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ARTICLE INFO ABSTRACT

Despite the importance of action potentials (APs) in plant stress physiology, the molecular identity of Ca®*
channels that initiate APs by passing Ca®" into the cytoplasm is still unknown in Characean macroalgae. While
the Thiel-Beilby mathematical model of AP generation proposes that Ca?* channels are activated by inositol
1,4,5-trisphosphate (IP3), this hypothesis is controversial because plants do not possess animal IP3 receptor gene
homologues. In the present study, we employed the two-electrode current/voltage clamp technique to determine
whether IP3 and another inositol phosphate IPg could modulate the electrogenic parameters of an aquatic
macrophyte Nitellopsis obtusa internodal cells. IP3 had no significant effect, whereas IPg reversibly hyperpolarised
the AP excitation threshold which is consistent with the activation of Ca®>* channels. IPg also shifted the reversal
potentials of the Ca?* and Cl™ currents during excitation to negative membrane potential values, indicating
altered calcium dynamics in the cytoplasm. These findings suggest the regulation of Ca®" channels during
electrical excitation by IPg rather than IP3. IPg-induced shift of Ca®* channel voltage dependence allows a lower
magnitude external stressor to initiate electrical signalling, thus turning on various downstream physiological
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1. Introduction

Inter- and intracellular communication in plants demands faster
means than chemical signals; thus, Action Potentials (APs) execute the
rapid transmission of information regarding a local stressor to the distal
parts of a plant. Propagating APs modulate vital physiological functions
such as photosynthetic activity and stress hormone production (Beilby,
2007; Krol et al., 2010; Vodeneev et al., 2016).

The underlying principles of the generation of APs are already well-
established - after the increase in the cytoplasmic Ca%" concentration,
activated CI™ channels facilitate Cl” ion efflux. Both these currents, as
well as the suppressed activity of H"-ATPase, rapidly depolarise the
membrane potential. Subsequently, activated K™ channels and restored
activity of the proton pump repolarise the membrane to its resting po-
tential value (Lunevsky et al., 1983; Vodeneev et al., 2016).

Although the molecular identity of the above-mentioned membrane
transporters has been indicated in Dionaea muscipula (Hedrich and
Kreuzer, 2023; Scherzer et al., 2022a) it remains the sole plant species
with a fully analysed molecular inventory required for electrogenesis.

Initial depolarising Ca?" currents are mainly attributed to glutamate
receptor-like (GLR) channel activity in higher plants (Mousavi et al.,
2013; Scherzer et al., 2022b). In contrast, although Characean macro-
algae are able to generate prominent APs and respond electrophysio-
logically to externally applied amino acids (Lapeikaite et al., 2020,
2019), their genomes do not possess GLR genes (Nishiyama et al., 2018).

Thus, despite the external similarities of APs in Characean algae and
Dionaea, their AP generation mechanisms should involve membrane
transport systems with low homology, if any.

Decades of functional in vivo studies of Characean electrical excita-
tion have allowed the development of the Thiel-Beilby mathematical
model of AP generation (Beilby and Al Khazaaly, 2016; Biskup et al.,
1999; Kisnieriene et al., 2019; Wacke et al., 2003). The model follows a
paradigm valid in animal systems: a cell electrical excitation is initiated
due to the activity of 4-state Ca®>"-permeable channels located in the
endoplasmic reticulum, which are activated by a second messenger and
Ca?* and are blocked by additional Ca®?*, thus enabling the
activation-inactivation dynamics of Ca?t waves. In animal cells, this
second messenger is D-myo-inositol 1,4,5-trisphosphate (IP3) which is
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synthesised by a membrane-bound phospholipase C (Othmer, 1997).
After adjusting to the plant systems, the predictions of the model were
confirmed by experimental results (Wacke et al., 2003).

Despite the success of this model in describing AP alterations under
salinity stress in Chara corallina (Beilby and Al Khazaaly, 2017, 2016)
and Nitellopsis obtusa (Kisnieriene et al., 2019), the involvement of IP3 in
the electrogenesis of Characean algae has been questioned (Tazawa and
Kikuyama, 2003). Moreover, genes homologous to animal IP3 receptors
have not been identified in Characean algae, or any streptophyte
genome (Edel et al., 2017; Krinke et al., 2007).

It has been suggested that while in animals IP; acts as a second
messenger per se, in plants, the reported physiological responses to IP3
treatment could be caused by its internally phosphorylated product
inositol hexakisphosphate (phytic acid, IPg) (Lemtiri-Chlieh et al., 2003,
2000; Munnik and Testerink, 2009). IPg is known to be employed for
phosphorus storage in seeds, but it has also been linked to various sig-
nalling pathways (Raboy, 2003). For example, IPg is a vital precursor of
inositol pyrophosphates IP; and IPg, which are involved in the sensing of
inorganic phosphate status within plant cells (Freed et al., 2020). IPg
also binds to the auxin receptor TIR1 (Tan et al., 2007), blocks Kij
channels, and releases Ca?" from internal stores of Vicia faba guard cells
(Lemtiri-Chlieh et al., 2003, 2000), but does not affect anion currents
(Levchenko et al., 2005).

