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ABSTRACT Using giant characeaen algae Nitellopsis obtusa in laboratory
exercises is proposed to familiarize students with basic concepts of
electrophysiology and provide some simple hands-on practice. The described
concept experiments present extracellular registration of action potentials (APs) and
investigation of cytoplasmic streaming properties. Students are expected to register
the propagation velocity of APs (found to be 3.4 ± 1.5 cm/s in N. obtusa), as well as
the velocity of cytoplasmic streaming (66.7 ± 9 lm/s). Proposed exercises also
concern recovery dynamics of cytoplasmic streaming after a stimulation (recovery
time constant s ¼ 3.7 ± 2.1 min) as well as investigation of an effect of various
chemicals (e.g., KCl) on all selected parameters. The experiments endorse
characeaen algae as a model system to be routinely explored in education of
biophysics and bioelectrical phenomena of the cell.

KEY WORDS cell signaling signal transduction and cellular networks;
mechanobiology; cell mechanics, mechanosensing, and motility; laboratory
exercises; learning goals; fundamental concepts and techniques

I. INTRODUCTION
Electrophysiology is a profound branch of biophysics, linking

principles of physics—sometimes as basic as Ohm’s law—to complex
response patterns of excitable cells and their networks. Various
imaging techniques have conditioned ever improving understanding
of the structure of ion transporters, constantly breaching previously
unassailable limits of resolution. Yet it should not be forgotten that
structural information itself cannot substitute functional investigations
of ion channels and pumps. It is electrophysiology that continues to
obtain these answers, especially since tools of molecular biology have
enabled diverse genetic manipulations of ion transporters.

Modern science has advanced far beyond what can be thought of
as simple experiments. Even such routine electrophysiological
techniques as patch clamping require skill and determination that
can hardly be expected of students performing laboratory exercises.
Therefore, there is a need for a middle ground where complicated
electrophysiological techniques often can be implemented by
relatively simple and cost-effective means.

Plant cell excitability (1) and transmission of electrical signals are
directly linked with vital physiological functions such as regulation of
photosynthetic activity, respiration, growth, phytohormone produc-
tion, changes in gene expression, and, most evidently, rapid leaf
closure in Dionaea and Mimosa (2). Because of their ability to generate
distinct electrical signals, plants can be used as an alternative to
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animal cells for electrophysiological experi-
ments. Giant algae of the Characeae family,
whose internodal cells have often been called
‘‘green axons’’ (3), may provide the most
simple, cost-effective, and robust model system
for laboratory exercises (4, 5). Compared with
animal-based model systems, characeaen algae
inherently bypass bioethical obstacles and
naturally cause less emotional discomfort. In
this article we introduce several concept
experiments on giant characeaen algae Nitel-
lopsis obtusa (starry stonewort) that could be
used to introduce students to electrophysiolo-
gy, signal processing, and statistics education
and provide some insights for further labora-
tory practices and discussions.

II. SCIENTIFIC AND
PEDAGOGICAL BACKGROUND
A. Morphology of Nitellopsis obtusa

Nitellopsis obtusa (and other characeaen
algae) is native to various shallow fresh or
brackish waterbodies in temperate climate
zones in Eurasia from Western Europe to Japan.
In North America it is considered an invasive
species (6). The thallus of N. obtusa consists of
alternating nodes (made of multiple small cells)

and huge internodal cells connected via
plasmodesmata (7). Internodal cells of N. obtusa
can exceed 30 cm in length and 1 mm in
diameter. Separated from the thallus, internod-
al cells can survive for months and can be
considered separate unicellular organisms.
Storage of characeaen algae is exceptionally
simple: once they are gathered from a water-
body, the cells can be stored for months in
dechlorinated tap water under illumination
with no supplement needed (other than
occasionally changing the water in aquaria).

