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Summary. The effects of deuterium oxide (D,0) on giant inter-
nodal cells of the fresh water alga Chara gymnophylla, were
investigated. D,0 causes membrane excitation followed by po-
tassium leakage. The primary effect consists of an almost instan-
taneous membrane depolarization resembling an action potential
with incomplete repolarization. A hypothesis was proposed
which deals with an ‘‘osmotic stress’” effect of D,O on mem-
brane ion channels followed by the supression of the electrogenic
pump activity. The initial changes (potential spike and rapid K*
efflux) may represent the previously undetected link between the
D,0-induced temporary arrest of protoplasmic streaming and the
early events triggered at the plasma membrane level as the pri-
mary site of D,0 action.
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Introduction

Deuterium oxide (D,0) has been widely utilized as
an isotopic analog of water. It has been frequently
used in membrane transport studies and as an al-
most exclusive solvent in NMR studies. However,
it 1s well documented that deuterium oxide causes
perturbations in biological systems (Katz & Crespi,
1970). These effects are mainly discussed in terms
of hydrogen bond replacement by the deuterium
bond. However, a substantial fraction of exchang-
able H atoms in native macromolecules exchanges
slowly (up to several hours) with D atoms. This can
only account for long term D,O effects. Yet, it has
been reported that D,O induces significant altera-
tions in living systems, observable minutes or even
seconds after exposure (Alexandrov et al., 1964;
Hiibner, 1965). This rapid action should imply sol-
vent isotope effects. Its mechanism, however, re-
mains largely unknown. D,O can cause an abrupt
interruption of protoplasmic streaming (cyclosis) in
algal cells (Hitbner, 1965). On the other hand, it is
known that cyclosis may be affected by factors,
such as intracellular calcium (Williamson & Ashley,

1982), which induce changes of ATPase activity
(Williamson, 1975; Tazawa, Kikuyama & Shim-
men, 1976), or by mechanical and electrical stimula-
tions which lead to the generation of action poten-
tials (Kishimoto & Akabori, 1959; Williamson &
Ashley, 1982). In animal cell membranes D,O can
slow the sodium pump as revealed by the reduced
sodium efflux (Keynes, 1965), and increase the
(Na* + K*)-ATPase affinity towards K* while de-
creasing the apparent affinity towards Na* (Ahmed,
Riggs & Ischida, 1971; Ahmed & Foster, 1974).
However, there are no reports regarding the influ-
ence of D,0 on the transport mechanisms in plant
membranes.

Materials and Methods
BioLoGICAL MATERIAL

Laboratory-grown Chara gymnophylla algae were attached to an
agarose base of the same composition as the surrounding growth
medium (1 mM NaHCOs, 0.4 mM Ca(NO,),, 0.2 mm MgCl, and
0.1 mMm KH,PO,). Prior to measurements, cells were kept for 24
hr at 25°C in one of the experimental solutions: APW (*‘artificial
pond water’’; 1.0 mm NaCl, 0.1 mm KCI and 0.1 mM CaCl,) or
H-APW (99.8% D,0 solvent, Stohler Isotope Chemicals, with
the same salt composition).

MEASUREMENT OF MEMBRANE POTENTIAL
DIFFERENCE (PD)

Individual internodal cells were fixed in the flow-through Per-
spex chamber within a light-proof Faraday cage. Intravacuolar
Ag/AgCl, microelectrode (tip diameter 3—5 um) was filled with 3
M KCI. The external glass reference electrode was filled with
agarose in 3 M KCIl, and placed near the flow outlet. In this
experimental arrangement the measured PD corresponds to the
multiple-boundary system between vacuole and external me-
dium. PD at various temperatures was continuously registered
on a Keithley 616 electrometer connected to a dual-chart re-
corder (Esterline Angus Instrument). While examining the influ-
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Fig. 1. D,0-elicited potential spikes. (a), (b) and (c) Typical re-
cordings of potential with temperature from cells exposed to the
flow of 2H-APW (at bottom arrow). (d) Example of control re-
cords (flow of APW increased at arrow without substituting the
perfusion fluid). The initial resting potential value is given at the
beginning of the upper tracing in each panel. Additional PD lev-
els are indicated in upper tracings of a, b and c. A temperature
scale is given for the lower tracing in each panel

ence of D-O, in order to speed up the exchange of perfusion
fluids (CH-APW for APW), the perfusion rate (0.5 ml/min) was
increased to 24.0 ml/min during the first minute following the
substitution of fluids.

