). All types of platelet activation lead to activation of 
phospholipase C (PLC) and, in most cases, phosphoinositide-3-kinase (PI3K). These enzymes lead to production of the two most 
important for platelets second messengers – calcium (shown in shades of red) and phosphoinositide-3,4,5-triphosphate (PIP3). All 
platelet functional responses are governed by one or both of these signals. Some known calcium-sensitive proteins are indicated 
with red dots. Direct activation is shown by solid green arrows, direct inhibition by solid red arrows. Indirect interactions are shown by 
dashed lines. Abbreviations. AC – adenylate cyclase, AR - α2A-adrenergic receptor, CDGEF - CalDAGGEFI, COX – cyclooxygenase, 
DAG - diacylglycerol, DTS - dense tubular system, IP3R - receptor for inositol-1,4,5-trisphosphate (IP3), Mit - a mitochondrion, 
mPTP - mitochondrial permeability transition pore, NCLX - mitochondrial sodium/calcium exchanger, OCS - open canalicular system, 
P2Y - purinergic receptor, PAR - protease-activated receptor, PIP2 - phosphoinositol-4,5-bisphosphate, PIP3 - phosphoinositol-
3,4,5-trisphosphate, PKA – protein kinase A, PKC – protein kinase C, PL – phospholipid, PLA2 – phospholipase A2, PMCA - plasma 
membrane calcium ATPase, PR - PGI2 receptor, SERCA - sarcoplasmic/endoplasmic reticulum calcium ATPase, TR - thromboxane 
A2 (TxA2) receptor, TRPC - transient receptor potential channel, UNI - mitochondrial uniporter, Va – factor Va, vWF – von Willebrand 
Factor.
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Integrin activation

Integrin activation is probably the one response 
believed to be the most vitally important as 
demonstrated by severe bleeding in their deficiency, 
Glanzmann’s thrombasthenia [30]. Platelets have 
about 100000 integrin αIIbβ3 molecules per cell 
that are capable to radically increase their affinity 
to von Willebrand factor and fibrinogen thus directly 
mediating aggregate formation [24]. All platelet 
agonists, including biomechanical platelet activation 
via the vWf-glycoprotein Ib axis, are believed to 
cause integrin activation to some degree [31]. This 
response is gradual, probably with the intermediate 
activation states [21]. The immediate cause of the 
integrin transition between the states is formation of 
a large cytoskeleton-associated complex of proteins 
at the cytosolic side of the plasmatic membrane. 
The critical structural role in this complex is played 
by proteins talin-1 [32] and kindlin-3 [33], while the 
signal transduction switch triggering its formation 
is believed to be small soluble cytosolic GTPase, 
Rap1-GTP [31,32,34]. In addition to αIIbβ3, platelets 
have a number of other integrins specific to collagen, 
fibronectin, laminin and other molecules; their 
significance is less certain, while the activation 
mechanisms appear to be similar [31,35,36].

Dense granule release

Dense (or delta-, δ-) granules are platelet-specific 
organelles released upon stimulation [25,37,38]. They 
contain mostly low-molecular-weight compounds, 
the major of them being ADP able to activate other 
platelets [39]. Another component that has been 
recently attracting a lot of attention is polyphosphate 
reported to have a number of potential roles in the 
coagulation cascade [40,41]. The functional role 
of other dense granule components such is ATP, 
serotonin, calcium is much less clear [41,42]. In 
contrast to integrin activation, dense granule release 
is not easily mediated by all activators; for example, 
ADP itself causes it only to a very minor degree [43]. 
The intracellular mechanism of differential dense 
granule release is still controversial [37,38] and 
will be discussed in the next part of this Review. 
The essential signal transduction switch mediating 
these processes is believed to be various isoforms 
of protein kinase C [44,45] and phosphatidylinositol 
content of their membranes [46,47].

Alpha granule release

Alpha (α-) granules are another type of platelet 
not necessarily spherical [48] intracellular vesicles 
released upon activation, which have specific cargo 
composed mostly of proteins including fibrinogen, 
von Willebrand factor, factor V, C1 inhibitor, growth 
factors, and other molecules [26,49]. Membranes 
of alpha-granules have additional integrins and 
P-selectin. Some of the studies suggest that contact-

pathway-activating components of platelets are 
associated with alpha granules, and not dense 
granules [50]. There is evidence that there are 
subtypes of alpha-granules with different content 
released upon different stimulation [51]. The proteins 
in alpha-granules are involved in platelet aggregation, 
coagulation, angiogenesis, immunity, inflammation, 
vessel wall integrity maintenance/repair and 
other vital processes [5,52,53]. However, the only 
component of alpha granules whose hemostatic 
function is well established is factor V, which is 
present there in significant quantities and in partially 
activated form, and whose importance is confirmed 
by patient and animal studies [54,55]. Alpha-granule 
proteins remain associated with procoagulant 
platelets [56] by forming a fibrin polymerization-
dependent and transglutaminase- dependent “cap” 
[57]. Its function is not completely clear, although 
they were shown to mediate procoagulant platelet 
attachment to aggregates [58]. The release of alpha 
granules is believed to be produced by almost all 
platelet activators [59–61].

Procoagulant activity. 

Acceleration of the membrane-dependent 
reactions of blood coagulation occurs on the 
surface of the specific platelet subpopulation, called 
procoagulant platelets; recent data suggest that 
there is even a special dedicated cell structure for 
this [62]. Therefore, this response is a bit different 
from other responses, which are more uniformly 
distributed among platelet. Interestingly, integrins 
are inactivated in this subpopulation at some 
timepoint of procoagulant platelet formation [63]. 
The procoagulant platelets are formed upon strong 
stimulation with thrombin or glycoprotein VI agonists 
as a result of necrosis process [64], caused by 
accumulation of calcium by the mitochondria [65,66]. 
However, other activators such as ADP are capable 
of fine-tuning procoagulant platelet formation [67]. 

