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Abstract⎯In this paper, the changes in the frequency and amplitude of action potentials (AP) were investigated
depending on the depolarization caused by the Ca2+ channels activity during the spontaneous synchronous activity
(SSA) of hippocampal neurons in culture. It is known that the pacemaker neuronal electrical activity can be both
tonic and bursting. Using the image analysis to measure [Са2+]i and patch-clamp to register the membrane poten-
tial we show that depolarization caused by the GABA(A) receptor inhibitor results in a pattern of SSA in which
tonic APs frequency of 2−3 Hz are generated by a neuron without any changes in cytosolic free Ca2+ concentration,
([Ca2+]i). The tonic mode is interrupted by bursts activity, which is accompanied by slow depolarization and cal-
cium pulses. The inhibitor of T-type calcium channels, ML218, suppresses this process. The frequency and ampli-
tude of the AP are regulated by slow depolarization pulses as follows: on the depolarization front, the APs frequency
increases. At the same time, the amplitude decreases due to Na+ channels inactivation. The higher is the depolar-
ization rate, the higher is the APs frequency. If slow depolarization amplitude exceeds Na+ channels reactivation
potential, the neuronal impulse activity stops. As the [Ca2+]i increases and Ca2+-dependent K+ channels are acti-
vated, depolarization amplitude decreases slowly, and Na+ channels are reactivated, which leads to a gradual
increase in the amplitude of APs against the background of depolarization decrease. The frequency of APs on the
backside of depolarization pulse slows down to 3–4 Hz due to the occurrence of the faster Ca2+-potential oscilla-
tions (micro bursts of AP). Under these conditions, only one AP can be generated due to rapid depolarization at
the leading edge. After that, APs generation is suppressed due to Na+ channel inactivation. The frequency of APs
in this case coincides with the Ca2+ channel activation frequency (3−4 Hz). The burst firing is terminated due to
[Ca2+]i increase, Ca2+-dependent K+ channels activation, and voltage-gated Ca2+ channels (VGCC) inactivation.
As a result, the membrane is hyperpolarized even more (10 mV lower than the critical potential), that suppress AP
generation, activate HCN-like channels and reactivate Na+ and VGCC. The activity of HCN-like channels
increases, the membrane slowly depolarizes and reaches the threshold potential. The generation of tonic APs
begins, and then, the Ca2+ channels opens, and Ca2+ potential and Ca2+ signal induced again. Thus, the Ca2+-
channels, is determining the pulse of slow depolarization, control the frequency and the amplitude of APs during
SSA, regulating the activation and inactivation conditions of Na+ channels. The T-type channels inhibitors reduce
the duration of burst firing and Ca2+ impulse in neurons in vitro, stimulating their survival during hyperexcitation
and ischemia. Thus, reducing the Ca2+ pulse duration caused by the inhibitors of T-type Ca2+-channels, can be
one of the reasons for the known neuroprotective effect of these compounds.
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potential
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INTRODUCTION
Burst firing genesis. The primary neuronal func-

tion is to generate APs. The periodic electrical activity
of neurons can be divided into background generation
of APs, or tonic, and burst firing activity [1]. It is
believed that tonic activity of APs occurs at certain
depolarization, when Ca2+ channels are still inacti-
vated, and Na+ channels have been already reacti-
vated. However, there is currently no single criterion
for stack of APs definition. In different areas of elec-

The article was translated by the authors.
Abbreviations: SSA – spontaneous synchronous activity, Ca2+

signal, T-type Ca2+ channels, VGCC – voltage-gated calcium
channels, AP – action potential, genesis of bursting activity,
action potential burst, depolarization shift, critical potential,
[Ca2+]i – cytoplasmic Ca2+ concentration.
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trophysiology under the firing activity of the neural
network are implied different phenomena [2]. In the
present work, we will designate a burst firing of APs as
the sequence of APs, followed by the Ca2+ pulse (or
Ca2+ depolarizing current) during the spontaneous syn-
chronous activity (SSA) of neurons.

It has been shown earlier that different neurons
during the SSA generate Ca2+ pulses of different
shapes and amplitudes [3]. Differences in the form of
calcium signals imply differences in the slow depola-
rization pulses. Currently it is not clear how these dif-
ferences define the form of the burst activity, and how
slow depolarization pulses influence on the structure
of APs in the burst. Transition from tonic to burst fi-
ring activity involves the shift of resting potential
towards depolarization (depolarization shift) to the va-
lues exceeding the critical potential (the threshold
potential at which AP is initiated). Depolarization
shift of the membrane in a certain neurons in the
brain, is accompanied by hyperexcitability of these
neurons in the form of induced and spontaneous epi-
leptiform spiking discharges [4]. Phenomenon of
hyperexcitation is also observed during depolarization
at the initial stage of ischemia and it is suppressed by
the inhibitors of T-type Ca2+ channels [5, 6]. In fact,
this depolarization shift may result not only from the
calcium channels opening, but also from the chloride
or potassium channels closing. The range of depola-
rization pulse duration is wide enough, depending on
the nature of depolarizing channels. For example,
VGCC are capable of generating fast depolarization
pulses, and potassium channels, regulated by calcium
or G-proteins, are able to generate very slow depola-
rization pulses.