MEASUREMENT OF EXTRACELLULAR IONS
IN ZH-APW

After careful blotting on filter paper, 10 cells of measured length
(approximately 10 mm each) were transferred to a vial containing
5 ml of 2ZH-APW maintained at 25°C. Five 0.5-ml aliquots of the
medium were withdrawn at various intervals during the first 10
min of incubation (with gentle mixing of the cell suspension be-
fore each withdrawal); the last aliquot was taken after 18 hr.
After 10-fold dilution with distilled water, potassium content of
aliquots was determined using a Varian 775 atomic absorption
spectrophotometer. Extracellular chloride was determined by
potentiometric titration of the ZH-APWS solution (H-APW with
[ mm Na,SO, substituted for 1 mm NaCl) in which the cells have
been kept for 10 min. Titration was carried out with | mm AgNO,
and the potential change was registered with a silver electrode.
The ion concentration was calculated against total cell volume
which was obtained by using the measured total cell length and
the average cell radius of 0.2 mm.

MEASUREMENT OF CYCLOSIS
TEMPERATURE DEPENDENCE

A sample of cells was transferred to a thermostatically controlled
Perspex chamber, filled with the experimental solution and pre-
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Fig. 2. Potassium leakage from internodal cells during incuba-
tion in deuterated media CH-APW); examples from two identical
experiments (curves [ and 2). Data, corrected for volume
changes, are expressed as increments of extracellular potassium
concentration, normalized in respect to the 18 hr value (dashed
horizontal line)

warmed to 25°C. The temperature (thermistor probe, Yellow
Springs Instruments, at the bottom of the chamber) was then
slowly brought to the desired starting level. Prior to velocity
measurements, the cells were allowed to adapt to the starting
temperature for 30 min. A stopwatch and a stereomicroscope
(Bausch & Lomb) with an ocular micrometer were used to follow
the passage of cytoplasmic particles. In order to evaluate the
temperature dependence of cyclosis, stepwise rewarming from
the starting temperature was initiated at a rate of about 0.5°C/
min between the steps. At each step in the heating series the
temperature was allowed to stabilize (+0.5°C) for 15 min prior to
v. measurements.

Results

Sudden exposure to D,O by means of a rapid ex-
change of perfusion fluids CH-APW for APW) re-
sulted always in a fast depolarization. This effect is
similar in magnitude and in time course to the volt-
age characteristics of an electrically evoked plant
cell action potential but only with a partial repolar-
ization (Fig. la—c). Control tests using the same
nondeuterated APW for sham substitution, re-
mained without such an effect (Fig. 1d). Cells kept
overnight in the deuterated medium, still showed
the same substantially reduced PD values.

By following the time course kinetics of the ex-
tracellular concentration of potassium ions (Fig. 2),
it was found that potassium leaks out of the cells
during incubation in ZH-APW (control experiments
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Fig. 3. Temperature dependence of the D-O-induced suppression of cyclosis velocity (v, in *H-APW; vy, in APW). Upper panel:
average recovery levels after 10 min of incubation in the deuterated medium. Values expressed as percentage ratios between streaming

velocities recorded 10 min after exposure to 2H-APW, v}!"