Other responses. 

The earliest platelet response to any activation, 
even very slight one, is shape change from an 
ellipsoid to a sphere associated with reorganization 
of peripheral microtubule ring [68,69]. However, 
functional importance of this transition is not clear. 
The next level of shape change is formation of 
lamellipodia and filopodia leading to increased surface 
of contact with other platelets and vascular wall [70]. 
These stages are caused by actin cytoskeleton re-
arrangements [70,71], potently induced by thrombin, 
followed by ADP, but less by collagen [71]. Platelets 
ability to change their shape significantly affects 
packing of platelets within thrombus, and results in 
increased platelet density and decreased porosity 
[72]. However, the necessity of this response is 
unclear, as the disregulated actin polymerization in 
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patients with Wiscott-Aldrich syndrome cause smaller 
platelet formation rather than platelet disfunction 
[66,73].

Another early and easily induced response 
is thromboxane A2 synthesis mediated by 
phospholipase A2, cyclooxygenase (mostly, COX-1) 
and thromboxane synthase [74]. Thromboxane A2 is 
a lipid eicosanoid acting upon platelets (like ADP) [75]. 
It is still not clear whether thromboxane is important 
for the same platelet that has released it. At the first 
step, arachidonic acid is produced from different 
membrane phospholipids, and the second step is 
that of thromboxane A2 formation. Interestingly, the 
regulated step is the first one, that of phospholipase 
A2. That is why resting platelets may produce 
thromboxane A2 upon addition of just arachidonic 
acid [76]. Platelets have two phospholipases A2, 
C- and I- isoforms. The former is activated by slight 
increase of cytosolic calcium concentration, and that 
is probably why all classic platelet activators cause 
thromboxane synthesis, while the latter is activated 
independent of calcium and its role in platelets is not 

yet established [77]. COX-1 is inactivated by aspirin 
and is one of the main targets for anti-aggregation 
therapy, suggesting importance of thromboxane A2 
in arterial thrombus formation [78]. 

Platelet contraction, sometimes called 
“retraction”, occurs at a later stage of plug/thrombus 
formation, and is mediated by classic actin/myosin 
mechanisms [79]. Contraction is observed in 
platelets activated by a variety of agonists. The 
studies of signal transduction pathways leading 
to clot contraction are lacking, although integrin 
“outside-in” signalling is known to be crucial for this 
process [80]. Also, a calcium-dependent enzyme, 
myosin II light chain kinase (MLCK) is involved during 
clot retraction [81]. Recent studies suggested that 
contraction may play a role in re-arranging thrombus 
architecture, e.g. expelling procoagulant platelets to 
the platelet thrombus periphery to form fibrin there 
[27], organizing ischemic thrombi [82], or increasing 
platelet concentration at the fibrin clot periphery, also 
mechanically increasing local fibrin density [83]. 

Figure 3. Platelet functional responses within arterial thrombus. The thrombus is conditionally divided into two regions, the “core” 
and the “shell” [86]. Platelet cytosolic calcium concentration is shown by shades of red, circles indicate oscillations. The intensity of 
calcium signaling is supposed to reflect the level of platelet activation. Cell trajectories in the bloodstream are demonstrated by means 
of gradient yellow. (A) Thrombus “core” is composed of degranulated platelets that have formed filopodia and lamellipodia and slightly 
less activated platelets closely adjacent to them. These activated platelets release the contents of dense and alpha granules (shown 
by arrows) and thromboxane (shown in purple dots) in the lumen between the cells. Integrins bind fibrinogen, thus forming “bridges” 
between neighboring platelets (orange lines). (B) Procoagulant platelets provide their surface for membrane-dependent reactions of 
plasma coagulation ultimately catalyzing thrombin (IIa) formation. Over time, they’re pushed up to the “shell” by the “core” platelets. 
(C) “Shell” platelets are disc-shaped and contain a large number of granules of both types. They’re the last ones that have settled 
on the thrombus and are connected to it by integrin-fibrinogen-integrinbridges. Abbreviations: plt – platelet, TxA2 – thromboxane A2, 
IIa – blood coagulation factor IIa.
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Conclusions

Some of the platelet responses are critical for 
platelet plug formation (integrins, dense granules, 
thromboxane A2), while others are involved in blood 
coagulation (procoagulant activity, alpha-granules); 
yet other responses while being important have 
less clearly defined area of applicability, such as 
contraction and shape change. 

These responses are spatiotemporally organized: 
they occur at different stages in different parts of the 
thrombi (Fig. 3). Integrin activation of different degree 
is responsible for forming the whole body of the 
thrombus, both the dense parts of highly activated 
platelets and loosely activated external regions; 
dense granule release is vital for the activation of 
platelets distal from the damaged region; alpha-
granules and procoagulant surfaces are vital for fibrin 
formation and thrombus solidification.

In order to achieve this, platelet activation 
responses form a hierarchy of strength: some of them 
are induced by all or most agonists (alpha granule 
release, weak integrin activation), while others 
require potent stimulation (procoagulant activity), 
with all shades of gray in-between. Some of the 
responses are gradual meaning that the response is 
gradually increased within a wide range of activation 
conditions (dense granules), while others are trigger-
like meaning that they either completely implemented 
or not at all (alpha granules).

The in-depth analysis of the signalling pathways 
interaction, encoding and decoding of information, 
which give rise to these properties, are considered in 
the next part of this review. As a post-note it is worth 
mentioning that the computational biology approach 
[14,84,85] greatly facilitates our understanding of the 
platelet receptor-function relationship.
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