Characeaen cells have the structure of a
typical plant cell (Fig 1): they possess a cell wall,
an excitable plasmalemma, cytoplasm, a layer
of chloroplasts, a vacuolar membrane (tono-
plast, which is also excitable) (8, 9), multiple
nuclei, and a vacuole that comprises up to 95%
of the cell volume (7). During laboratory
practice, students should become familiar with
the morphology of characeaen cells and learn
how their cellular structure has evolved to
support specific functions. Characeaen algae
may provide insights from a cell biology point
of view: multiple nuclei and cytoplasmic
streaming (see section II.C) enable more homo-
geneous nutrient distribution that would oth-
erwise be impossible because of the cell size;

Fig 1. Schematic model of an internodal characeaen cell. (a) Direction of cytoplasmic streaming; (b) cell wall; (c) plasmalemma; (d)
cytoplasm (exoplasm); (e) layer of chloroplasts; (f) cytoplasm (endoplasm); (g) vacuolar membrane (tonoplast); (h) vacuole; (i, j) nuclei,
mitochondria, and various vesicles. The scheme to the right better represents proportions of cell compartments because the vacuole can fill
up to 95% of cell volume.
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high turgor pressure compensates high exter-
nal hydrostatic pressure caused by living
underwater (7).

B. Excitability of characeaen cells
Electrical excitability of plant cells in its most

mesmerizing form can be observed in nastic
movements of Venus flytrap (Dionaea muscipu-
la) or of Mimosa pudica (10). However, it was
characeaen cells that have been used by
leading scientists in search of the mechanism
of plant action potentials (APs) since the early
20th century (11, 12). According to the widely
accepted Thiel-Beilby model (9), an AP in a
characeaen cell plasmalemma is generated
when Ca2þ ions begin to flow into the
cytoplasm from both the external medium
and internal sources, thus causing membrane
depolarization. Ca2þ ions in the cytoplasm
activate Cl� channels, allowing Cl� efflux and
further depolarization of the plasma mem-
brane. Depolarization itself and Ca2þ ions then
activate Kþ channels, thus allowing Kþ ion efflux
and membrane repolarization to its resting
potential, which is completed because of the
activity of an Hþ pump, as well (13–15).

Conventional intracellular recordings enable
thorough assessment of such electrophysiolog-
ical parameters as membrane resistance, AP
amplitude, peak and threshold values, dynam-
ics of membrane potential, or ion fluxes during
excitation. Various bioactive compounds or
physical factors may influence these electro-
physiological parameters (15). However, intra-
cellular impalement might be too complicated
for students not experienced in electrophysiol-
ogy, especially if multiple impalements are
required, as in the case of researching velocity
of propagation of APs. Also, complex experi-
ments require specific electrophysiological
equipment (such as an electrode puller or a
micromanipulator), which may not be available
to every laboratory. High amplitude (up to 150
mV) and long duration (tens of seconds) of
characeaen APs (16) make them suitable to be
registered extracellularly (17). Although extra-
cellular recordings can provide few main
electrophysiological parameters to be exam-
ined (usually AP duration, amplitude, frequen-

cy, number, and conduction velocity), they can
be much more easily and quickly mastered by
students and do not require any sophisticated
equipment compared with intracellular record-
ings. During laboratory practice, students
should learn about plant excitability, assemble
the system for extracellular recordings of APs in
N. obtusa (or other characeaen), and register
and analyze the signal. Students should be
encouraged to try to compare registered
signals to animal APs and try to explain the
differences (e.g., longer duration of Characeaen
AP) by different mechanisms and try to link that
to their function (e.g., why is Characeaen AP
longer?). After control measurements, students
should apply some chemical of the supervisor’s
choosing to see its effects on APs in Nitellopsis,
thus enabling analysis of the mechanism of AP
generation.

C. Cytoplasmic streaming
Another fascinating phenomenon that can

be studied in Characeaen cells is cytoplasmic
streaming, which can be observed in various
forms of life from protozoa to fungi, animals,
and plants (18). In Characeae, even a low
magnification (103) is enough to distinguish
vesicles and various other organelles being
transported by the cytoplasm helically around
the cell. Looking at a cross-section of a cell, half
of the cytoplasm streams in an upward
direction, and the other half streams down-
ward. Both streams circle helically around the
cell and connect near the nodes. The streams
are separated by 2 indifferent zones that can be
observed as a line of missing chloroplasts (7)
(Fig 2). The layer of cytoplasm is very thin (~10
lm), and in it, cytoplasm streams with an
approximately constant velocity. Part of the
movement is transferred to the vacuole, but
streaming velocity there has a gradient from
the highest in the vicinity of the tonoplast to
the unmoving center of the vacuole (19).