T-type Ca2+ channels play an important role in ge-
nesis of the burst firing activity. Many publications are
devoted to a long history of the T-type Ca2+ channels
discovery and study [see the review 7]. Depolarization
caused by these slow, low-threshold, Ca2+ channels of
low conductivity (8 pS) initiates AP, lowering the exci-
tation threshold [8, 9]. Depolarization amplitude re-
gulates the APs frequency and Na+ channel inactiva-
tion [10]. Low-threshold channels are activated by
weak depolarization (at the potentials more positive
than –70 mV) with further quick (t ≈ 20–50 ms) inac-
tivation [8, 11]. It is believed that only the T-type
channels can support Ca2+ entry and neuron pace-
maker activity with such negative potentials [12]. For
comparison, L-type dihydropyridine-sensitive Ca2+

channels are activated at the potentials above 10 mV,
characterized by the higher conductivity (25 pS) and
very slow inactivation kinetics (t ≈ 500–2000 ms) [12].
In addition, they are regulated by G-proteins, which
can provide the longer-term depolarization [13].

VGCC not only depolarize the cells, but also
increase [Ca2+]i [14], which triggers neurotransmit-
ters’ secretion, closes the channel itself with further it
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inactivation. Hyperpolarization up to –70...–85 mV is
required to reactivate T-type Ca2+ channels [15].
Hyperpolarization, needed for channels reactivation
and termination of the burst firing activity, may occur
due to activation of the calcium-activated K+ channels
[16] during Ca2+ transport into the cells via VGСC. In
some cells, the T-type Ca2+ channels are associated
with BK [17] and SK channels. [18]. Therefore, the K+

channels regulators determine the frequency of the
burst firing activity and Ca2+ pulses [19]. The K+

channels are closed later at the intracellular calcium
ions concentration decrease.

In addition to potential, several other endogenous
mechanisms for regulating T-type calcium channels
are known. CaV3.2 channels are activated САМКII
[20], and stimulated by proteinkinase A and protein-
kinase C phosphorylation [21]. Endocannabinoid [22,
23] and arachidonic acid inhibit the channels [24, 25]
as well. βγ subunit of G-proteins selectively inhibits
CaV3.2 [26], causing hyperpolarization shift of inacti-
vation potential [27]. Activation of muscarinic acetyl-
choline receptors associated with Gaq/11 selectively
inhibits CaV3.3 [28].

T-type channels are shown to participate in regula-
tion of the epileptic rhythms [29], pain [30], Parkinson
disease [31], and ischemia [5]. The channel blockers
are used in the treatment of these diseases [31]. Neu-
roprotective effect of the channel blockers is also
shown in vitro at the cellular level [16, 27, 30]. In the
study of signaling pathways, regulating the activity of
the channels, an attention is focused to inhibition of
the T-type channels, the receptors associated with dif-
ferent Gi-proteins [14, 29], and the cGMP signaling
pathway activators [32].

In the development central nervous system neu-
rons form numerous synaptic contacts, as well as a
neural network, where SSA of APs and Ca2+ pulses
(Bursting) are observed. Violation of the SSA is seen in
many neurological disorders and neurodegenerative
diseases [33]. The main cause of the violations is
depolarization (as many of the channels determining
the excitability are voltage-gated). If close-to-thresh-
old depolarization increases the frequency of dis-
charges, excessive depolarization may suppress the
activity due to inactivation of the Na+ channels. Tran-
sition from tonic APs to burst firing activity has been
described for dopaminergic pacemaker neurons [34].
It is believed that rhythmic pacemaker activity of
dopaminergic neurons in the substantia nigra pars
compacta is necessary to maintain the basal level of
dopamine in the striatum [35, 36] and at the same
time is one of the important reasons for high vulnera-
bility [37–39] associated with Ca2+ impulse duration.
Rhythmic pacemaker activity is due to the properties
of the pore-forming subunit of CaV1.3 of the L-type
Ca2+ channels. However, general theory of the burst
firing genesis and the rhythm control mechanisms
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is not yet available. In the present work we
studied the dependence of the frequency and the
amplitude of APs on the slow depolarization gene-
rated by Ca2+ channels and on [Ca2+]i in the cell. Fur-
thermore it has been shown how the slow depolariza-
tion pulses can encodings information transmitted AP.

