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Summary 

The hydraulic resistance was measured on internodal cells of Chara 
corollina and Nitellopsis obtusa using the method of transcellular 
osmosis described by KAMIYA and TAzAwA in 1956. The transcellular 
hydraulic resistances of N. obtusa and C. corollina are 2.63 and 
1.11 pm -I sPa, resepectively. These values correspond to osmotic 
permeability coefficients (P os) of 102.6 and 243.1 flm s - I, respec­
tively. Cytochalasin A, B, and E (l-30flg ml- ') increase the hy­
draulic resistance in a concentration-dependent manner. The order 
of effectiveness is: CE > CA = CB. CE increases the activation en­
ergy of water transport from 16.4kJ mol-I to 32.5 kJ mol- I indi­
cating that it increases the hydraulic resistance by eliminating a low 
resistance pathway. Cytochalasin Band E specifically increase the 
hydraulic resistance to endoosmosis; even when the driving force for 
transcellular osmosis is as low as 0.06 MPa. The effect of the cy­
tochalasins is independent of their effect on cytoplasmic streaming 
since stopping streaming with N-ethyl maleimide or electrical stim­
ulation has no effect on hydraulic conductivity. The possibility is 
discussed that a cortical actin cytoskeleton interacts with the plasma 
membrane in order to regulate the transport of water. 

Keywords: Actin cytoskeleton; Chara corollina; Cytochalasin; Ni­
tellopsis obtusa; Polarity; Water transport. 

Abbreviations: APW artificial pond water; CA cytochalasin A; CB 
cytochalasin B; CE cytochalasin E; DMSO dimethylsulfoxide; NEM 
N-ethyl maleimide; K transcellular osmotic constant (Pico m3 S-I 
Pa -I); k' transcellular hydraulic permeability coefficient (pm s- 1 

Pa - I); R transcellular hydraulic resistance (pico m - 3 sPa); rtot total 
transcellular hydraulic resistance (pm - 1 sPa); Lp hydraulic con­
ductivity (pm s -I Pa - I); Lpen endoosmotic hydraulic conductivitiy 
(pm S-I Pa-I); Lp" exoosmotic hydraulic conductivity (pm S-I 
Pa - I); Lpen - I endoosmotic hydraulic resistance (pm - 1 sPa); Lpex - 1 
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exoosmotic hydraulic resistance (pm - 1 sPa); Jv rate of water flow 
(pico m3 s I); V w partial molar volume of water (pi co m3 mol I). 

1. Introduction 

In 1956 KAMIYA and TAZAWA used the method of trans­
cellular osmosis to describe quantitatively the move­
ment of water through a single internodal cell of Nitella. 
The method consists simply of dividing a cell between 
two compartments and replacing the water in one com­
partment with a solution of nonelectrolytes like su­
crose. The solution establishes a difference in the water 
potential gradient across the plasma membrane be­
tween the water and solution sides, and thus drives 
water out of one cell end (the exoosmotic end) and 
draws water into the other end of the cell (the en­
doosmotic end). Water thus moves transcellularly 
(OSTERHOUT 1949a, b). The transcellular osmosis in­
duced by subjecting the exoosmotic cell half to a so­
lution is called forward transcellular osmosis and the 
transcellular osmosis induced by replacing the solution 
again with water is called backward transcellular os­
mosis. 
The forward transcellular osmosis takes place in two 
phases; an initial rapid exponential phase and a sub­
sequent slower linear phase which lasts indefinitely. 
KAMIY A and T AZA WA (1956) explained that the slowing 
down of water movement is a result of the establishment 
of a polar distribution of intracellular solutes, i.e., di­
lution of solutes on the endoosmotic side and concen­
tration of solutes on the exoosmotic side. But the trans­
cellular water movement never stops as a consequence 
of the depolarization of these solutes by an active cy-
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toplasmic streaming. In order to test this hypothesis 
we added cytochalasin B to cells of Chara corallina and 
Nitellopsis obtusa to inhibit streaming and then ob­
served what happened to the transcellular transport of 
water. Contrary to our expectation, we found that CB 
markedly inhibits the initial rapid water movement but 
has a lesser effect on the continuous, linear transcellular 
transport of water. 
KAMIYA and TAZAWA (1956) observed that transcel­
lular water transport in Nitellaflexilis occurs in a polar 
fashion. That is the hydraulic resistance to exoosmosis 
is greater than that to endoosmosis. This polarity is 
also observed in higher plant cells in that the rate con­
stant for deplasmolysis is greater than the rate constant 
for plasmolysis (HOFLER 1930, LEVITT et al. 1936). 
There has been much controversy over whether the 
observed polarity is real or only apparent as a result 
of the un stirred layers because the outflowing water 
on the exoosmosis side will sweep away the osmoticum 
and consequently reduce the driving force on the exo­
osmotic side (DAINTY and HOPE 1959, DAINTY 1963 a, 
b, KIYOSAWA and TAZAWA 1973). However, a polarity 
still exists, albeit somewhat reduced even after the un­
stirred layers are taken into consideration (DAINTY 
1963 a, b, DAINTY and GINZBURG 1964 a, T AZA WA and 
KAMIYA 1965, 1966). 
There still remained the question of whether the ob­
served polarity is an intrinsic character of the living 
cell or is a result of a nonspecific dehydration by the 
osmoticum of the membrane on the exoosmotic side 
(DAINTY and GINZBURG 1964 b, KIYOSAWA and TA­
ZAWA 1972, 1973, TAzAwAandKIYOSAWA 1973). Using 
the pressure probe technique, STEUDLE and ZIMMER­
MANN (1974) induced a water potential gradient across 
the membrane of Nitella flexilis hydrostatically thus 
eliminating any effect of dehydration on the membrane 
by an osmoticum. With this protocol they observed a 
polarity in the transmembrane transport of water. Fur­
thermore the resistance to outward water movement 
was higher than the resistance to inward water move­
ment. However, using smaller hydrostatic gradients 
STEUDLE and TYERMAN (1983) were unable to observe 
any polarity in Chara corallina, indicating perhaps that 
a minimum flow rate is required for the manifestation 
of a polarity. 
Here we present our observations on transcellular water 
movement in Chara and Nitellopsis and confirm the 
suggestion made by KAMIYA and TAZAWA (1956) that 
the polarity is an intrinsic character of the living cell 
and show that actin micro filaments participate in the 
establishment of the cellular polarity which reduces the 
hydraulic resistance on the endoosmotic side. 