Research on the mechanism of cytoplasmic
streaming revealed that parallel to helical
chloroplast rows, actin fibrils (20) form, along
which myosin XI proteins (21, 22) slide, carrying
their cargo. The generation of APs and dynam-
ics of cytoplasmic streaming in Characeaen
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algae have been found to be intimately
connected through the dynamics of cytoplas-
mic Ca2þ content. The increase of Ca2þ ions in
the cytoplasm during the depolarization phase
of AP inhibits myosin movement, thus stopping
cytoplasmic streaming [the mechanism is re-
viewed in Ref. (23)] It has been proposed that
the velocity of cytoplasmic streaming could be
used as an indicator of cytoplasmic Ca2þ

concentration (24). Thus, it is possible to
observe intracellular Ca2þ ion dynamics and
cell excitation indirectly with a basic light
microscope.

The function of cytoplasmic streaming in
Characeae is thought to be associated with
homeostasis and distribution of organelles and
macromolecules because passive diffusion is
not effective in such large cells. Cytoplasmic
streaming also enhances nutrient transport
between cells through plasmodesmata (4, 18).

Streaming sensitivity to increased intracellu-
lar Ca2þ levels can be thought of as a response
to a possible membrane breach. The trans-
membrane concentration gradient of Ca2þ ions
is higher compared with other ion species; thus,
Ca2þ influx can serve as a signal of breached
membrane integrity (25). When Ca2þ concen-
tration increases, cytoplasmic streaming stops,
preventing cell content leakage through puta-
tive membrane lesion (4).

Students should learn about the mechanism
of cytoplasmic streaming and its function for

the cell, as well as the whole organism. Video
recordings of cytoplasmic streaming (preferably
as a control and after application of some
chemical of the supervisor’s choosing) can be
made by students themselves or be provided
by the supervisor if time for laboratory exercis-
es is limited. Students then should analyze
videos and quantify parameters describing the
dynamics of cytoplasmic streaming. Cytoplas-
mic streaming provides an excellent and
visually attractive way to link cell excitation to
increased cytoplasmic Ca2þ levels, a process
that is also crucial to the excitation of animal
cells.

III. MATERIALS AND METHODS
Nitellopsis obtusa (N.A. Desvaux) J. Groves

algae were collected from Lithuanian lakes
during autumn months and maintained at
room temperature (21 ± 1 8C) in glass aquaria
under daylight conditions (9.5 ± 0.19 lmol m�2

s�1) with a light/dark photo regime of 12/12 h.
Experiments were carried out on internodal
cells that were separated from thalli and kept
overnight in buffered artificial pond water
(APW) under daylight conditions. The control
solution APW contained 0.1 mM KCl, 1.0 mM
NaCl, 0.1 mM CaCl2, 3 mM HEPES, and 1.5 mM
Tris (pH 7.2). All chemicals were of analytical
grade and were purchased from Sigma-Aldrich

Fig 2. Cytoplasmic streaming in Nitellopsis obtusa. Left: a cell under 403 magnification (black bar represents 200 lm). Right: schematic
model of a part of a cell. Indifferent zone (IZ) and moving vesicles (V, pointed at by arrowheads) can be seen. Arrows indicate direction of
cytoplasmic streaming. Dark aggregates on the cell wall are caused by biomineralization (27).

Using Nitellopsis

Pupkis et al. The Biophysicist 2021; 2(1). DOI: 10.35459/tbp.2019.000130 21

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-01-15



(St. Louis, MO). Experiments were conducted at
room temperature (21 ± 1 8C).