METHODS

Membrane potential measurements. To analyze
changes in membrane potential and ion channels
activity, we used electrophysiological method (patch-
clamp) in whole-cell configuration. The system of
electrophysiological measurements (Molecular
Devices) is built into the f luorescence station Axio
Observer Imager Z1 (Carl Zeiss, Germany) equipped
with a high-speed camera Hamamatsu ORCA-Flas,
which allowed to study optical and electrophysiologi-
cal parameters of the living cells simultaneously. 

For currents registration an Axopatch 200B ampli-
fier (Molecular Devices), ADC, Digidata 1440A
and pClamp10 2 software. (Molecular Devices) were
used. Changes in membrane potential were recorded
in I-clamp mode. Electrophysiological data were ana-
lyzed using Clampfit 10.2.

[Ca2+]i measurements. To register quick changes of
[Ca2+]i we used the Carl Zeiss Cell Observer on the
basis of the inverted motorized microscope, Leica
DMI6000, with a high-speed monochrome CCD-
camera Hamamatsu C9100 and a high-speed light fil-
ter replacing system, Leica’s Ultra-Fast Filter Wheels.
(switching time 10–30 ms). In the experiments we
used an objective lens Leica HC PL APO
20×/0.7 IMM and Leica EL6000 illuminator with
high-pressure mercury lamp HBO 103 W/2 as a source
of f luorescence excitation. The [Ca2+]i was evaluated
using a double-wave probe Fura-2, (Molecular
probes, USA), in accordance with the known method
[40, 41]. For cells staining Fura-2AM ether was used
in a final concentration of 4 μm in a Hanks solution
containing (in mM): 156 NaCl, 3 KCl, 1 MgSO4,
1.25 КН2РО4, 2 CaCl2, 10 glucose and 10 HEPES,
рН 7.4. 200 μL of freshly prepared dye solution was
added to each glass with the cell culture and incubated
in the thermostat for 40 min at 37oC. Then, the cells
were washed out with Hanks solution supplied with
0.2 mM L-arginine and incubated for 10–15 min to
complete dye de-esterification.

For routine [Ca2+]i measurements we used an
image analysis system based on an inverted motorized
microscope Axio Observer Z1 (Carl Zeiss, Germany),
equipped with a high-speed monochrome CCD ca-
mera, Hamamatsu orca-Flash 2.8. As a source of f lu-
orescence excitation, Lambda DG-4 Plus illuminator
(Sutter Instruments) was used. For Fura-2 excitation
and registration, we used a 21HE filter set (Carl Zeiss,
Germany) with excitation filters BP340/30
and BP387/15, a beam splitter FT-409 and an emis-
sion filter BP510/90, objective lens Plan-Neofluar
10×/0.3. The coverslip, containing the cells loaded
with Fura-2, was further mounted in the experimental
chamber. The medium volume in the chamber was
0.5 mL. The reagents were added and washed off by
replacing medium in a tenfold volume with the system
that provides perfusion at the rate of 15 mL/min. A
series of images were obtained at 1–2 s intervals. The
recording time of one two-channel frame did not
exceed 400 ms. Neurons in the experiment were
detected by SSA and by the rapid response to depolar-
ization caused by short-term (20 s) application of
35 mM KCl. 

The resulting two-channel (when excited Fura-2
340 and 380 nm) time series of images were processed
in the program ImageJ with plugin “Time series ana-
lyzer”. During image processing, we measured cal-
cium response amplitudes of Fura-2 loaded cells
expressed as the ratio of f luorescence intensities of
Fura-2 upon excitation at the wave lengths of 340 and
380 nm. Origin 9.1 software packages were used for
data processing, graph creation and statistical analysis.
All values were given as mean signal of N cells in field
of view ± standard deviation (N ± SD), or as typical
calcium responses of the most cells or as signal of indi-
vidual neurons. The data were compared statistically
using one-way ANOVA, followed by the post hoc Stu-
dent-Newman-Keuls test or a paired t-test and con-
sidered significantly different at p ≤ 0.05. All evidences
were obtained from at least 3 different glass coverslips
and 2–3 independent cell isolations.

