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Proton transport across the plasmalemma of plant
cells plays a key role in the maintenance of cytoplas�
mic pH and generation of membrane potential [1].
The electrochemical proton gradient (Δ ) created

by the H+ pump at the plasma membrane is the driving
force for accumulation of nutrient elements, e.g., K+

and  and participates in regulation of cell turgor
and intracellular osmotic pressure. In aquatic plants
inhabiting slightly alkaline waters, the active H+ extru�
sion from the cytoplasm and acidification of the apo�
plast might stimulate photosynthetic activity, because
a slightly acidic pH near the cell surface elevates the
content of carbon dioxide (СО2), a species that readily
passes through the membranes, unlike poorly perme�

able charged forms  and  [2].

Depending on the function performed by the cell,
the distribution of Δ  generators and Δ  con�
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sumers over the cell can be comparatively uniform or
nonuniform. Heterogeneous spatial distribution of H+

extrusion and passive H+ inflow is spectacularly evi�
dent in some aquatic plants, characean algae in partic�
ular. Illuminated Chara cells produce alternating
zones of low and high pH (6.3–6.7 and 9.5–10.0) that
are separated by a periodic distance of 7–10 mm along
the internode length [3, 4]. In this case the area of H+

circulation apparently expands from the micrometer
and submicrometer level to macroscopic dimensions.

Application of vibrating extracellular microelec�
trodes revealed the existence of circular electric cur�
rents between acid and alkaline zones of illuminated
cells [5, 6]. In the acidic regions the electric current is
directed outward, in consistency with the direction of
active H+ transport, and in alkaline regions the current
flows from the medium into the cytoplasm. Based on
these data, it is commonly assumed that the trans�
membrane charge transfer in the acidic zones is per�
formed by the plasma membrane H+ pump [7]. The
origin of ion flows in alkaline areas is not yet eluci�
dated. Phenomenologically, the alkaline zones can
arise as a result of H+ influx into the cell or OH– efflux
from the cytoplasm to the outer medium. The OH–
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efflux seems even more probable [8], because the local
external H+ concentration is so low at pH ~10 that the
appreciable H+ flux could be only attained at very high
H+ permeability of the membrane (orders of magni�
tude higher than OH– permeability). Nevertheless, by
analogy with the H+ cycle concept validated for
energy�coupling membranes of mitochondria and
chloroplasts, it is common to implicate the inward H+

flux [1, 9] via channels whose conductance increases
enormously at high pH [10]. Such an assumption
seems justified because the concentration of protons is
strictly related to the ОН– concentration via the ion
product constant for water.

The currently dominant hypothesis presumes that
the inward H+ influx along the gradient created by the
H+ pump in characean internodes is coupled to the

influx of ; i.e., the transport is electrically neu�

tral [6]. A variant of this hypothesis considers the OH–

efflux in exchange for  influx [11]. The question

of whether the transmembrane H+ flow in the alkaline
areas is electrogenic or electroneutral can be resolved
by measurements of membrane resistance upon the
abrupt cessation of H+ transport. The arrest of H+ flow
should not affect the plasma membrane resistance, Rm

(or an inverse quantity, conductance) in the case of

electrically neutral transport (H+/  symport or

OH⎯/  antiport) but should be manifested in Rm

changes in the case of noncoupled electrogenic trans�
port. It is known that specific plasma membrane resis�
tance in alkaline regions is substantially lower than in
acid areas [12]. These differences provide indirect evi�
dence for considerable H+ or OH– conductivity of the
so�called “high pH channels” [8, 10, 13, 14].

A convenient way for simultaneous interruption of
H+ flows in alkaline and acidic zones of characean
cells is triggering the action potential (AP) by stimula�
tion with a short pulse of electric current [15]. Follow�
ing the AP propagation, pH in alkaline zones
decreases considerably, reflecting the stoppage of
steady�state H+ influx to the cytoplasm, while the pH
in the acidic zones increased slightly. The AP�induced
changes are reversible: the recovery of pH zones takes
10 to 30 min depending on light intensity and other
factors [16]. 