2. Materials and Methods 

2.1. Plant M alerials 

Chara corallina KLEIN ex WILLD., em. R.D.W. (= Chara australis 

R. BROWN) and Nitellopsis obtusa (Desv. in Lois.) J. Gr. were grown 
in a soil water mixture in large plastic buckets at 25 ± 2 C with 15 hL: 
9 hD photoperiod. Internodal cells of Chara corallina or Nitellopsis 

obtusa were isolated and placed in artificial pond water (APW: 
0.1 mM NaC!, 0.1 mM CaCI2 and 0.1 mM KCI) buffered by IO mM 
Mes titrated with Tris to pH 5.5. The cells were then placed on a 
shaker for 3 h to remove the CaC03 deposited on the wall. The cells 
were then transferred to APW buffered by 2 mM Hepes-NaOH 
(pH 7.3). The cells remained in this medium at least overnight before 
use. 

2.2. Measurement of Transcellular Osmosis 

The rate of transcellular osmosis was measured in the apparatus 
shown in Fig.!. This apparatus is modeled after the apparatus de­
signed by T AZA WA and KAMIY A (1966). Internodal cells were first 
treated in 1% DMSO (0.136 Osm = 0.33 MPa at 20 "C) in a covered 
chamber for 35 minutes and subsequently rinsed in water for I min. 
The cell was then placed in the apparatus such that the length of 
the cell part in chamber B was two times the length of the cell part 
in chamber A. Chamber A and chamber B were physically separated 
by a 4--7 mm (depending on the chamber) silicone seal (HVG, Toray 
Silicone, Tokyo, Japan) and the cell parts in both chambers A (en­
do osmotic side) and B (exoosmotic side) were bathed in water. For­
ward transcellular osmosis was initiated by replacing the solution in 
chamber B with 100 mM sorbitol (0.244 MPa at 20°C) and the quan­
tity of water movement was recorded every 10 seconds for 40--70 
seconds. The magnitude of water movement was measured by fol­
lowing the rate of movement of a column of water in a glass capillary 
with an Olympus CH microscope equipped with a x 4 objective lens 
in the case of Chara or a x 10 objective lens in the case of Nitellopsis. 

The sensitivity of the apparatus is about 5 nl, which was approxi­
mately I % of the water volume transported within the first 60 sec­
onds. The water in the capillary was continuous with the solution 
in chamber A. The solution in chamber B was replaced with water 