Materials. N-methyl-D-aspartate (NMDA), bicu-
culline, domoic acid, and L-arginine were purchased
from Tocris Bioscience (UK); balanced salt Hank’s
solution, neurobasal medium, supliment B-27, fetal
bovine serum (Gibco), gentamicin – Dal’khimfarm
(Russia); 0.1% polyethylenimine; L-glutamine, L-glu-
tamate (Sigma-Aldrich, USA); KCl (Khimmed, Rus-
sia); Fura-2AM (Molecular probes, USA). All animal
studies were carried out in accordance with the
requirements of the legislation and were approved by
the Animal Ethics Committees of ITEB RAS and IBC
RAS. The work was performed on mixed culture of
hippocampal neurons and astrocytes of different
period of cultivation (shown in figures). Cell viability
was controlled by double-staining with propidium
Iodide and Hoechst 33342 probes.

RESULTS

The transition to the burst activity induced by depo-
larization. By measuring [Ca2+]i with f luorescent
probe Fura-2 and the membrane potential with the
patch-clamp in the whole-cell configuration, we
investigated the transition from tonic to burst activity
in rat hippocampal neurons in the culture upon inhi-
bition removal by the agonist of GABA(A) receptors,
BIOPHYSICS  Vol. 63  No. 4  2018
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Fig. 1. (a) Spontaneous tonic AP activity during SSA periodically is interrupted by spontaneous burst of APs accompanied
Ca2+spike and slow depolarization pulse. Electrical activity (upper curve) and [Ca2+]i of neuron (lower curve) during SSA. The
electrical activity of the neuron is accompanied by the Ca2+ spike generation only during the burst activity. (b) AP generation dis-
appears at the maximum of depolarization and gradually recovers during repolarization. A burst of APs ends with a slow strong
hyperpolarization (~10 mV below the critical excitation potential), during which the neuronal impulse activity stops. This is fol-
lowed by a slow depolarization phase, and when the critical excitation potential is reached, APs generation begins again. Bicu-
culline (10 μM) is present in the medium. Hippocampal culture at 15 DIV (days in vitro). (c) A burst of APs from Fig. 1b during
Ca2+ pulse. Slow decay of depolarization accompanied by an increase in the amplitude of AP, suggesting the reactivation of the
Na+ channel. The frequency of APs on the back of the depolarization decreases continuously from 10 to 3 Hz due to the depo-
larizing inward current decrease. (d) The beginning of APs burst from Fig. 1c. The high-frequency APs, attenuated by amplitude
(frequency ~ 140 Hz) are generated on the front of the slow depolarization (due to Na+ channels inactivation). (e) Micro burst
consisting of one AP on the back front of the slow depolarization pulse from Fig. 1c is shown. The depolarization amplitude in
the micro burst is constant and coincides with the amplitude of the initial depolarization (in Figs. 1c, 1d). The duration of the
micro burst is ~ 10 ms.
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bicuculline. At the same time, we recorded regular
changes in the frequency and the amplitude of APs
during slow depolarization pulse.

Figure 1 shows that the inhibitor of GABA(A)
receptors, bicuculline, depolarizing neurons due to
the Cl− channels closure, induces the mode of SSA, in
which tonic APs frequency of 2–3 Hz (upper curve) is
generated for some time by the neuron without [Ca2+]i
changing (Fig. 1a, lower curve). During this period,
the AP-dependent depolarization does not open Ca2+
BIOPHYSICS  Vol. 63  No. 4  2018
channels, as the latter are inactivated. Posthyperpolar-
ization potential, developed after AP in the presence
of bicuculline, is assumed to be not enough for
Ca2+ channels reactivation. The tonic activity of APs
(2–3 Hz) is interrupted periodically by AP burst fir-
ing. At this time the neuron generates a slow depolar-
ization pulse and the corresponding Ca2+ signal. The
frequency of Ca2+oscillations is ≈ 0.01 Hz. The burst
activity (see Figs. 1a, 1b, 1d) begins with the opening
of low-threshold voltage-gated calcium channels,
which occurs due to their reactivation on the back-
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ground of slow depolarization pulse [42]. The mecha-
nism of periodic activation of these channels is not
entirely understood.