Due to the unique morphology (Fig. 1), aquatic macrophyte N. obtusa
together with other Characean algae constitutes a valuable model sys-
tem in exploring plant physiological functions. Apart from its applica-
bility for photosynthesis research (Navickaite et al., 2024), this alga is of
great ecological importance because of its role as an invasive species in
the Great Lakes region of the United States (Larkin et al., 2018). This
species has also been pivotal in deciphering the functions of various
membrane transport systems, their involvement in responses to saline
stress, and the role of bioactive compounds in electrical excitation
(Kisnieriene et al., 2019).

The involvement of inositol phosphates in plant electrical signalling,
especially their effect on Ca®" channels, remains controversial and
underexplored. Thus, employing classical electrophysiological tech-
niques, we analysed whether inositol phosphates IP3 and IPg can
modulate the electrogenic parameters of the Characean macroalgae
N. obtusa. We hypothesised that an activator of Ca®* channels would
make the cells more excitable, which should be revealed in the alter-
ations of the selected electrogenic parameters.
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2. Materials and methods
2.1. Plant material

Intact thalli of the Characean macroalgae N. obtusa (N.A. Desvaux) J.
Groves were collected from Lithuanian lake Stanka during autumn
months and maintained at room temperature (21+1 °C) in glass aquaria
under controlled illumination conditions (9.5 + 0.2 umol m2 s~ 1) with
a white light/dark photo regime of 12/12 h. Experiments were con-
ducted on internodal cells that were separated from thalli and kept
overnight in buffered artificial pond water (APW) under the same illu-
mination conditions (Kisnieriene et al., 2012; Lapeikaité et al., 2019).

2.2. Solutions

The control solution APW contained 0.1 mM KCl, 1.0 mM NacCl, 0.1
mM CaCl,, 3 mM HEPES, and 1.5 mM Tris (pH 7.2).

The effect of La>" ions was tested employing a solution of 0.5 mM
LaCljs dissolved in APW.

D-myo-inositol 1,4,5-trisphosphate (IP3) trisodium salt solutions (75
uM and 150 uM) in APW were prepared. To avoid excessive Na' con-
centration, some NaCl was replaced with HCI.

Similarly, a D-myo-inositol hexakisphosphate (IPg) dodecasodium
salt solution (75 uM) in APW was prepared. Since the 150 uM IP¢ so-
lution contains an additional 1,8 mM Na' ions, an APW solution sup-
plemented with 1,8 mM Na™ was used as a control when investigating
the effect of this concentration.

The effect of the phospholipase C inhibitor U73122 was investigated
employing a 25 pM solution. The substance was first dissolved in DMSO
(final concentration 1 %) and then in APW.

All the described solutions were adjusted to pH 7.2. All chemicals
were of analytical grade (purchased from Sigma-Aldrich).

2.3. Electrophysiological setup

Electrophysiological experiments using the two-electrode current
clamp and voltage clamp techniques were performed as previously
described (Fig. 2) (Lapeikaite et al., 2020, 2019; Pupkis et al., 2022). An
internodal cell was placed in a recording chamber filled with the control
solution APW (Control-1). A glass microelectrode (1 ym tip) made from
borosilicate glass capillaries (Kwik-Fill, World Precision Instruments
Inc.) and filled with 3 M KCl solution was inserted using a microma-
nipulator PatchMan (Eppendorf) into the vacuole of the cell. This 5 mm
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Fig. 1. Apical part of N. obtusa thallus with main morphological features highlighted (a); a schematical representation of the electrophysiological setup (b).
Intracellular and reference electrodes enable recording of the potential difference across both the plasmalemma and the tonoplast. Separate circuit of extracellular

electrodes are used for electrical stimulation.
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Fig. 2. Applied experimental procedures. Schematic representations of current/voltage protocols (a) employing current/voltage clamp techniques. Stimuli/responses
are not to the same scale. Experimental workflow with used substances indicated below (b).

cell region around the intracellular electrode was isolated from the rest
of the cell with vaseline and constantly perfused (~1 ml/min; Scientifica
PPS system). The reference electrode, filled with a 3 M KCl solution in
agar, was placed in the vicinity of the cell near the intracellular micro-
electrode. The current (DC) was injected using separate extracellular
Ag/AgCl electrodes placed near the intracellular electrode and adjacent
to the electrically isolated region of the cell. The signal acquisition
system consisted of an amplifier TEC-10CX, a digitizer Digidata 1440A,
and was controlled using a PC with pCLAMP 10.2 software (Molecular
Devices).

2.4. Experimental protocols and evaluated parameters

1.5 h after cell impalement, two APs were stimulated in 5-min in-
tervals (CC protocol). APs were evoked by increasing the direct current

ata 0.02 pA/s ramp rate. Once the AP excitation threshold potential (E)
was reached, the stimulation current was terminated.