The aim of this work was to examine the changes of
plasma membrane resistance Rm in various regions of
Chara corralina cell after the AP generation and cessa�
tion of transmembrane H+ flows. We show that the
arrest of H+ flows is accompanied by four� to eightfold
Rm increase in the alkaline areas, with insignificant Rm
increase in the acidic zones. The results indicate that
the H+ entry into the cytoplasm in alkaline cell regions
is electrogenic, i.e., not coupled with the cotransport
of HCO3

–  anion. 
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EXPERIMENTAL

Chara corallina algae were grown in an aquarium at
room temperature under scattered daylight. Individual
internodal cells used in experiments measured about
6 cm in length and 0.9–1 mm in diameter. Isolated
cells were placed into artificial pond water containing
0.1 mM KCl, 1.0 mM NaCl, and 0.1 mM CaCl2 and
were allowed to stay in this solution for at least one day
prior to measurements. Young cells without calcium
incrustations, as well as mature cells with crystal dep�
ositions on the cell wall were sampled. The visually
distinguishable calcification zones served as a prelimi�
nary indicator of alkaline zone locations. The cell
position in the measuring chamber was adjusted in
such a way as to ensure the placement of the target area
in the middle compartment between insulation gaps.
In the absence of calcium incrustations, local pH dif�
ferences were visualized by means of the indicator dye
phenol red that brought yellow color to acidic zones
and red color to alkaline zones. 

Individual internodal cells were mounted in a
plexiglass three�compartment transparent chamber,
which was placed on a specimen stage of an Axiovert
25 CFL inverted microscope (Zeiss, Germany). Parti�
tions between the chamber compartments ensured
electrical insulation of different cell parts, while nar�
row slits in partitions served to fix cell position. The
gaps between the cell and partitions were filled with
insulating silicone grease (Baysilone, Germany). The
distance between partitions in the central compart�
ment was 3 mm, which is lower than the effective cable
lengths for alkaline and acidic cell areas (3–5 and 10–
15 mm, respectively) [12]. Silver–silver chloride elec�
trodes were used for passing the pulses of electrical
current through the transcellular route. Two intercon�
nected electrodes for passing current were fixed in
broad side compartments of the chamber. The narrow
central compartment contacted with the second cur�
rent electrode, which also served as reference elec�
trode in the measuring circuit.

In order to measure membrane resistance of the
selected cell region, square pulses of electrical current
were passed through the current circuit (0.5 μA, pulse
duration 180 ms) at a frequency of 2.5 Hz. These
pulses produced hyperpolarizing shifts of the cell
membrane potential in the central compartment.
Periodic current pulses were obtained from an ESL�2
electronic stimulator connected to current electrodes
via a stabilizing load resistance of 107 Ω. The plasma�
lemma membrane potential (MP) and its shifts
induced by transcellular current pulses were measured
by means of a microelectrode amplifier EPC�5 (List�
Medical, Germany) and Pyrex capillary microelec�
trodes filled with 2 M KCl. Prior to microelectrode
insertion and in the end of the experiment, the voltage
drop on a series resistance (resistance of external
medium, salt bridge, and the reference electrode com�
mon to current and measuring circuits) was deter�
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mined. The small voltage drops on a series resistance
were taken into account in calculations of membrane
resistance Rm. The AP generation was induced by sin�
gle depolarizing pulses of current (4–6 μA, 100–200
ms).

A microelectrode pH sensor with a tip diameter of
about 20 μm was fabricated from a Pyrex glass capil�
lary filled with molten antimony; it was positioned
near the cell surface in the middle compartment of
experimental chamber. The potential difference
between the pH electrode and the reference electrode
was measured with a VAJ�51 electrometric amplifier
(Germany) having an input impedance of 1015 Ω. The
output signals of EPC�5 and VAJ�51 were digitized by
means of AD/DC converter (PCI�6024E, National
Instruments, USA) and recorded with WinWCP com�
puter program (Strathclyde Electrophysiology Soft�
ware).

During experiments the cell was continuously illu�
minated from the upper light source of the microscope
through a SZS�22 blue glass filter (photon flux density
at the cell level ~100 μE/(m2 s)). The method of chlo�
rophyll fluorescence measurements on small cell
regions was described previously [17]. Neutral glass
filters were used for attenuation of light intensity dur�
ing fluorescence measurements. 