The amplitude and the frequency of APs change on
the background of slow depolarization pulse. Effect of
calcium concentration. Figures 1c-1e shows the frag-
ments of recording action potential trains (Fig. 1b)
duration of several seconds (Fig. 1c), front (Fig. 1d)
and back burst firing front (Fig. 1e). Against the back-
ground of slow depolarization front (Fig. 1d) burst fir-
ing of high-frequency APs activity is observed. The
following sequence of events is assumed: the first AP
always has maximum amplitude, since Na+ channels
are fully reactivated by this time (Figs. 1c, 1d). Due to
the high rate of slow depolarization increase, the fre-
quency of APs in this area increases and tends to the-
oretical maximum (150 Hz in this case, Fig. 1d). The
amplitude of each subsequent AP decreases with
increasing depolarization (Fig. 1d), that indicates the
potential-dependent inactivation of Na+ channel.
Then, the amplitude of slow depolarization reaches
the value at which all Na+ channels are inactivated and
AP generation does not occur, since a certain degree of
hyperpolarization is required for reactivation of the
Na+ channel [40]. Further, several processes develop
regulating activity of the repolarization phase chan-
nels: against the background of increasing [Ca2+]i cal-
cium potential decreases, Ca2+ channels close, and
Ca2+-dependent potassium channels are activated and
slowly hyperpolarize the membrane, which leads to
gradual Na+ channels reactivation and of AP genera-
tion recovery. Firing continues until the T-type chan-
nels inactivate in parallel with the activation of cal-
cium-dependent potassium channels, which repola-
rize the membrane back below the range of T-type
channel activation [43]. Against the background of the
back front reducing depolarization, the amplitude of
every subsequent AP increases due to reactivation of
the increasing number of Na+ channels (Fig. 1c).
Since depolarization level exceeds the critical poten-
tial for APs generation, the channel stay time in inac-
tivated state determines the APs generation frequency.

However, during each AP pulse against slow depo-
larization, the faster depolarization pulse (0.15 s) is
observed. The amplitude of this pulse is constant and
equal to the amplitude of slow depolarization
(Figs. 1c, 1d, 1e), that indirectly indicates participa-
tion of the same channel in depolarization. Periodic
activation of the Ca2+ channel indicates the absence of
potential-dependent inactivation of the channel
during this period. That is why we observe pulse acti-
vation of slow Ca2+ channel and inactivation of Na+

channel during each AP (Fig. 1e). Generation of such
periodic depolarization pulses is a reason why the fre-
quency of APs on the back of slow pulse depolariza-
tion is greatly reduced, coinciding with the frequency
of Ca2+ channel activation (3–4 Hz).
Applying rapid registration of [Ca2+]i [44], we tried
to detect rapid changes in the [Ca2+]i, corresponding
to the Ca2+ channels activity f luctuations in micro
burst (Figs. 1c, 1e). It has been found similar oscilla-
tions only at kainite receptors activation with domoic
acid and only in certain populations of the neurons
(Fig. 2). The figure shows that the domoic acid causes
an increase in the basal [Ca2+]i level, an increase in the
frequency of SSA and the generation of high-fre-
quency calcium oscillations in individual neuronal
populations in the culture with initially synchronous
spontaneous activity (Fig. 2b). The oscillation fre-
quency in this experiment was 2.5 Hz that corre-
sponded to Ca2+ potential oscillation frequencies in
Figs. 1c, 1e. Thus, rapid f luctuations of depolarization
in Figs. 1c–1e may be a consequence of f luctuations
in the Ca2+ channels activity in micro-burst and cause
rapid changes in the Ca2+ concentration recorded in
Fig. 2.

The termination of the burst firing seems to be due
to the hyperpolarization caused by the Ca2+-depen-
dent K+ channel opening, as well as to the closure and
inactivation of the VGCC. Figure 1B shows that the
resting potential at this time is restored, and the mem-
brane is further hyperpolarized (by 10 mV) due to the
of Ca2+-dependent K+-channels activity, since [Ca2+]i
is still high (Fig. 1b). This hyperpolarization is
believed to be necessary for Ca2+ and HCN channels
reactivation. Ca2+ is pumped out of the cell (Fig. 1b).
Sodium channels are reactivated, however negative
potential is higher than the critical one, and APs ge-
neration is absent. The activity of HCN-like channels
increases, the membrane slowly depolarizes and
reaches the critical excitation potential, APs genera-
tion begins, but Ca2+ channels are opened later. The
mechanisms of Ca2+ channel-dependent activation of
slow depolarization remain debatable and will be dis-
cussed below.

Thus, Ca2+ channels determining the pulse of slow
depolarization form the burst activity of two types:
macro and micro-bursts of APs, which are accompa-
nied by Ca2+ pulses of low and high frequencies,
respectively. Against increasing depolarization, the
APs frequency increases strongly (100-fold), and the
amplitude decreases due to Na+ channels inactivation.
While keeping depolarization potential above the
reactivation one for Na+ channel, APs generation is
terminated.