A. Extracellular recordings of action
potentials

An internodal cell was placed in a custom-
made plexiglass chamber (dimensions 205 3 50
3 6 mm) consisting of 9 compartments filled
with APW. The chamber can be easily con-
structed out of plexiglass pieces glued together
with superglue. Alternatively, a large Petri dish
might be used with compartments formed out
of any type of pure petroleum jelly. In any
arrangement it is crucial to ensure proper
electrical isolation between the compartments
(whose dimensions in the described chamber

were 15 3 10 3 3 mm). It is recommended to
apply petroleum jelly in gaps between the
compartments, place a cell, and top it with
more petroleum jelly coating. Once a cell was
placed into the chamber, each compartment
was filled with experimental solution (usually
APW). Sewing pins were used as electrodes,
which were fixed on the chamber with
plasticine pieces so that each electrode could
contact the solution of its compartment. The
distance between 2 adjacent pins was 2 cm. To
avoid the effects of cell ends, pins were placed
in such a way so that a pin closest to the end of
a cell would be at least 2 cm away (17). Two
pairs of sewing pins served as measuring
electrodes. The e-Biol (ComLab project, Vilnius,
Lithuania) universal data acquisition and con-
trol system (5, 26) was used for signal
amplification (1053) and digitization (analog
to digital conversion [ADC] 12 bits, sampling
rate 10 Hz). Data acquisition system was
controlled by a standard personal computer.
The principal scheme of the registration system
is not sophisticated (Fig 3): any differential
amplifiers and any ADC system might be used
(e.g., PowerLab [Colorado Springs, CO] or
Biopac [Goleta, CA]). An electrical stimulus
was elicited by connecting a conventional
1.5V AA battery (any type of current generator
can be used) to 2 adjacent pins. The electrical
stimulation was applied (usually up to a few
seconds) until the initiation of AP was ob-
served. To apply a thermal stimulus, some APW
was cooled to 0 8C; then, with the use of a
pipette, a drop of this solution was applied
directly on a cell portion in one compartment
of the chamber. A change in temperature is
known to alter membrane properties, activate
mechanosensitive Ca2þ channels, and depolar-
ize the membrane. If the stimulus is sufficient,
an AP is generated (7).

In extracellular recordings with 2 electrodes,
APs are registered as biphasic signals (Fig 4): the
recorded signal is the potential difference
between these 2 electrodes. Once an AP (local
depolarization) is generated and reaches the first
electrode, the second electrode acts as the
reference and a deflection (rapid depolarization
and subsequent repolarization) is registered. The

Fig 3. Extracellular recording system. A complete block scheme
(top) and a partial photo (bottom). A cell (b) is put along the
chamber (a). The gaps between the chamber’s compartments (c) are
isolated with petroleum jelly (d). The electrodes are made from
sewing pins (e) and fixed to the chamber with plasticine (f). The e-
Biol universal data acquisition and control system (26) is used for
signal amplification (g) and digitization (h). The data acquisition
system is controlled by a personal computer (i). The conventional
1.5V battery (j) is used for manual electrical stimulation.
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AP then propagates further, reaches the second
electrode in the pair, and is registered by it (now
the first electrode acts as a reference). With
differential amplifiers and bipolar registration,
the first deflection is positive (in this setup), and
the second is negative. Conduction velocity was
calculated from the time lag between 2 positive
peaks of conducted AP and the distance
between corresponding recording electrodes
(Fig 4). It is possible to measure the velocity of
propagation of AP with only 2 measuring
electrodes if the distance between them is long
enough, so that the deflections measured by
each do not overlap.

B. Cytoplasmic streaming
For observations of cytoplasmic streaming,

younger N. obtusa cells (closer to apex of the
thallus) are preferred because, as cells age, their
cell wall tends to become more mineralized (27),
thus obstructing a clear view of cell insides.
Cytoplasmic streaming might also be observed
in N. obtusa rhizoids. In a natural habitat, rhizoids
are hidden in the soil; thus, they do not possess
fully developed plastids, allowing a very clear
view of the cytoplasm. For the experiments, a
cell was placed in a similar chamber as described
above (Fig 3), except it was made from

transparent plexiglass and had only one com-
partment composing the whole chamber. The
cytoplasmic streaming was filmed with a DS-Fi1c
(Nikon, Tokyo, Japan) camera at 1003 magnifi-
cation of the calibrated Eclipse FN1 (Nikon)
microscope. Later videos were analyzed; the
velocity of cytoplasmic streaming was deter-
mined by measuring the time a cytoplasmic
particle needed to travel a certain distance.
Attention should be paid to the area where the
streaming is observed: if a particle comes too
close to the indifferent zone, it can sometimes
start to rotate or even cross the zone and
reverse direction of movement. Also, it is best to
observe vesicles of uniform smaller size, because
large vesicles may temporarily get stuck.