The membrane resting potential (RP) was measured before each AP
was evoked. The membrane conductance at rest (Ggp) was calculated
using Ohm’s law when a short rectangular hyperpolarising current pulse
(25,50 nA) was applied before each AP was evoked. The Eg of an AP was
determined as the membrane potential (MP) with a depolarisation rate
exceeding 60 mV/s. The AP amplitude was calculated from the E, to the
AP peak potential. AP depolarisation duration tg,, was evaluated be-
tween the Ey and the AP peak potential. AP repolarization duration tre,
was evaluated between the AP peak potential and the MP repolarized by
90 mV.

After the current clamp protocol, the isolated membrane part of the
central cell region was clamped at —180 mV and one or several voltage
clamp protocols (depending on the aim) were carried out.
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Fig. 3. N. obtusa internodal cell electrophysiological parameters registered using the voltage clamp protocol VC1: a) the membrane potential was ramped from —300
mV to 150 mV, this ramp was modulated by rectangular pulses, and the transmembrane currents were recorded; b) according to Ohm’s law, the G/V curve was
calculated. For statistical analysis, the maximal conductance during excitation G4y, as well as membrane conductance at —250 mV (G.250 v) and at 50 mV were

selected (Gsp mv)-
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Three types of voltage clamp protocols were applied. The first, VC1
protocol (Fig. 3), was employed to obtain the membrane conductance
values at the selected MP values (G/V curve). For this purpose, the MP
was ramped from —300 mV to 150 mV at a velocity of 3 mV/s (Fig. 3a).
It has been established that when the ramp velocity is lower than 100
mV/30 s, the I/V curve (except for the excitation transient region) does
not differ from the traditional steady-state I/V curves obtained by
applying rectangular voltage steps (Tsutsui et al., 1987a). This VC pro-
tocol also enables the evaluation of the RP value (no current flows
through the membrane) and the Ey, value (MP at which dV/dI becomes
negative). The values of these parameters obtained using the VC1 and
CC protocols in this study did not differ.

Additionally, this voltage ramp was modulated by rectangular pulses
(50 ms, 10 mV), which enabled the calculation of the membrane
conductance over the entire voltage range using Ohm’s law (Fig. 3b).

For statistical analysis, the maximal membrane conductance during
excitation Gpq Was evaluated, as well as the membrane conductance at
—250 mV (G.250 my) and at 50 mV (Gsp my). At approximately —250 mV
N. obtusa H'-ATPase is the most conductive (Beilby et al., 1993; Kis-
nieriene et al., 2019). In addition, with increasing hyperpolarising
voltages, inward-rectifying K channels become activated (Blatt, 2024;
Kisnieriene et al., 2019; Kisnierieneé et al., 2012). At 50 mV, membrane
conductance is dominated by the activity of the outward-rectifying K*
channels (Blatt, 2024; Kisnieriene et al., 2019).

The second voltage clamp protocol (VC2 protocol, Fig. 4) was
employed to evaluate the dynamics of the excitation transients, while
the membrane potential was clamped at the resting potential. Because
the membrane at rest is the most permeable to K" ions and protons, the
superposition of these currents during excitation was eliminated. A 400
ms rectangular voltage pulse which reached 50 mV was applied to excite
the membrane, subsequently, the membrane potential was immediately
re-clamped at the resting potential. This allowed registration of the
excitation transients at the resting potential (Zherelova et al., 2009).
Such a protocol disregards the fact that individual cells exhibit a range of
resting potentials; however, the protocol represents ion fluxes in the cell
resting state in vivo. For statistical analysis, the amplitude of the
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Fig. 4. N. obtusa internodal cell electrophysiological parameters registered
using voltage clamp protocol VC2. Typical traces of excitation transients of a
cell under control conditions and after 30 min exposure to 150 uM IP¢ solution
are depicted. The cell membrane potential (MP) was initially clamped at the
membrane resting potential; then, for 400 ms, the MP was clamped at 50 mV,
and subsequently re-clamped at the resting potential. For statistical analysis,
the amplitude of the excitation transient I.,; was evaluated as well as its
activation and inactivation durations, tc; grans a0d tinact trans-
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excitation transient I, was evaluated as well as its activation and
inactivation durations, tact frans @nd tinget trans tact rans Was calculated be-
tween the moment of stimulation and the peak of the excitation tran-
sient, whereas tingct irans Was evaluated between the peak of the excitation
transient and the moment when its amplitude decreased by 63 %.

The third voltage clamp protocol (VC3) enabled the evaluation of the
amplitudes of the currents constituting the excitation transients and
their temporal dynamics at different MP values. A series of rectangular
15 s voltage steps was applied every 3 min. The MP step value was
increased by 20 mV for each step, allowing the registration of a series of
excitation transients and compilation of the I/V curves (Lapeikaite et al.,
2020, 2019; Pupkis et al., 2022). The evaluated parameters were: the
ohmic leakage current Ij.q, observed after the excitation stimulus for
several tens of milliseconds; large inward Ca®" and CI” currents I¢q and
I¢y, distinguished from current patterns by their temporal characteristics
(Ca®* current is initiated first, lasts for several hundred milliseconds,
and activates the larger Cl™ current). Subsequently, an outward K*
current Iy begins to dominate when the excitation transient reaches a
steady state. The I¢ activation duration tu. (from the initiation of the
excitation transient to its peak) and inactivation duration tj,,. (between
the peak of the excitation transient and the moment when its amplitude
decreased by 63 %) were also evaluated.