, and the starting velocity in APW, v,. Numerals along the SE extensions

denote the number of cells explored within the temperature range indicated by bar width. Lower panels: rates of cyclosis (percentage
fractions of control rates) after exposure to "H-APW at time zero (examples of experiments with single cells at four different
temperatures). The <“100%"" values (in wm/sec) refer to control rates (vy) recorded prior to exposure. Circles represent either single
measurements of streaming velocity, or means * sE from repeated measurements within time intervals indicated by the horizontal bars

with nondeuterated APW showed no such leak).
The most rapid increase of extracellular potassium
concentration occurred during the first minute fol-
lowing the exposure to ZH-APW and there was little
further change during the next 18 hr (Fig. 2, dashed
horizontal line). The amount of potassium lost per
cm?® of cell volume was 17.5 = 1.8 umol. This value
represents about 30% of the starting intracellular
potassium which was estimated to be 53.8 = 4.7
pmol/cm? (AAS of thermally ashed cells). Since the
experimental solutions were not buffered, there was
a possibility of a pH change during the solution ex-
change. This change, caused either by the influence
of the cell sample or by the difference between pD
and pH (pD = pH + 0.4; Glasoe & Long, 1960), did
not exceed 0.8 pH units. This difference, when oc-
curring within the neutral pH range of the unbuf-
fered experimental solutions, should not cause sig-
nificant changes in membrane transport (Kitasato,
1968). Moreover, control experiments in which ex-
tracellular K* was followed after increasing the pH
of the buffered medium by 0.5, showed no apprecia-
ble potassium leakage.

Measurements of extracellular C1~ during D,0
treatment revealed that 10 min upon D,0 applica-

tion the extracellular concentration of chloride also
rose by 23.4 = 3.3 umol per cm? of cell volume.
After D,O exposure, an almost instantaneous
cessation of protoplasmic streaming has been ob-
served followed by an early recovery process (Fig.
3, bottom). However, the cyclosis recovery is only
partial and dependent on time and temperature.
Usually, the recovery process is accomplished in 10
min. The degree of recovery increases with temper-
ature from a small percentage up to a maximum of
about 40% (Fig. 3, top). The activation energy for
cyclosis can be directly calculated from Einstein’s
diffusion equation
D = D,e ¥R = y.RT (1)
where D is the diffusion coefficient; D, is the self-
diffusion coefficient; E is the activation energy; v, is
the cyclosis velocity; R is the gas constant; and T is
the absolute temperature. In cells completely
adapted to D,O (after several hours) cyclosis, be-
sides having a substantially reduced velocity, also
showed a higher activation energy as compared to
the control in APW (41 and 31 kJ/mol, respectively,
as estimated from Eq. (1) for 20 and 30°C).
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Discussion

D,O-INDUCED POTENTIAL SPIKE

D,0O can affect the cell membrane as well as the cell
interior. The primary membrane effect is the excita-
tion manifested by a potential spike which resem-
bled an action potential (Fig. 1). It is known that the
action potentials in giant algal cells may be elicited
with electrical as well as with mechanical stimuli
(Hope & Walker, 1975). In the presently described
case the excitation could have been caused by an
osmotic-like effect (‘‘osmotic stress’’). It was previ-
ously shown on Characean cells that the action po-
tential can be generated as a response to osmotic
stress (Zimmerman & Beckers, 1978). D,O has a
lower chemical potential than H,0, thus making a
solution of salts in D,O hyperosmotic towards the
corresponding H,O solution. A hyperosmotic effect
of D,O with an induced H,0 efflux in cells of Nitella
was already discovered very early by Brooks
(1937). Such a net efflux of H,O could also occur if
the membrane had a different permeability for D,0O
as compared to H,O. However, in previous studies
on C. gymnophylla (Andjus, Srejié¢ & Vudelié 1987),
no difference between the diffusional membrane
permeabilities for H,O and D,O could have been
revealed in the temperature range of 19 to 29°C. The
hypothesis of the osmotic stress is in accordance
with the temperature dependence of the PD change.
Namely, the chemical PD between H,O and D,O
becomes significantly smaller with rising tempera-
ture and, consequently, the D,O-induced osmotic
stress should be less expressed. Thus, if it is as-
sumed that the D,O-induced potential spike is not
an all-or-none phenomenon (it has not been unam-
biguously shown that the electrically induced action
potential in Chara resembles an all-or-none pro-
cess), its size should fall with rising temperature as
justified by experiment (Fig. la~c).

Although the hypothesis of osmotic stress as
the cause of D,O-elicited action potentials seems
probable, other options cannot be rejected. These
are: lower ion activity coefficients in D,O than in
H,0; relatively lower ion diffusion coefficients due
to higher viscosity of D,O as compared to H,O; or
the abrupt blockage of the electrogenic pump.