Recovery of cytoplasmic streaming can be
approximated with a simple exponential func-
tion (Eq. 1),

v tð Þ ¼ v0 þ vmax 3 1� e
� t�t0ð Þ

s

� �
ð1Þ

where v(t) is the velocity of cytoplasmic
streaming, v0 indicates the velocity of cytoplas-
mic streaming at its minimum (when AP is
generated), vmax indicates the maximal velocity
of cytoplasmic streaming, t is time, t0 indicates
the moment of stimulation, and s is the time
constant of recovery of cytoplasmic streaming.
Some of the parameters can be determined
beforehand. In this research, a cell was stimu-
lated 1.3 min after the start of recording (t0 ¼
1.3 min) and streaming usually stopped com-
pletely (v0 ¼ 0 lm/s). Maximal velocity of
cytoplasmic streaming vmax can also be deter-
mined before the approximation.

C. Data analysis
Data analysis was performed by MicroCal

OriginPro 2016 (OriginLab, Northampton, MA)
software. All the data are expressed as a mean
± SD, and n indicates the number of cells
measured. The Shapiro–Wilk test was used to
confirm sample normality. If a sample was
distributed normally, the Student’s paired t-test
was applied; otherwise, a nonparametric
Mann–Whitney test was used. In both cases,
the significance level was set to P¼ 0.05.

Fig 4. Typical extracellular recordings of an action potential of
Nitellopsis obtusa made with 2 pairs of electrodes. The double-
headed arrow indicates the time lag between 2 positive peaks of a
conducted action potential. The single-headed arrow indicates the
moment of electrical stimulation.
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IV. RESULTS
A. Extracellular recordings of action
potentials

Typical extracellular recordings of an AP of N.
obtusa are shown in Figure 4. Note the similar
amplitude and biphasic shape. Any major
discrepancies between recorded signals with
different electrode pairs would indicate prob-
lems with the recording system, especially the
electrodes.

Initially, the AP velocity of propagation was
found to be comparatively slow (0.6 ± 0.2 cm/s,
n ¼ 5). However, after a further electrical
stimulation (at least 3 APs with a rest period
of at least 3 min), the velocity increased
significantly (P ¼ 0.02) to 3.4 ± 1.5 cm/s (n ¼
6). Although cold stimulation did not cause a
significant change in the propagation velocity
(2.4 ± 0.9 cm/s, n ¼ 6), it showed a trend (P ¼
0.09) of being lower. The velocity after cold
stimulation was significantly (P ¼ 0.01) greater
than after initial electrical stimulation (Fig 5).

The absolute refractory period was investi-
gated by periodically (on/off, frequency ~0.5
Hz) electrically stimulating a cell after it
generated the first AP (Fig 6). The refractory
period was found to be 51.5 ± 27 s (n ¼ 6).

After the application of a drop of 3 M KCl
solution on a cell (in one compartment),
spontaneous APs were registered (Fig 7).
Because of the different time scale, APs appear
as high-amplitude spikes and deflections from
the baseline; the apparent increase in noise
(compared with Fig 4) is also explained by the
same reasoning.

Fig 6. Investigation of the absolute refractory period in Nitellopsis
obtusa. Once the first action potential was generated, a cell was
repeatedly electrically stimulated (frequency ~0.5 Hz) until another
action potential was generated. Increased noise during the
refractory period shows the electrical stimulus being repeatedly
turned on and off.

Fig 7. A recording of a spontaneous action potential train in
Nitellopsis obtusa that was elicited by stimulating the cell with a
drop of 3 M KCl solution.