After the voltage clamp protocols were carried out under control
conditions (Control-1), the above-mentioned constantly perfused 5 mm
region of the cell surface was exposed to the desired experimental so-
lution and incubated for 30 min. The entire procedure consisting of the
current clamp and voltage clamp protocols was then repeated. When
investigating the effect of IP3 and IPg, the cell was re-exposed to the
control conditions (Control-2), and the same protocols were carried out.
To evaluate the effect of the phospholipase C blocker U73122, a cell was
first exposed to the control conditions, then to 1 % DMSO dissolved in
the control solution, and finally to U73122 dissolved in DMSO in the
control solution.

2.5. Investigation of cyclosis

In Characean cells, the velocity of vigorous cytoplasmic streaming
(cyclosis) depends on the cytoplasmic Ca?* concentration: electrical
stimulation of a cell releases Ca" into the cytoplasm, which reversibly
locks the actomyosin complex and stops cyclosis (Shimmen, 2007).

In this study, the velocity of cyclosis was examined at rest and after
electrical excitation, allowing the observation of its restoration dy-
namics (Pupkis et al., 2021). The cells were observed employing a mi-
croscope Eclipse FN1 with a camera DS-Filc (Nikon) at 200x
magnification. Visual data were recorded using the OBS Studio program
and analysed later. The velocity of cyclosis was calculated every 1 min
by recording the time required for a visible cytoplasmic particle to move
a certain distance.

During the experiment, an internodal cell was immersed in the
control solution (Control-1) for 10 min and then electrically excited
using a 1.5 V battery. Cyclosis recovery was observed for 20 min. The
cell was then immersed in a 150 uM IP¢ solution and incubated for 30
min. After electrical excitation, cyclosis was observed for 20 min.
Finally, the cell was re-immersed in the control solution (Control-2) for
30 min and electrically excited. Cyclosis recovery was observed for 20
min.

The restoration of cyclosis after electrical excitation was approxi-
mated using an exponential function (Pupkis et al., 2021), whose pa-
rameters Vmqy — maximal velocity of cyclosis and 7 — time constant of the
restoration, as well as the velocity of cyclosis during rest v, were chosen
for statistical analysis.

2.6. Data analysis

Data were analysed using software pClamp 10.2 (Molecular De-
vices), MicroCal OriginPro 2018 (OriginLab), and the programming
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language R (package rstatix 0.7.2 for statistical analysis).

The sample size, n, denotes the number of cells. They were as follows:
0,5 mM LaCls —n = 5 (CC protocol), n = 6 (VC1 and VC2 protocols); 75
uM IP3 —n = 6 (CC protocol), n = 8 (VC1 and VC2 protocols); 150 uM IP3
-n=4/(CC, VC1, and VC2 protocols); 75 uM IPg — n = 9 (CC protocol), n
= 8 (VC3 protocol); 150 uM IP¢ — n = 8 (CC and VC3 protocols), n = 4
(VC1 protocol, investigation of cyclosis), n = 3 (VC2 protocol); 25 pM
U73122 - n = 4 (CC, VC1, and VC2 protocols).

To calculate the reversal potentials of the I, and I¢; currents, the I/V
of a particular current in a single cell was approximated with a 3™
polynomial whose mathematical solution provided the reversal poten-
tial value.

To evaluate whether observed differences between selected param-
eters were significant, statistical tests were employed. Because the
selected parameters were registered on the same cell under different
conditions, paired statistical tests were employed. For IP3, IPg and
U73122 exposure experiments, repeated measures ANOVA with pair-
wise paired t-tests post-hoc analysis employing Bonferroni multiple
testing correction method, or Friedman rank sum test with Wilcoxon
signed-rank test post-hoc analysis employing Bonferroni multiple testing
correction method, depending on the parameter value distribution
(Shapiro-Wilk test). For LaClg exposure experiments, paired t-test or
Wilcoxon signed-rank test was applied depending on the parameter
value distribution (Shapiro-Wilk test). To compare the effect of different
concentrations of inositol phosphates on the AP excitation threshold, the
difference between the Ey value in the control conditions and after
exposure was calculated (AEg). These differences were compared using
independent measures ANOVA with Tukey HSD post-hoc analysis
employing Tukey multiple testing correction method, as the data were
normally distributed (Shapiro-Wilk test).

In all cases, a difference was considered significant at p < 0.05. The
results are expressed as mean values + SD.

3. Results
3.1. Ca?* channel blocker La>* depolarizes AP excitation threshol

The inhibitory effects of La®>* on plant electrogenesis via action on
Ca?" channels have been well documented, with lower concentrations
reducing AP amplitude and increasing AP duration (Krol et al., 2006;
Shiina and Tazawa, 1987; Tsutsui et al., 1987b), whereas higher con-
centrations and longer exposure abolish electrical excitation altogether
(Scherzer et al., 2022a; Tsutsui et al., 1987a).