During repolarization due to [Ca2+]i increase and
Ca2+-dependent K+ channels activation, gradual inac-
tivation of Na+ channels occurs, and APs generation is
restored, APs frequency decreases and amplitude
increases (Fig. 1b). The [Ca2+]i increase during slow
depolarization terminates the ongoing APs burst,
causing hyperpolarization and APs termination. Thus,
the slow depolarization pulses generated by Ca2+
BIOPHYSICS  Vol. 63  No. 4  2018
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Fig. 2. Changes in [Ca2+]i in seven neurons during SSA in hippocampal culture at 14 DIV. (a) Synchronous Ca2+ oscillations in
neurons recorded after application of GABA(A) receptors inhibitor, bicuculline (10 μМ), and Ca2+ responses to kainite receptors
agonist, domoic acid (100 nM) (DA). At the end of the experiment 35 mm KCl was added for standard cell depolarization. In the
presence of DA, the frequency of SSA increased to 0.25 Hz. The initial oscillation frequency was 0.01–0.0025 Hz. Slow-respond-
ing cells (S) do not oscillate and is used as a control (gray curves). Quick recording taken during a spontaneous spike, during the
second DA addition and during the Ca2+-response to KCl. (b) Quick recording (100 fps) of calcium-dependent f luorescence
switched during DA-induced Ca2+ spike in neurons (from Fig. 2a). In some cell populations the high-frequency synchronous cal-
cium oscillations were recorded (with a frequency of about 2.5 Hz). There are no oscillations in cells slow-responding on DA (gray
curves). The main recording was carried out at 1 frame per 2 s.
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channels regulate the AP frequency and the amplitude
by monitoring the Na+ channels inactivation/reactiva-
tion.

The dependence of the AP frequency and the
amplitude on depolarization are simulated in the
experiments with evoked potentials in the mode of
current fixation (Fig. 3). By changing the value of the
inward current, a number of dependencies of the burst
parameters activity on the depolarizing potential can
be simulated. Figure 3a shows that depolarization shift
above the critical potential causes the APs burst. The
APs frequency grows with depolarization increase by
increasing the inward current (HCN channel current
analogue). If depolarization is small and constant, the
AP amplitude during burst does not change (Fig. 3a),
since the number of inactivated Na+ channels remains
unchanged. At high inward current, when the maxi-
mum depolarization amplitude exceeds the inactiva-
tion potential of the Na+ channel, the growth of high-
frequency APs occurs at the front of depolarization,
the amplitude of which decreases with increasing
depolarization, and APs is attenuates due to Na+

channels inactivation (Fig. 3b). Hence, experiments
with the potentials caused by depolarizing steps DC,
demonstrate the mechanisms of APs frequency and
amplitude regulation by the depolarization magnitude
described above for the bursting activity while SSA.

The amplitude shift of slow depolarization by
GABA(A) and glutamate receptors. As shown above,
SSA is accompanied by Ca2+ increase in neurons,
which causes the secretion such neurotransmitters as
glutamate and GABA. The change of the correspond-
BIOPHYSICS  Vol. 63  No. 4  2018
ing receptors activity can change the slow depolariza-
tion amplitude in the SSA.

Figure 4 show that manipulations with the poten-
tial-regulating channels activity (GABA(A) and
AMPA receptors) control the APs frequency and
amplitude in the bursts. Figure 4a shows the initial
APs fragments in the bursts in the control and in the
presence of the GABA(A) receptors inhibitor, bicu-
culline. Bicuculline increases the slow depolarization
amplitude by reducing the inward (hyperpolarizing)
Cl--currents. The depolarization amplitude increase
in the presence of bicuculline above the Na+ channel
inactivation potential leads to a temporary APs damp-
ing in the bursts.

Figure 4b shows that the inhibitor of AMPA recep-
tors, NBQX, in small concentrations reduces the
depolarization amplitude below the Na+ channel
inactivation potential. In this case, the full Na+ chan-
nel inactivation in the maximum of slow depolariza-
tion does not occur, and when the anterior and back
front of depolarization slows down, the number of APs
in the bursts increases, the average frequency
decreases and the duration of the AP bursts increases.
Thus, adjustment of slow depolarization parameters
continuously changes the APs frequency and ampli-
tude.