The pH/pD ratio can be ruled out as a possible
source of cell excitation during solution exchange,
since it was observed that in internally perfused
Characean cells action potentials, followed by a 10-
fold drop of membrane resistance, can be elicited by
the H,O/D,0 exchange of buffered (pH = pD = 7.2)
solutions (unpublished).
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K™ LEAKAGE

The second main D,0 effect on the membrane level
is the leakage of about one-third of intracellular K*.
This differs from the results on animal cell mem-
branes which show a reduction of sodium efflux by
about one-third (Keynes, 1965; Landowne, 1987). A
lower Na' efflux in the latter case (Landowne,
1987) was ascribed to a general decay of the (Na* +
K*)-ATPase activity and an increase of the appar-
ent ATPase affinity towards potassium. By analogy,
a similar hypothesis could be posed for plant cell
membranes. In the majority of plants as well as in
Characean cells the function of an electrogenic H™-
ATPase is essential for membrane transport of K.
D,0O can cause the drop of the H*-ATPase activity,
probably due to the rise of apparent affinity towards
the D™ ion, thus causing the decay of intracellular
K* and a new resting PD. However, a relatively old
result (see Hope & Walker, 1975 for references)
could make the simple and general ATPase hypoth-
esis more complex. In giant algal cells it has been
shown that during an electrically evoked action po-
tential there is a transient rise of passive potassium
efflux. Thus, it may be confirmed that the mem-
brane excitation in general (including D,O-elicited
excitation) causes a large potassium efflux.

The observed abruptness of the induced K+ ef-
flux (Fig. 2) points to the activation of potassium
transmembrane pathways which is a process also
known to occur during membrane excitation and
which initiated here the K* leakage. These K* path-
ways may not be just K-channels but, even more
probable, channels which are more selective for
other ions, e.g., Cl or Ca channels.

However, it cannot be neglected that there may
be no direct connection between the electrically in-
duced K" efflux and the D,0O-elicited K* leak, al-
though a potential spike is generated in both cases.
Recent studies have shown that D,O irreversibly
activates chloride channels in the Characean
plasma membrane (P.R. Andjus, unpublished) and
measurements of extracellular chloride presented
here have revealed a D,0-induced Cl- loss. Chlo-
ride could thus be the accompanying ion to the K*
efflux, and since in these cells the equifibrium po-
tential for CI~ is more positive than for K*, CI-
efflux could, thus, induce membrane depolarization
and further K loss,

PROTOPLASMIC STREAMING IN D,O

Intracellular D,O effects are the consequence of the
early events triggered at the membrane and of the
inflow of D,0 into the cytoplasm. This study re-
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vealed that the membrane excitation induced by
D,0, similarly to the one induced with other stimuli
(Kishimoto & Akabori, 1959; Williamson & Ashley,
1982), caused the transient cessation of cyclosis. At
lower temperatures this effect is instantaneous and
pronounced (Fig. 3), which is in accordance with
larger amplitudes of the D,O-elicited potential
spikes. The recovery of protoplasmic streaming is a
complex process which includes the post-excitation
recovery and the process of adaptation to D,O
which has penetrated into the cytoplasm (exchange
half time at 25°C is around 20 sec; Andjus et al.,
1987). Both processes show a complex dependence
on temperature and, thus, the curves in Fig. 3 (bot-
tom) cannot be unambiguously resolved.

Upon penetration of D,0 into the cell the cyclo-
sis activation energy increased significantly. This
increase is the consequence of a higher viscosity of
the electrolyte with D,O as compared to H,O (Katz
& Crespi, 1970). Due to higher viscosity, the diffu-
sion coefficient of protons and deuterons in DO
falls by a factor of 1.51 (Roberts & Northey, 1974).
If it is assumed that the activation energies increase
by the same factor, then the value for cyclosis in
D0 should be E = 47 kJ/mol which is close to the
value of 41 kJ/mol obtained from experimental
data.