As expected, in the present research 30 min exposure of N. obtusa
internodal cells to 0.5 mM LaCls decreased the maximal membrane
conductance during excitation Gpq, and the AP amplitude (p = 0.019;
Table S1). Although the AP peak value was not significantly diminished,
the AP excitation threshold E, value was depolarised by approximately
20 mV (p = 0.047; Fig. 5, Table S1). Thus, alterations in the AP threshold
Eq, value suggest modulation of Ca®* channel activity.

In several experiments, the cells affected by La>* were re-exposed to
the control solution for 30 min. The inhibitory action of La>" was not
reversible and often intensified, sometimes leading to a complete loss of
cell electrical excitability.

3.2. IP3 does not significantly affect the electrogenesis of N. obtusa

External exposure of N. obtusa cells to 75 uM or 150 uM of IP3 did not
lead to any consistent changes in the selected electrogenic parameter
values (Tables S1, S2). The phospholipase C blocker U73122 also did not
exert any significant effect (Tables S1, S2). However, it should be noted
that after exposure to IP3, a trend of AP excitation threshold hyper-
polarisation was observed in some cells. Under stable control conditions,
N. obtusa cells virtually never generate spontaneous APs. After exposure
to 75 uM IP3 solution, one cell out of nine, and after exposure to 150 pM
IP3 solution, one out of four generated trains of spontaneous action
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Fig. 5. Representative example of the effect of 30 min exposure to 0,5 mM
LaCl; solution on the electrically-elicited APs of N. obtusa internodal cell. The
insert represents the AP excitation threshold E; values (mean + SD) under
different conditions. The asterisk indicates a statistically significant difference
(p < 0,05).n=>5.

potentials.

3.3. IPg hyperpolarises AP excitation threshold but does not affect AP
amplitude

In contrast to IP3, the same concentrations (75 uM and 150 pM) of IPg
significantly affected the electrogenic parameters of N. obtusa internodal
cells (Fig. 6, Tables 1, 2, S2). External exposure of the cells to 75 uM of
IPg hyperpolarised the AP excitation threshold by approximately 15 mV
(p = 0.046). Hyperpolarisation induced by 150 uM of [P was even larger
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Fig. 6. A representative example of the effect of 30 min exposure to 75 pM
inositol hexakisphosphate (IPg) solution on the electrically-elicited APs of
N. obtusa. The insert shows the AP excitation threshold E, values (mean + SD)
under different conditions. Control-2 represents re-exposure to the control so-
lution. Asterisks indicate statistically significant differences (p < 0.05). n = 9.
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Table 1

The effect of 75 uM inositol hexakisphosphate (IPg) on the parameters of elec-
trogenesis of N. obtusa, determined using the CC protocol. n = 9. Values (means
+ SD) presented with asterisks represent significant differences (p < 0.05) when
compared with Control-1. The underlined values represent significant differ-
ences (p < 0.05) compared with Control-2 (re-exposure to the control solution).

Control-1 1P¢ 75 uM Control-2

Resting potential RP (mV) —222+17 —215+17 —216+18
Membrane conductance at rest Ggp 0.57 0.6 + 0.48

Sm3 +0.34 0.44 +0.25
AP excitation threshold E;; (mV) —99+12 —11449* —-91+7
AP peak (mV) 29+7 20+13 31+16
AP amplitude (mV) 128+17 135+14 122+15
AP depolarization duration tg,(s) 1.3+0.3 1.3+0.3 1.2+0.2
AP repolarization duration tr, (s) 3.6 £ 1.3 42+1.2 3.3+ 0.9

Table 2

The effect of 150 puM inositol hexakisphosphate (IPg) on the parameters of
electrogenesis of N. obtusa, acquired using the CC, VC1, and VC2 protocols. n =
4-8. Values (means + SD) presented with asterisks represent significant differ-
ences (p < 0.05) when compared with Control-1. The underlined values repre-
sent significant differences (p < 0.05) compared with Control-2 (re-exposure to
the control solution).

Control-1 1P¢ 150 Control-2
uM
Resting potential RP (mV) —206 -195 —180
+19 +31 +35
Membrane conductance at rest Ggp (S-m™2) 0.33£0.1 0.34 0.37+0.1
+0.11
AP excitation threshold E; (mV) —96+5 —133 —89+9
+15*
AP peak (mV) 3549 13+10 37411
AP amplitude (mV) 130+10 146+18 125+12
AP depolarization duration tge,(s) 1.2+0.2 1.5+ 1.3+0.2
0.4*
AP repolarization duration tr, (s) 3.6 +1.2 72+ 41+2
5.1*
Maximal membrane conductance during 55+12 6.8+ 4.6 +£2.3
excitation Gpax (S'm’z) 2.4
Membrane conductance at —250 mV G 250 my ~ 0.41 0.42 0.42
(Sm3? +0.05 +0.05 +0.06
Membrane conductance at 50 mV Gsg vy 1.03 1.25 0.99
sm? +0.16 +0.37 +0.27
Excitation transient amplitude Iyqns —89+23 —102 —65+34
(uA-cm™?) £36
Excitation transient activation duration 1.2+0.3 1.5+ 1.2+ 0.4
tact trans (8) 0.3
Excitation transient inactivation duration 1.9+ 0.8 28+1 22+1

tinact trans (s)

and amounted to approximately 40 mV (p < 0.001). The higher con-
centration of IPg hyperpolarised the AP excitation threshold more than
the lower concentration, as well as more than either of the IP3 concen-
trations (Tables S1, S2).