In the beginning of each experiment, the external
pH near the cell surface (pHo) was measured to verify
the existence of alkaline or acidic zone around the
selected cell region. The transport activity of the
region of interest was additionally tested by measure�
ments of the pHo shifts induced by AP generation.
Next, the membrane potential (MP) and plasma
membrane resistance were measured under resting
conditions and upon a single excitation of cell mem�
branes. Following the AP generation, the cell was
allowed to stay at rest for 15–20 min for the recovery
of initial pH and MP levels. After the completion of
measurements in 2–3 cycles of stimulation and relax�
ation, the cell was repositioned in the chamber for
examining the cell region with oppositely directed H+

transport, and a similar series of measurements was
carried out. Figures display the results of representa�
tive experiments made in five replicates. Data on
membrane conductances are presented as mean values
± standard error.

RESULTS

Under natural conditions, the emergence of alka�
line and acidic zones on the surface of illuminated
characean cells is related to circulation of extracellular
currents between the areas with different pHo [5, 6].
However, the task of differential measurements of
membrane resistance in alkaline and acid zones neces�
sitates the electrical insulation of the selected cell
region from the remaining cell parts. Therefore, our
first task was to find out if the cell is able to produce
and maintain zones of different pH when it is placed in

the chamber with insulating partitions. Considering
the established relation between the nonuniform pH
profile and circulation of electric currents [6], we
attempted to promote zone formation in the central
compartment by placing salt bridges between the cen�
tral and side compartments of the chamber. The place�
ment of conducting salt bridges (U�shaped glass tubes
filled with agar and KCl) slightly facilitated the gener�
ation of alkaline or acidic zone in the central compart�
ment. At the same time, the zone formation continued
also after the removal of salt bridges between the com�
partments. Irrespective of existence or absence of salt
bridges, the zone formation proceeded slower and the
alkaline shift was smaller than in spatially uncon�
strained cells. The formation of alkaline zone upon the
disruption of natural pathways for circulating electric
currents in the outer medium might be reasonably
explained from the assumption that insulating parti�
tions reduced extracellular currents but did not elimi�
nate them completely. In the narrow (3 mm) central
compartment, variations of local рНo along the cell
length were often observed, which indicates the possi�
bility of weak current circulation within the limits of
the central compartment. It is also possible that weak
extracellular currents might spread along the water�
filled free space of the cell wall.

Figure 1a shows pH changes near the surface of
alkaline and acidic regions of the same cell in a cham�
ber with insulating partitions, which were caused by
the AP generation upon stimulation with a suprath�
reshold pulse of electric current. It is seen that the AP
generation was followed by a large pH decrease in the
alkaline zone and a much smaller pH increase in the
acid zone. The changes were reversible and developed
synchronously, thus indicating the concurrent cessa�
tion of active H+ extrusion in the zones of H+ pump
operation (acid zones) and the blockage of passive H+

inflow in alkaline zones. Thus, the influence of AP on
H+ transport in different areas of the plasmalemma
can be observed not only in free�lying cells but also
upon separation of external medium into isolated
compartments. The suprathreshold stimulation of the
space�clamped cell caused also the decrease and oscil�
lations of the maximum fluorescence  in chloro�
plasts of alkaline cell regions (Fig. 1 b). These changes
were similar to AP�induced fluorescence quenching in
free�lying cells [17], which provides additional evi�
dence for suitability of the model system examined. 

Figure 2a shows AP�induced changes of membrane
resistance in the acid cell region. Periodic pulses of
inward electric current, passed through the cell region
in the central compartment, produced short hyperpo�
larizing excursions of MP with the amplitude of about
20 mV. When a pulse sequence was applied continu�
ously for a long time (≥ 120 s), the frequent MP shifts
were displayed on records as a wavy band whose width
is proportional to the membrane resistance Rm. The
plasmalemma conductance in acid areas of resting cell

Fm '
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was 4.2 ± 0.3 S/m2 (n = 7). The AP generation after
application of a single stimulus was followed by a
short�term decrease in Rm with a subsequent restora�
tion of the initial (before excitation) level. The ratio of
Rm values measured in the end and the beginning of the
recording (Rm2/Rm1) for the experiment shown in Fig.
2a was 1.0. In other cells this ratio for the membrane in
acid regions varied in the range 1.0–2.0.