T-type Ca2+ channel inhibitors decrease the Ca2+

pulse duration at SSA. Since the T-type Ca2+ channels
blockers cause hyperpolarization and decrease the
Ca2+ concentration in the cells; they predictably
should have neuroprotective effect during hyperexci-
tation caused by their activation. The protective effect
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Fig. 3. Frequency and amplitude of evoked APs with increasing depolarizing current. (a) The increase of evoked APs frequency
during the depolarization amplitude increase by increasing the inward current. The curves given registered in 40 pA. (b) The
depolarization kinetic determines the frequency and amplitude of APs. At low depolarization the APs amplitude are constant.
(black curve). At large depolarization the APs damped at the forefront of depolarization due to the inactivation of Na+ channels
(gray curve). The curves given registered at 50 and 450 pA.
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Fig. 4. Changes in neuronal membrane potential during SSA in the presence of GABA(A) and AMPA receptors inhibitors.
(a) The initial part of the burst in the control (black curve) and in the presence of 10 μM bicuculline (gray curve).
Decrease of hyperpolarizing Cl− channel activity increases the amplitude of slow depolarization (from –42 mV to –18 mV) above
the Na+ channel inactivation potential, which leads to AP amplitude damping on the front of slow depolarization pulse.
(b) AMPA channel inhibitor (500 nM NBQX) reduces the slow depolarization amplitude to –25 mV. In this case Na+ channels
are not fully activated. The average APs frequency on anterior and back front of slow depolarization is changed in accordance with
a depolarization rates decrease (compare with Fig. 1c).
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of VGCC inhibitors can be due to both subsequent
hyperpolarization and inhibition of toxic Ca2+-depen-
dent processes. The potential and Ca2+ concentration
interdependence is clearly demonstrated in pacemaker
neurons, for which it is shown that Ca2+ pulse duration
(determined by the burst duration) during the pace-
maker activity is critical for Ca2+ ions accumulation in
toxic concentrations in the cells [45]. As a rule, these
neurons are characterized by a more intense and pro-
longed calcium signal due to the lack of channel
desensitization, the absence of calcium-binding pro-
teins in buffer concentrations and the absence of
GABA-dependent inhibition [46, 47]. Therefore, to
reduce toxic effect of Ca2+, it is necessary to reduce
Ca2+ signal duration (bursting time), especially at high
frequencies of SSA. Figure 5 shows that the T-type
Ca2+ channels blocker, ML218, in concentration
500 нМ gradually reduces the neuronal depolarization
amplitude during SSA. Slow dynamics of the ML218
action is explained by slow penetration rate into the
cells. To show all phases of burst activity inhibition we
selected neurons with initially high resting membrane
potential. In these neurons the tonic activity of APs
between bursts is absent. The ML218 in concentration
BIOPHYSICS  Vol. 63  No. 4  2018
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Fig. 5. Changes in neuron membrane potential during SSA. Hippocampal cultures at 16 DIV. (a) Blocker of T-type channels,
ML218, at concentration of 500 nM reduces slow depolarization amplitude and reduces the duration of every burst. (b) T-type
channels blocker, ML 218, at a concentration of 1 μM reduces duration of every burst, suppresses the APs generation, hyperpo-
larizes the cell, and reduces the amplitude of the slow depolarization; (c, d, e) 1 μM ML218 decrease burst duration (d) suppresses
the APs generation and reduces depolarization amplitude (d, e). The dotted lines show the location of AP bursts shown in
Figs. 5c, 5d, 5e, during the SSA before and after ML218 application. Culture at 14 DIV.
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+ML218
1 μM induces a gradual depolarization decrease and
reduces the burst activity up to 1 AP. Then the slow
depolarization amplitude is reduced to values below
the threshold level and APs generation stops. How-
ever, slow potential f luctuations are continued
for some time without APs generation. Therefore, the
T-type of Ca2+ channels take part in initiation burst
activity oscillations during SSA, periodically depola-
rize the neurons. The T-type Ca2+ channels modulate
the frequency and amplitude of the APs. Increasing
the depolarizing current increases the APs frequency
and depolarization inactivates Na+ channels and
reduces the AP amplitude. The T-type Ca2+ channel
activity inhibitors reduce the Ca2+ pulse duration,
which may explain their neuroprotective effect in
ischemia and hyperexcitation [5]. The mechanism of
these channels periodic reactivation remains unknown

DISCUSSION

SSA is observed throughout the brain, and plays a
key role in processing neuronal information, brain
BIOPHYSICS  Vol. 63  No. 4  2018
development, neuronal plasticity and synaptogenesis
[32, 33]. During SSA, tonic activity is intermittently
interrupted by bursting of APs. Each burst is followed
by a period of quiescence before the next burst occurs.
Bursting is a very general phenomenon and is observed
in many contexts in many neural systems [48]. This
process also relies on calcium channels, which depo-
larize the neuron and increase an influx of calcium
ions. In 1993, it was shown that the rising phase of
each calcium spike was associated with a burst of APs,
and that every APs burst was superimposed on the
period of continuous membrane depolarization [49].
It has become apparent that voltage-gated calcium
channels should also participate in the SSA. It is
known that Ca2+ ions are important regulators of neu-
ronal electrical activity. On the one hand, Ca2+ chan-
nels depolarize the cell and, thus, contribute to its
excitation, regulating the state of Na+ channels inacti-
vation. On the other hand, the Ca2+ concentration
increase regulates the activity of the others channels,
forming AP. Ca2+ spike generated by the VGCC
through the secretion process involves neurotransmit-
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ters—GABA and glutamate, which regulate neuron
depolarization through GABA(A), NMDA and
AMPA channels. Synchronous changes in membrane
potential and Ca2+ concentrations in large populations
of neurons occurring during periodic changes in the
activity of T-type Ca2+ channels activating synaptic
transmission and genes expression are necessary for
the development of neural network without any hor-
mones and other external stimuli.