While the cell exposure to the lower concentration of IPg showed
only a trend of AP peak value reduction, the exposure to the higher
concentration diminished the AP overshoot by approximately 20 mV (p
= 0.001). Consistent with these results, the AP amplitudes were not
affected by either concentration. Cell exposure to 150 uM of IPg did not
affect the maximal membrane conductance during excitation Gpqy or the
excitation transient amplitude I, which corresponds to the un-
changed AP amplitude values (Tables 2, S2). All these effects were
reversible, as the alterations in the parameter values were abolished by
re-exposing the cells to the control solution for 30 min (Tables 1, 2, S2).

150 uM of IP¢ also increased both AP depolarisation duration t4e, and
its repolarization duration ., (Tables 2, S2).
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3.4. IPg shifts reversal potentials of the Ca®t and Cl” currents during
excitation

Because IPg affected the AP parameter values, a more detailed
investigation was carried out using the VC3 protocol.

No effect on the Ca®" current Icq was observed when the cells were
exposed to the lower solution of IP. However, cell exposure to 150 uM
of IPg reversibly shifted the reversal potential of this current by
approximately 30 mV to more negative membrane potentials (p <
0.001). Thus, at almost all voltages in the interval between —100 mV
and 60 mV, the Ca?* current amplitudes were significantly affected. The
I/V curve also confirmed that IPg hyperpolarizes the excitation
threshold (Fig. 6). It should be noted that despite the shift of the I/V
curve, the maximal Ic, amplitude (at the excitation threshold) was
similar before and after cell exposure to IPg (Fig. 7(a), Tables S2, S3).

The effect of IPg on the Cl™ current I¢; during excitation was not as
pronounced. 75 uM of IP¢ reduced the I amplitude at —40 mV, at —20
mV, and at 40 mV, whereas exposure to 150 uM of IP¢ significantly
affected current amplitudes only at 60 mV, indicating a shifted reversal
potential in the negative direction (p = 0.002; Fig. 7 (b), Tables S2, S3).

While the CI” current activation times t,., were affected by exposure
to 75 uM of IPg only at certain voltages, cell exposure to the higher
concentration of IP¢ led to reversibly prolonged activation times ty in a
voltage range between —80 and 0 mV (Fig. 8(a), Tables S2, S3). Simi-
larly, cell exposure to IPg prolonged Cl” current inactivation times tjqct-
The lower concentration of IPg was significantly effective in the voltage
range from —80 mV to —40 mV, while the higher concentration induced
a more potent prolongation of tj, in the voltage range from —60 mV to
40 mV (Fig. 8 (b), Tables S2, S3).

The cyclosis assay of N. obtusa internodal cell under exposure to 150
uM IPg solution did not reveal any significant effect on the analysed
cyclosis parameters in either the resting state or after cell electrical
excitation (Fig. 9).

4. Discussion

In plants, IP3 has been linked to the regulation of a number of
physiological processes (Krinke et al., 2007), including gravisensing and
auxin transport (Perera et al., 2006; Zhang et al.,, 2011), blue
light-induced morphogenesis (Chen et al., 2008), abscisic acid-mediated
stomatal closure (Meimoun et al., 2009), and responses to various
stressors (Xiong et al., 2001) and stomatal closure (Gilroy et al., 1990).
Usually, the implied IP3 signal transduction pathway includes the
elevation of the cytoplasmic Ca" concentration which links the intra-
cellular IP3 concentration increase to the tangible physiological out-
comes, supposedly via activation of kinases and/or phosphatases (Chen
et al., 2008; Gilroy et al., 1990; Zhang et al., 2011). Several reports from
the 1990s claimed that IPs-activated Ca®* channels exist in the vacuolar
membrane of Beta vulgaris (Alexandre et al., 1990; Allen and Sanders,
1994), however, these results have not been reproduced (Pottosin et al.,
2009). Thus, as no animal IP3 receptor homologues have been reported
in plant genomes (Edel et al., 2017; Krinke et al., 2007), the molecular
mechanism of IP3 action remains elusive.

In Characean algae, Ca®" channel activation is linked with the
depolarisation phase of APs (Lunevsky et al., 1983; Williamson and
Ashley, 1982). IP3 has been strongly implicated in activating these
channels and thus initiating the AP generation (Beilby and Al Khazaaly,
2016; Biskup et al., 1999; Wacke et al., 2003; Zherelova, 1989); how-
ever, some of the key experimental results have not been replicated
(Tazawa and Kikuyama, 2003). Generally, putative IP3 receptors are not
considered when modelling plant electrical activity, and their theoret-
ical role is reported to be insignificant (Novikova et al., 2017).