Figure 2b displays the results of Rm and MP mea�
surements in the alkaline zone of the same cell at rest
and after excitation. Under resting conditions the Rm
in alkaline area was lower than in acid region, which is
in line with published data [12]. The membrane con�
ductance of resting membrane was 7.2 ± 0.5 S/m2,
which falls in the range of 5–8 S/m2 reported in an
earlier study [12]. The Rm decreased shortly during the
spike generation but underwent a fourfold to eightfold
increase (compared to Rm in the resting state) within

1–2 min after AP generation. The increase in Rm was
accompanied by the hyperpolarizing shift of MP
(marked with arrows in Fig. 2b). The Rm and MP
changes were fully reversible: the recovery of both
parameters at a photon flux density of 100 μE/(m2 s)
took a period of at least 15 min, required also for res�
toration of alkaline and acidic zones. 

It is known that the positions of alkaline areas and
calcified zones are not always coincident [18]. Figure 3a
illustrates the case when the cell part in the central
compartment contained calcium salt crystals (mainly
CaCO3 [19]) but did not form the high pH zone. In
this case the AP generation did not lead to Rm increase
and to post�excitation hyperpolarization of the plas�
malemma. Furthermore, the initial Rm value under
resting conditions was much higher than in the cell

8.8

6.5

8.4

8.0

6.6

0 200 400 600 800

pH
9.2

600

7.5

8.5

8.0 400

0 200 400 600 800

pH

Time, s

9.0

1000

800
F'm

pH

F'm

(a)

(b)

1

2

Fig. 1. Action potential�induced changes in pericellular
pH and maximum chlorophyll fluorescence on micro�
scopic areas of Chara corallina cell parts clamped in the
central compartment between insulating partitions. (a)
Oppositely directed changes of pH in the alkaline (1) and
acid (2) zones of the same cell after AP generation at the
moment marked with arrows. (b) Excitation�induced
changes in apoplastic pH and chlorophyll fluorescence F'm
in the electrically insulated alkaline region of the cell.
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Fig. 2. Membrane potential (V) and plasmalemma resis�
tance (Rm) changes during and after AP generation in
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izes the maximal increase in Rm after AP with respect to
the Rm value at resting state.
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regions capable of producing high pHo. A similar pat�
tern of Rm changes was observed upon application of
excitatory stimulus in 1–3 min after the previous exci�
tation, when the cell was already hyperpolarized and
the H+ transport inhibited. In this case the short�term
decrease in Rm during the spike was not followed by the
subsequent Rm increase (Fig. 3b).

Figure 4 shows relations between the Rm shifts and
the amplitude of hyperpolarization after AP genera�
tion in alkaline and acidic regions of various cells. The
data points in the lower part of the plot (solid symbols)
were obtained for cell areas classified as acid zones
according to pH measurements. These cell regions
were characterized by low coefficients of excitation�

induced increase in Rm (Rm2/Rm1 ratios) and low
extents of post�excitation hyperpolarization. The data
points in the upper right part of the plot were obtained
for cell areas producing alkaline zones; these points
correspond to high coefficients of Rm increase and
large amplitudes of hyperpolarization (open symbols).
The results show that the post�excitation hyperpolar�
ization is clearly manifested in the alkaline regions and
is weak in the acid regions. Despite some exceptions,
the results reveal a clear correlation between the AP�
induced Rm increase and the plasmalemma hyperpo�
larization. 