Conclusion

Although all details of the mechanism of D,O action
are still unresolved the following basic sequence of
events can be envisaged: (i) D,O induces immediate
membrane excitation characterized by a potential
spike which resembled an action potential with an
incomplete repolarization phase. (ii) As a conse-
quence of membrane excitation protoplasmic
streaming is stopped. (iii) Potassium transmem-
brane pathways (potassium or other membrane
channels accessible to K*) are activated leading to
an abrupt K* efflux. This is also a process charac-
teristic of membrane excitation. The induced K*
outflow along with the reduction in the electrogenic
pump activity causes the loss of approximately one-
third of intracellular K*. (jv) Finally, the slowest
process in this sequence of events is the recovery of
cyclosis which leads to a state of slower protoplas-
mic streaming with a higher activation energy.

127

References

Ahmed, K., Riggs, C., Ischida, H. 1971. The effects of H,0 on
sodium plus potassium ion-stimulated adenosine triphospha-
tase of rat brain. J. Biol. Chem. 246:6197-6203

Ahmed, K., Foster, D. 1974. Studies of the effects of 2H,0O on
Na*,K*-ATP-ase. Ann. NY Acad. Sci. 242:280-293

Alexandrov, V.Ya., Arronet, N.I., Denko, E., Konstantinova,
M.F. 1964. Effect of heavy water D,O on resistance of plant
and animal cells, cell models and proteins to certain denatur-
ing factors. Tsitologiya 6:667—673

Andjus, P.R., Srejié, R., Vuceli¢, D. 1987. The temperature
peaks of cell membrane permeability. In: Structure, Dy-
namics and Function of Biomolecules. A. Ehrenberg, R.
Rigler, A. Graslund, and L. Nilsson, editors. pp. 299-302.
Springer-Verlag, Berlin

Brooks, S.C. 1937. Osmotic effects of deuterium oxide (heavy
water) on living cells. Science 86:497-498

Glasoe, P.K., Long, F.A. 1960. Use of glass electrode to mea-
sure acidities in deuterium oxide. J. Phys. Chem. 64:188—190

Hope, A.B., Walker, N.A. 1975. The Physiology of Giant Algal
Cells. pp. 111-119. Cambridge University Press, Cambridge,
England

Hiibner, G. 1965. Der einflus von schweren Wasser auf die Pro-
toplasmastromung. Flora 156:245-249

Katz, J.J., Crespi, H.L. 1970. Isotope effects in biological sys-
tems. In: Isotope Effects in Chemical Reactions. ACS Mono-
graph, 167. C.J. Collins and N.S. Bowman, editors. pp. 286—
363. Van Nostrand Reinhold, New York

Keynes, R.D. 1965. Some further observations on sodium efflux
in frog muscle. J. Physiol. (London) 178:305-325

Kishimoto, U., Akabori, H.J. 1959. Protoplasmic streaming of
an internodal cell of Nizella flexilis. Its correlation with elec-
tric stimulus. J. Gen. Physiol. 42:1167-1183

Kitasato, H. 1968. The influence of H* on the membrane poten-
tial and ion fluxes of Nitella. J. Gen. Physiol. 52:60—87

Landowne, D. 1987. D,O and the sodium pump in squid nerve
membrane. J. Membrane Biol. 96:277-281

Roberts, N.K., Northey, H.L.. 1974. Proton and deuteron mobil-
ity in normal and heavy water solutions of electrolytes. J.
Chem. Soc. Faraday Trans. I 70:253-262

Tazawa, M., Kikuyama, M., Shimmen, T. 1976. Electric charac-
teristics and cyteplasmic streaming of Characeae cells lack-
ing tonoplast. J. Cell Struc. Funct. 1:165-176

Williamson, R.E. 1973. Cytoplasmic streaming in Chara: A cell
model activated by ATP and inhibited by cytochalasin B. J.
Cell. Sci. 17:655-668

Williamson, R.E., Ashley, C.C. 1982. Free Ca* and cytoplas-
mic streaming in alga Chara. Nature (London) 290:647—-650

Zimmerman, U., Beckers, F. 1978. Generation of action poten-
tials in Chara corallina by turgor pressure changes. Planta
138:173-179

Received 6 May 1988; revised 16 November 1989