In plants, the initial increase in the cytoplasmic Ca?" concentration
during the electrogenesis is followed by the larger Ca**-activated CI”
efflux (Lunevsky et al., 1983; Williamson and Ashley, 1982). Thus, the
AP excitation threshold value could be considered a biomarker
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Fig. 8. Activation times t,, (a) and inactivation times tj;qc (b) of the Cl™ current I during the electrical excitation of N. obtusa internodal cells under control
conditions and after 30 min exposure to 150 uM inositol hexakisphosphate (IP¢) solution. Values are presented as the mean + SD. Asterisks indicate statistically
significant differences (p < 0,05) between Control-1 and IP¢ groups. Control-2 represents re-exposure to the control solution. n = 8.

characterising the activity of the Ca?" channels. In liverworts, amino
acids activate Ca®* influx (Koselski et al., 2020; Krol et al., 2007) but it is
methodically problematic to determine the AP Ey value in this model
system as well as in other land plants. In contrast, N. obtusa cells exhibit
a significant hyperpolarisation of the AP Ey after exposure to amino
acids. (Lapeikaite et al., 2020, 2019). Conversely, organic Ca?* channel
blockers depolarise the Characean AP Eg; however, they also induce
non-specific effects (Koselski et al., 2021; Pupkis et al., 2022). La®' has
been widely employed as a Ca®* channel blocker in electrophysiological
research on plants in many taxa (Koselski et al., 2023; Scherzer et al.,
2022a). In the present study, we report that 0.5 mM La>* depolarised the
AP Ey, further confirming the link between Ca?* channel activity and
the AP Eg,. During the 30 min exposure, we did not observe La>* effect
on parameters linked with other ion transport systems (for example
H*-ATPase, K channels) which would have been reflected in parame-
ters such as RP, G_250 mv, or Gso my (Fig. 5, Table S1). Thus, we interpret
the alterations in the AP Eg as an indication of modulated Ca®* channel
activity, which can be employed to test the effect of inositol phosphates
on the electrogenesis of Characean macroalgae.

In this study, N. obtusa cells were externally exposed to 75 pM and
150 pM IP3 solutions. While IP3 showed some potential in enhancing the
cell electrical excitability, no significant alterations in the electrogenic
parameters were observed. Intracellular IP3 is generated by a phos-
pholipase C (PLC) which hydrolyses phosphatidylinositol bisphosphate
(PIP5) to diacylglycerol (DAG) and IP3. A common approach to lowering

the intracellular IP3 concentration is the application of PLC inhibitors
(Biskup et al., 1999; Meimoun et al., 2009). In this study, exposing
N. obtusa cells to the PLC inhibitor U73122 had no effect on the elec-
trogenic parameters (Tables S2, S3). Thus, we cannot confirm IP3 as an
unequivocal modulator of Characean electrical signalling.

It has been suggested that in plants, the role of IP3 as a second
messenger may be fulfilled instead by another inositol phosphate — IPg
(Lemtiri-Chlieh et al., 2003, 2000; Munnik and Testerink, 2009). In Vicia
faba and Solanum tuberosum, plasma membrane K;j, channels are blocked
by increased intracellular Ca®* concentration. Both IP5 and IPg have
been shown to reduce K, currents by mobilising Ca?" from internal
stores, but the effect of IPg is more potent (Lemtiri-Chlieh et al., 2003,
2000). IPg also activates slow vacuolar (SV) and fast vacuolar (FV)
channels which are Ca2+-permeable (Lemtiri-Chlieh et al., 2003). Based
on these results, it has been speculated that cytoplasmic IP3 might be
converted to IPg which is the actual second messenger in plants.
Consequently, the search for IP3 receptors should be futile, and rather
targets of IPg should be sought (Lemtiri-Chlieh et al., 2003, 2000;
Munnik and Vermeer, 2010). Alternatively, two separate signalling
systems may be employed for the mobilisation of Ca>" to the cytoplasm,
one involving IP3 and the other involving IPg (Krinke et al., 2007).

In the present study, in contrast to IP3, the external application of IPg
was effective in modulating the electrogenesis of N. obtusa internodal
cells. The most prominent observation was that IP¢ hyperpolarised the
AP excitation threshold Ey, (Fig. 6, Tables 1, 2, S2) which indicates its
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Fig. 9. Velocity of cyclosis in N. obtusa internodal cells under control condi-
tions and after 30 min exposure to 150 uM inositol hexakisphosphate (IPg)
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action on Ca’" channels responsible for excitation. The Thiel-Beilby
model of the Characean AP generation was constructed considering
the possibility that not necessarily IP3, but any molecule, whose kinetics
of metabolism are similar to IP; may fulfil the function of the Ca"
channel activator (Beilby, 2019; Wacke and Thiel, 2001). Based on our
results, this signalling molecule is suggested to be IPs. To date, there
have been no reports of IPg receptor genes capable of Ca2' release in
either animal or plant model systems (Krinke et al., 2007). Thus,
research on N. obtusa might reveal a novel inositol phosphate interaction
site on Ca®" channels whose molecular properties remain elusive.