DISCUSSION

Cells of characean algae represent a widely used
model in studies of membrane transport in plants. This
model is often further simplified by experimental con�
ditions ensuring spatially uniform distribution of plas�
malemma properties. For example, the ionic currents
arising during cell excitation were only investigated for
the uniform membrane state, which is stable in dark�
ness or under weak light insufficient for generation of
periodic pH profile [8, 20, 21]. By contrast, in bright
light, the spatial distribution of transmembrane H+

flows and membrane conductances is strikingly non�
uniform [12, 22]. However, the inhomogeneity of
membrane transport in illuminated cells remains often
unnoticed and omitted from consideration.
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Fig. 3. Dependence of AP�induced increase in Rm on the
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The photosynthetically active light is known to
affect the amplitude and shape of AP in Chara [23].
However, a possible relation of this phenomenon to
generation of inhomogeneous distribution of рНo and
plasma membrane conductance has not been consid�
ered. In experiments with Chara cells, Smith and
Beilby [24] observed the decrease in plasma mem�
brane conductance by 30–40% within tens of seconds
after AP generation (presumably, owing to inhibition
of plasma membrane H+ pump). However, the authors
did not examine this phenomenon for the cell parts
differing in H+ pump activity. In light�exposed cells of
Chara globularis, the AP generation was followed by a
hyperpolarizing shift of MP [25], but this shift was
ascribed to the unique property of the given species. In
general, experimental data concerning membrane
excitation in photosynthesizing cells are still fragmen�
tary, and the processes involved remain incompletely
recognized. The results of this study emphasize local
differences in responses of illuminated cell to AP gen�
eration.

The main finding is that the AP generation induces
considerable decrease of рНo in alkaline cell regions in
parallel with the plasma membrane hyperpolarization
(MP shift ~50 mV) and up to eightfold increase in
membrane resistance. Thus, the stoppage of passive
H+ flux from the medium into the cytoplasm was
accompanied by a sharp decrease in membrane con�
ductance and by the negative shift of MP. In contrast,
in cell regions producing acid zones, the AP genera�
tion induced a small increase in рНo in parallel with a
slight increase in membrane resistance and insignifi�
cant hyperpolarization of the plasmalemma. The
opposite directions of pH shifts indicate that the AP
generation abolishes temporarily the active H+ extru�
sion from the cytoplasm in acidic zones and the
counter�directed passive H+ influx (OH– efflux) in the
alkaline zones.

Local pH measurements provide direct indications
of the H+ pump activity; therefore, the рНo increase
after AP in the acidic zones presents a clear evidence
for the H+ pump inhibition. Remarkably, the suppres�
sion of active H+ extrusion under the influence of AP
was not accompanied by cell depolarization. Several
factors could account for the lack of depolarization.
The suppression of H+ pump current might be com�
pensated partly by the increase in Rm, which was
observed in acid zones of some cells (Fig. 4). Further�
more, the H+pump current was probably rather small
even in the resting state because of the disruption of
extracellular current pathways by insulating partitions.
This is indicated by slow (tens of minutes) establishing
of steady�state pH value in the acid zone of insulated
(space�clamped) cell part.

This work is the first report of a manyfold Rm
increase in the alkaline cell area of Chara after AP gen�
eration. The Rm changes in the areas of passive H+ leak
from the medium into the cytoplasm are almost an
order of magnitude higher than the Rm increase by

40⎯50% observed previously after AP generation [24].
Nevertheless, the Rm changes in our experiments and
in the earlier study [24] showed similar temporal pat�
terns, which indicates their common origin and sug�
gests that the methods used previously revealed these
changes in strongly attenuated form.

The AP�induced decrease in рНo occurring in par�
allel with the Rm increase and plasma membrane
hyperpolarization imply the high membrane conduc�
tance for protons and its influence on the MP level.
Since the electrochemical H+ gradient across the plas�
malemma did not change immediately after the
potential spike, it is obvious that the arrest of H+ flow
is caused by an abrupt decrease in H+ conductance of
the membrane. It is possible that the diffusion compo�
nent of MP in alkaline cell regions is largely deter�
mined by H+ conductance, as was suggested by Kita�
sato with regard to the whole cell [9, 26]. 

The inactivation of H+ conductance after AP gen�
eration shifts the MP values from the range near the
equilibrium H+ potential toward the hyperpolarized
state, at which the diffusion MP component is pre�
sumably determined by К+ ions [27]. Furthermore,
the large increase in Rm might elevate the electrogenic
component of MP despite the concurrent decline of
the pump current. Our results indicate that the plas�
malemma hyperpolarization after AP is not an excep�
tional property of particular characean species. The
main requirement for its generation in Chara corallina
is the creation of the cell state with inhomogeneous
distribution of рНo and Rm. The restoration of such
state after a single AP would need a rest period of at
least 15 min. 