Fig 5. Velocity of the propagation of action potentials in Nitellopsis
obtusa. Repeated electrical stimulation significantly increased the
velocity; cold stimulation–induced action potentials also propagated
significantly faster compared with the initial electrical stimulation–
induced action potentials, but not to repeated electrical
stimulation–induced action potentials.
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B. Cytoplasmic streaming
Cytoplasmic streaming in N. obtusa retains a

mostly constant value (60 min after the start of
recording v¼66.7 ± 9 lm/s, n¼7) for at least an
hour if conditions are constant (Fig 8). Changing
external solution from APW to 100 mM KCl
invariably stopped cytoplasmic streaming. In 3
of 7 cells (43%) streaming stopped before the
fifth minute after the application, and after 10
min it had ceased in all the cells (n¼7). After the
initial stoppage, the recovery of cytoplasmic
streaming was variable: in 3 of 7 cells (43%), the
velocity of cytoplasmic streaming even after 60
min did not exceed 20% of its initial value
(before the application of 100 mM KCl). The rest
of the cells (4 of 7, 57%) showed considerably
better signs of recovery. However, their recovery
was not completely gradual: in these cells,
cytoplasm stopped once again at least once
during the time of recording. Overall, the
velocity of cytoplasmic streaming was signifi-
cantly decreased (P , 0.05, n¼ 7) from the fifth
minute of the recording to its end at the 60th
minute.

The recovery of cytoplasmic streaming was
investigated after the generation of 1 AP (Fig 9):

1.3 min after the start of recording, a cold
stimulus was applied. Cytoplasmic streaming
stopped immediately and was gradually re-
stored. The dynamics of recovery could be
approximated by a simple exponential function
(Eq. 1). From the approximation, the steady rate
of cytoplasmic streaming is 58.2 ± 13.1 lm/s (n¼
6) on average, which is consistent with the first
experiment (Fig 8), and the recovery time
constant is s¼ 3.7 ± 2.1 min (n¼ 6). Compared
with the first recorded value of cytoplasmic
streaming (t ¼ 0), the velocity of cytoplasmic
streaming was significantly (P , 0.05) lower from
1.5 to 8.5 min after the start of the recording
(except points t¼ 6.5 min and t¼ 8 min).

V. DISCUSSION
Recently, the Chara braunii genome was

published (28), expanding possible scientific
approaches (29, 30). Thus, Characeaen algae are
not only complex organisms constantly provid-
ing new insights into plant electrophysiology,
but also simple enough systems to be routinely
used for student laboratory exercises.

Fig 8. Dynamics of velocity of cytoplasmic streaming in Nitellopsis
obtusa. In the control condition, the cell was immersed in artificial
pond water solution; later, it was changed to 100 mM KCl solution.
The change induced a significant decrease of the velocity marked by
asterisks (P , 0.05, n ¼ 7).

Fig 9. Recovery of cytoplasmic streaming after the generation of 1
cold-induced action potential. The arrow represents time of
stimulation. Recovery dynamics are approximated by an exponential
function from Eq. 1. Asterisks mark instances when the velocity of
cytoplasmic streaming was significantly lower than its initial (t¼ 0)
value (P , 0.05, n ¼ 6).
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A. Extracellular recordings of action
potentials

In this research, APs were registered extra-
cellularly as biphasic signals. AP amplitude
remained relatively constant as the AP propa-
gated between the 2 electrode pairs (Fig 4).
Some AP shape variability should be expected
because of the nature of the extracellular
recording itself; also, plant APs exhibit some
intrinsic variation (7, 14). Students can best
observe this variability by comparing APs of
different cells. However, it should be stressed
that characteristics of a propagating AP remain
unchanged.