To induce synchronous bursts of spikes (SSA), we
used depolarization shift, which occurs after inhibi-
tion removal in neural network by GABA receptors
inhibitor, bicuculline [50]. Disinhibition of neurons
with bicuculline induces the mode of neuronal spon-
taneous activity, in which tonic high-frequency APs
are generated without [Ca2+]i changing, follow the
period of the APs burst activity with simultaneous
generation of slow depolarization and Ca2+ spikes in
the neural network. Changes in the parameters of the
AP are due to the fact that Ca2+ channels activation
occurs quite slowly, on the one hand, providing several
APs generations on the depolarization front line, but
at the same time occurs quite intensively to provide
high frequency of APs. The mechanism of APs fre-
quency regulation is known to consist of time-sepa-
rated voltage-dependent opening/closing and inacti-
vation/reactivation of the ionic channels. Fine regula-
tion of membrane potential provides tonic or bursting
activity of the neurons. The slow depolarization
amplitude determines not only the frequency of APs
generation, but also the AP amplitude due to the
potential-dependent Na+ channels inactivation. As
shown in Figs. 1 and 4, the change of the depolarizing
current is the main regulator of the AP frequency
inside the burst. It has been shown earlier that despite
synchronicity of the SSA, Ca2+ pulses in different neu-
rons have different shape and amplitude [3]. This
means that synchronous pulsating neurons generate
APs bursts of different frequency and amplitude and,
thus, transmit different signals. Thus, the mechanisms
of burst activity formation and changes in the fre-
quency and the amplitude of APs due to Na+ and Ca2+

channels voltage-inactivation and reactivation may be
a mechanism for encoding electric signal, transmitted
by the neurons. Slow depolarization, caused by the
opening of VGCC, not only changes the APs fre-
quency in a wide range, but also, forming the burst
activity, in fact, converts the analog signal (potential)
to the digital one (AP frequency), which is automati-
cally modulated in the amplitude.

It is assumed, that slow depolarization currents
convert single short-time AP spike into the longer last-
ing burst patterns APs of different frequency and
amplitude, as a way to focusing on a new stimulus and
activation of important ways processing this informa-
tion in networks [51, 52]. AP coding in frequency and
amplitude by slow depolarization spikes can represent
a way to place a much larger amount of information in
a single burst, which leads to a more reliable signal
transmission. Due to the complexity of the Ca2+ sig-
naling system in neurons, the mechanism of periodical
bursts start during the SSA remains questionable and
the detailed mechanisms of Ca2+ channel reactivation
are largely unclear.

Neuroprotective properties of T-type Ca2+-chan-
nels. As shown in Fig. 5, the T-type calcium channels
not only determine the AP structure in the burst, but
also regulate the Ca2+ spike duration. It is known that,
despite the quasi-synchronicity of Ca2+ oscillations in
neurons during SSA, the Ca2+ spike duration in indi-
vidual neurons varies [3]. The Ca2+ spike duration is
determined by several factors: 1 – Ca2+-binding pro-
teins deficiency, Ca2+ channels desensitization, lack of
GABA(A) receptors, T-type calcium channels activity.
A number of studies have shown that the Ca2+ spike
duration is a critical parameter at high frequencies of
SSA [54] and at neuron pacemaker activity [36]. Neu-
rons damaged primarily during hyperexcitation are
characterized by prolonged Ca2+ spike, rapid rise of
[Ca2+]i during the burst firing, absence of desensitiza-
tion, slow pumping of Ca2+ from the cytoplasm and
the Ca2+-binding proteins deficiency [53, 54]. Figure
5 demonstrates that the known neuroprotective effect
of T-type calcium channel inhibitors may be due to a
decrease in Ca2+ spike duration, which can be a critical
moment for pacemaker neurons and neurons contain-
ing Ca2+-permeable kainite and AMPA receptors and
responding to glutamate by [Ca2+]i rise without desen-
sitization [54].

The bursting activity regulation with participation
of VGCC opens up wide possibilities in the transfor-
mation and coding of the electrical signal transmitted
by the neuron. A major role in this transformation can
play Ca2+-transporting systems and Ca2+-binding pro-
teins that determine the different forms of Ca2+ pulse.
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