Cell exposure to IP¢ also affected other electrophysiological param-
eters. While the shifted reversal potential of the Ca®* current Igq in-
dicates an increased cytoplasmic Ca®* concentration (Fig. 7(a), Tables
S2, S3), other evidence does not provide a conclusive answer. The ve-
locity of cyclosis at rest was not altered by IP¢ (Fig. 9, Tables S2, S3), in
addition, the maximal membrane conductance during excitation Gpgy
was not affected by IP¢. IPg also had no significant effect on the AP
amplitude. The Cl” current I; amplitudes near the excitation threshold
and the amplitudes of the excitation transient at rest I;qn; Were also
unaffected (Fig. 7 (b), Tables 1, 2, S2, S3). These results indicate that IPg
does not act on Ca?" channels by increasing their open probability but
by shifting their voltage dependence to more hyperpolarised voltages.

IP¢ also prolonged the temporal dynamics of both the APs and
excitation transients (Figs. 4, 6, Tables S2, S3). The effect on the AP
depolarisation duration tg4e, and CI” current I¢, activation time tq, may
be linked with altered intracellular Ca®>* dynamics and its influence on
the CI” current. Prolongation of the AP repolarization duration t,, and
CI” current I, inactivation time tjqc can also be linked to IPg effect on
Ca" transport systems, such as the alteration of Ca®*-ATPase activity,
which removes Ca?* from the cytoplasm after excitation. Under the
influence of IPg, or by activation at more negative MP values, the pump
might not operate as effectively, which is supported by the shifted I¢,
current reversal potential (Fig. 7(a)). The influence of the modulated
activity of the H" and K transport systems on the above-mentioned
parameters should be dismissed, since IP¢g did not affect the membrane
resting potential RP, membrane conductance at —250 mV G.250 my, and
at 50 mV Gsg . The KT current Ix extracted from the excitation tran-
sients was also unaffected. Thus, it can be concluded that IPg does not
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exert an effect on the H™-ATPase, Ki;,, and KJy channels (Tables 1, 2, S2,
S3). The leakage (background) current Ij.qx was also unaffected by IPg
(Tables S2, S3).

The molecular identity of the Ca**-permeable channels in N. obtusa,
specifically those activated by IPg in this study, is not clear. While it has
been reported that IPg activates slow vacuolar (SV) channels
(Lemtiri-Chlieh et al., 2003) which are encoded by the two-pore channel
(TPC) gene, and Characean algae possess one TPC gene homologue
(Nishiyama et al., 2018), SV channel activity has not been recorded in
the N. obtusa vacuolar membrane (Koselski et al., 2021). The genes
encoding the fast vacuolar (FV) channels, which are also reportedly
activated by IPg (Lemtiri-Chlieh et al., 2003), have not been identified
yet (Pottosin and Dobrovinskaya, 2014).

A similar but not identical IP¢ effect pattern on the electrical excit-
ability is exerted by amino acids Asn and Glu as well as the synthetic
animal ionotropic glutamate receptor (iGluR) agonist NMDA, which also
hyperpolarise the AP Ey, of N. obtusa. (Lapeikaite et al., 2020, 2019) It is
unclear whether these amino acids and IPg act on the same target or if
there are distinct Ca® channels modulated by different signalling
molecules. This possibility is supported by research in Phiscomitrium
patens, where GLR knock-out mutants were still able to generate elec-
trical signals, although their amplitude was diminished, indicating the
activity of other, non-GLR Ca2+-permeable channels (Koselski et al.,
2023).

We tested only two possible Ca?* channel agonists, IP3 and IPg, but
other inositol phosphates also may have a role in plant electrical sig-
nalling. Without the structural data of the Ca%" channels, it is nearly
impossible to reliably decipher the regulatory network of inositol
phosphates because of their unknown internal turnover kinetics. While
the present study does not account for the possible seasonal or indi-
vidual variations and bases the conclusions on small data samples, the
underlying trends robustly support inositol phosphates as possible novel
regulators of Ca%* channels.

Hyperpolarisation of the AP excitation threshold indicates that a
lower magnitude external stressor is sufficient to initiate electrical sig-
nalling, which has profound physiological consequences, such as an
earlier production of stress hormones or inhibition of photosynthetic
processes (Sukhov et al., 2019). Future work should focus on a more
precise observation of calcium waves employing fluorescent indicators,
which should be paired with molecular data to pinpoint the exact mo-
lecular identity and intracellular localisation of the IPg-regulated Ca®"
channels to gain more mechanistic insights into plant stress signalling.

5. Conclusions

The role of inositol phosphates in altering plant electrical activity has
been controversial because of the absence of animal IP3 receptor gene
homologues in plants. The present study could not confirm IP3 as a
second messenger in Characean algae that activates Ca" channels and
initiates the generation of APs. However, another inositol phosphate,
IPg, reversibly hyperpolarised the AP excitation threshold, shifting the
voltage dependence of the Ca?* channels and thus increasing the cell
excitability. Therefore, IP¢ is a more probable putative second
messenger theorised by the Thiel-Beilby mathematical model of the
Characean AP generation.
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