The small size of plant cells and plasmodes-
mata usually limits research on propagation of
APs. Although there are data about AP
propagation in plant tissues, very few species
of plants are suitable for single-cell experi-
ments. Tabata and Sibaoka (17) found that C.
braunii AP propagation velocity differs in moist
air (0.21 ± 0.05 cm/s) and in APW (1.5 ± 0.9 cm/
s). APs propagated at a constant velocity
through a cell, except for its ends (0.3 cm from
an end in moist air and 1.8 cm in APW). In APW
the conduction velocity near the ends in-
creased to 5.7 ± 2.3 cm/s. We purposefully
avoided this cell geometry–inflicted effect by
placing the furthermost electrode at least 2 cm
from the end of the cell. Action potential
propagation velocity in Nitellopsis (3.4 ± 1.5 cm/
s after repeated electrical stimulation) unsur-
prisingly is similar to that of C. braunii and other
Characeaen algae [mentioned in Ref. (14)]. In
tissues, propagation of plant APs is usually of a
similar velocity or slower: 3–5 cm/s in maize
sieve tubes and 0.2–2 cm/s in leaf mesophyll
(31) and between 0.1 and 0.4 cm/s in tomato
seedlings (32) and 0.3 and 0.5 cm/s in barley
leaves (33). Interestingly, extremely fast propa-
gating APs (up to a few meters per second)
have been registered in Venus flytrap (34).

In our research, the value of the first
stimulation-induced AP was significantly lower
(0.6 ± 0.2 cm/s) compared with subsequent
APs. The result might be explained by the fact
that, before any stimulation, a cell was in its
resting state with a resting potential of usually
at least �200 mV. After further stimulation

(especially with a period between stimuli that
usually was shorter than the time needed for a
cell to return completely to its resting state)
(Fig 9), a cell persisted in a slightly depolarized
state (35). If membrane resistance remains the
same, for such a cell, less current is needed to
reach the excitation threshold; thus, an AP is
elicited quicker and propagates faster. Even
though cold stimulus did not elicit a signifi-
cantly slower propagation of AP compared with
an electrical stimulus, the visible trend might be
explained by the fact that the activity of ion
channels responsible for excitation is tempera-
ture dependent (36).

Spontaneous APs are usually related to salt
stress (7, 9). Application of a 3 M KCl solution
elicited an extreme change in the extracellular
environment, immediately changing the trans-
membrane Nernst potential for Kþ ions, depo-
larizing the plasmalemma, and bringing it to a
level more positive than its normal excitation
threshold. Consequently, a train of spontane-
ous APs was generated. The effect may also be
connected to an extreme change in external
osmolarity; however, it is known that the effect
of salt stress is more prominent than the effect
of osmotic stress (9).

B. Cytoplasmic streaming
Characeaen myosin is the fastest motor

protein in the world (23, 37): its ATP- and
Mg2þ-dependent ‘‘walking’’ velocity in Chara-
ceae can exceed 100 lm/s (38). The value of
streaming velocity is at least 50 lm/s (20) and
usually is observed in the range of 60–70 lm/s
(39, 40). We found that the streaming velocity
in N. obtusa is similar (66.7 ± 9 lm/s). A KCl
solution of 100 mM markedly reduced the
velocity of cytoplasmic streaming. As described
above, KCl depolarized a cell, and it generated
at least 1 AP. The exact response to the
stimulus (either a very slow recovery of
streaming velocity or a more rapid recovery
with more spontaneous APs generated) indi-
cates variability in electrophysiological param-
eters between cells of N. obtusa in their resting
state.

After a thermal (cold) stimulus, an AP was
always generated, and cytoplasmic streaming
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stopped. On average, at least 7.5 min was
needed for streaming to fully recover. Accord-
ing to Tazawa and Kishimoto, after an electrical
stimulus, cytoplasmic streaming is fully restored
within 5–10 min (39). Dynamics of the recovery
of cytoplasmic streaming velocity could be
approximated with a simple exponential func-
tion (time constant s ¼ 3.7 ± 2.1 min). As an
easier way of quantifying the dynamics of the
restoration of cytoplasmic streaming, a half-
time of recovery (the amount of time needed
for the velocity of cytoplasmic streaming to
regain half of its initial value) can be used (41).
In Hayama et al. (41), its value was about 2 min,
a value very similar to our data (Fig 9). If the
dynamics of cytoplasmic streaming indicate
intracellular Ca2þ dynamics (24), then it can be
thought that the exponential recovery of
cytoplasmic streaming indicates that Ca2þ

pump dynamics are responsible for lowering
Ca2þ concentration in the cytoplasm (9).