The exposure of higher plants to injurious treat�
ments induces transient hyperpolarization of leaf cells
[28], which is somewhat similar to the AP�induced
hyperpolarization in Chara. The hyperpolarization of
leaf cells after excitation was ascribed to activation of
electrogenic H+ pump, whereas in Chara cells the
hyperpolarization is related, by contrast, with the H+

pump inactivation. The development of hyperpolar�
ization in Chara undoubtedly depends on the H+

pump, which should be active prior to excitation for
establishing the heterogeneous distribution of H+�
transporting systems over the plasmalemma and for
creating high membrane conductance in the alkaline
areas.

Our results allow the conclusion that high рНo val�
ues in alkaline zones cannot result from operation of

H+/  symport or OH–/  antiport. In the
case of coupled electroneutral ion transport, the cessa�
tion of H+ (or OH–) transfer should have induced the
drop in рНo without the accompanying increase in Rm.
Thus, further support is given to the working notion
that active H+ extrusion and counter�directed passive
H+ influx are spatially separated but coordinated by
extracellular current flows carried in the medium by
dominant ions [29].

HCO3
− HCO3

−
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The functional role of spatial separation of zones
with active H+ transport and passive H+ conductance
in characean algae is a matter of discussion. On the
one hand, the passive H+ uniport, unlike symport or
antiport serving to accumulation of nutrient elements,
might seem wasteful. However, one should consider
that the long�distance separation between zones where
protons are expelled and where they leak passively into
the cytoplasm allows the cell to reduce pH on a large
area of the cell surface (broad acidic zones) to the level

comparable with pK ~6.3 for the СО2–  equi�
librium. Such a shift in pH enriches the boundary lay�
ers of the medium with dissolved СО2, thus promoting
the entry into the cytoplasm of this photosynthetic
substrate. If generators and consumers of H+ electro�
chemical gradient were distributed homogeneously
over the cell surface, such a local decrease in pH would
be impossible or hampered because of the H+ leakage
into the cytoplasm.

The well�known equivalent electric circuit of the
plasmalemma consists of two parallel pathways with
two electromotive forces (EMF), designating the
H+ pump EMF and the diffusion potential, connected
in series with the respective resistances (inverse of con�
ductances) [1, 25]. The H+ pump conductance is
thought to be comparable with the conductance of dif�
fusional pathway [1]. In this case the pump current
depends not only on the parameters of the H+ pump
but also on the conductance of ion channels. It is not
excluded that changes of plasmalemma conductance
in alkaline zones are involved in regulation of the
H+ pump activity. Based on this viewpoint, the mini�
mal size of alkaline zones is determined by the
required pump current that would suffice for the sus�
tained photosynthetic activity. In this connection it is
interesting to note that the pump current in acid zones
~10 μA/cm2 [6] corresponds to the outward H+ flux of
about 100 pmol/(cm2 s). If the protons expelled from

the cell interact with  converting it to СО2,
which is a consumable substrate in photosynthesis, the
СО2 influx in acid zones should correspond to the rate
of H+ extrusion. The H+ flux ~100 pmol/(cm2 s) is
somewhat higher than the average rate of CO2 fixation
in Chara internodes under saturating light
(40 pmol/(cm2 s)) [30]). However, about one�third of
the cell area belongs to regions with low photosyn�
thetic activity; therefore, the rate of photosynthetic
CO2 fixation in acid zones should be approximately
1.5 times higher than the average rate (~60 pmol/(cm2 s)).
The latter value is comparable to estimates for the out�
ward H+ flux and the rates of CO2 uptake.

Thus, after completion of cell growth, the function
of the H+ pump, related to accumulation of mineral
nutrients (K+, NO3

– ), apparently weakens for the sake
of improvement of cell supply with a permeable pho�

HCO3
−

HCO3
−

,

tosynthetic substrate, whose content is depleted in a
weakly alkaline aquatic environment.
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