C. Ideas for further experiments
Our concept experiments can be thought of

as a starting point, because countless stimuli
could affect both the velocity of propagation of
APs and the velocity of cytoplasmic streaming.
As described above, students could investigate
the influence of pH, temperature, and illumina-
tion. For example, the students can fill the
compartment with a more acidic (pH � 6) or
basic (pH � 8) APW and observe cytoplasmic
streaming slowing or even stopping (20, 42).
Changing temperature should linearly affect
velocity of the streaming (43, 44). Illumination
affects streaming velocity by changing intracel-
lular Ca2þ concentration: it is thought that
under illumination, photosynthesis causes Ca2þ

ions to be taken into the chloroplasts. Thus, in
the dark, Ca2þ levels are higher, determining a
slightly lower velocity of cytoplasmic streaming
(45, 46).

If the budget allows, various chemicals (15,
47) could be used, especially those known to
modulate cytoskeleton integrity or affect the
enzymatic activity of myosin (e.g., cytochalasin
and N-ethylmaleimide) (23), as well as a variety
of ion channel blockers (e.g., La3þ ions) (13). If
duration of an AP as a new parameter is

introduced, the effect of Kþ channel blockers
(e.g., Csþ or tetraethylammonium ions [TEAþ]),
observed as prolongation of APs (48), should be
easy to quantify. Naturally, all the ion species
known to be involved in Characeaen AP
generation (Ca2þ, Cl�, Kþ) also should have a
clear effect on Characeaen electrogenesis, as
shown by our research involving elevated Kþ

concentration. (Figs 7, 8). A very easy experi-
ment would be to increase or decrease (using a
chelator) extracellular Ca2þ concentration and
wait for it to affect intracellular Ca2þ concen-
tration: streaming velocity is not affected when
Ca2þ concentration does not exceed 10�7 M
(20), but once it reaches about 0.8 mM, the
streaming is completely inhibited (49). Salt
stress (elevated Naþ concentration) (9) could
be investigated, as well.

If a current generator is available, it would
be beneficial to examine the all-or-none
quality of APs by starting stimulation from a
subthreshold value and continuously increas-
ing the stimulus until an AP is generated. We
did not find any significant differences be-
tween the velocities of propagation of APs
when cells were stimulated electrically or
thermally (with a drop of cold solution).
However, a bigger sample size might reverse
such a claim. AP can also be elicited with
mechanical stimulation (touching a cell). It
would be interesting to compare mechanically
elicited to electrically or thermally elicited APs.
However, mechanical stimulation requires
utmost precision and care, because if a cell is
moved too much when touched, the integrity
of the petroleum jelly seal between compart-
ments can be compromised. Stimuli of differ-
ent modality could also be applied when
researching the dynamics of recovery of
cytoplasmic streaming. Students could also
investigate whether stimulating the opposite
ends of a cell evokes any differences between
APs. Exchanging the positive with a negative
measuring electrode could also provide some
insights for the students.

Described experiments could become a
starting point of discussions about cytoskele-
ton and motor proteins in general, as well as
the mechanochemical basis of cellular traffick-
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ing, differences between electrogenesis in plant
and animal cells, mechanism and functions of
electrical signaling, and natural variability of
biological systems. Basics of data analysis
(normality of data, statistical hypothesis testing)
can also be introduced as a part of laboratory
exercises.

VI. CONCLUSION
In our research we present several simple

experiments that could help familiarize stu-
dents with basic electrophysiological concepts
and provide some hands-on practice. Nitellopsis
obtusa and other Characeaen algae are espe-
cially suitable for such purposes because of
their excitability and specific morphological
characteristics. Concept experiments measur-
ing velocity of AP propagation and velocity of
cytoplasmic streaming were introduced. The
experiments could be expanded to suit the
particular needs of a curriculum. Discussions of
various topics from statistical analysis to the
electrochemical basis of APs naturally arise
from the experiments. In conclusion, Chara-
ceaen N. obtusa algae can be harnessed as a
convenient experimental system for student
laboratory practice.
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