: B 

II 

: 
Fig.!. A diagram llOp view) of the apparatus used for transcellular 
osmosis. The initial condition where the cell part in chamber A is 
one-half the length of the cell part in chamber B is shown in I. 
After ligation, the cell lengths in chambers A and B that can con­
tribute to transcellular osmosis are equal (11). The volumes of cham­
bers A and B were 750 and 2250 Ill, respectively. The volume of the 
capillary (e) was 615.3nl mm- I . The flux of water was determined 
by following the movement of an air bubble (b) in the capillary. 
When electrical stimulation was given to the cells, silver wires were 
placed along the length of chambers A and B 
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to initiate backward transcellular osmosis and the cells were allowed 
to reach their original equilibrium conditions during the next 10 
minutes except when stated otherwise. Subsequently, the cell part in 
chamber B was ligated (KAMIYA and KURODA 1956) at its middle 
so that the length of the cell in chamber B that could participate in 
transcellular osmosis was equal to the length of the cell part in 
chamber A. Again transcellular osmosis was initiated with 100mM 
sorbitol and was recorded every 10 seconds for 40-70 seconds. At 
the end of the experiment, the cell end distal to the ligation was cut 
off to ensure that the ligation was complete. 
The cell could also be placed asymmetrically in the apparatus in a 
way that the length of the cell part in chamber A was equal to one­
half of the length of the cell part in chamber B and the water flow 
was measured. Then the cell was removed and reset so that the length 
of the cell part in chamber B was equal to one-half the length of the 
cell part in chamber A and again water flow was measured. Exper­
iments done in this manner yielded values of Lpen - I, Lpex - 1 and rtot 

similar to those obtained with the ligation method (data not shown). 
In order to eliminate any interference from the small volume change 
that occurs during the onset of transcellular osmosis (0-5 sec) (TA­
ZAWA and KAMIYA 1966) or the buildup of unstirred layers (more 
than 40 seconds after the onset of transcellular osmosis) the amount 
of water movement between 10 and 40 seconds and 10 and 30 seconds 
was used to calculate the rate of transcellular osmosis in Chara and 
Nitellopsis, respectively. Experiments were performed at room tem­
perature (20-26°C) unless stated otherwise. 

2.3. Determination of the Total Hydraulic Resistance Using 
Transcellular Osmosis 

The rate of transcellular osmosis was measured in the apparatus 
described above. Internodal cells were first treated in 1 % DMSO 
(0.1360sm = 0.32 MPa at 20°C) in a covered chamber for 35 min­
utes and subsequently rinsed in water for 1 min. The cells were then 
placed symmetrically in water in the apparatus. Forward transcel­
lular osmosis was initiated by replacing the solution in chamber B 

with 100 mM sorbitol (0.100 Osm = 0.237 MPOa at 20°C) and the 
quantity of water movement was recorded every 10 seconds for 40-
70 seconds by measuring the rate of movement of an air bubble as 
detailed above. The total transcellular hydraulic resistance was de­
termined from the following equation (KIYOSAWA and TAZAWA 1972, 
TAZAWA 1980): 

AilIT 

where Jv is the observed flow of water movement in pico m3/s; A is 
the surface area (in pico ml) of the cell part in each chamber; and 
ilIT is the osmotic gradient (in Pal nsed to drive transcellular osmosis. 
The total hydraulic resistance is given in pm - 1 sPa. 

2.4. Analysis of Results 

The hydraulic conductivities for endoosmosis (Lpen) and exoosmosis 
(LpeJ were calculated using the following equations. The general 
equations can be found in KAMIYA and TAzAwA (1956) and they 
are based on the following assumptions: (I) The membranes form 
the main resistance to water permeation; and (2) The resistance to 
endoosmosis and the resistance to exoosmosis are independent, both 
work in series and can be summed. 
The initial rate of water flow (Jvo in pico m3 S-I) is proportional to 
the osmotic gradient (ilIT, in Pal used to initiate transcellular os­
mosis. 

(I) 

The transcellular osmosis constant (K) (TAzAwA and KAMIYA 1965) 
was calculated by dividing the initial flux of transcellular water 
movement by the magnitude of the osmotic gradient. 

(2) 

K (pico m3 S-I Pa- I) is a constant that is given as A.nAexLpenLpexl 
(AenLpen + A.xLpeJ. The transcellular osmotic constant (K) is eqnal 
to the transcellular hydraulic permeability coefficient (k', in pm S-I 

Pa -I) times the surface area of half of a cell (A, in pico m2) when 
the cell is equally partitioned. 

K=k'A (3) 

where k' is given as LpenLpex/(Lpen + LpeJ. 
In the initial transcellular osmosis before ligation A.n = Aex/2 = A 
and the transcellular osmotic constant (K1) equals: 

K _ 2 A Lpen Lpex 
1-

(Lpen + 2 LpeJ 
(4) 

After ligation, Aen = Aex = A and the transcellular osmotic constant 
(K2) equals: 

K2 = ALpenLpex = k' A 
(Lpen + LpeJ 

(5) 

The polarity of water movement (a) is defined as the ratio of Lpen 
to Lpex. That is: 

(6) 

We can substitute Lpen in Eqs. (4) and (5) with a Lp", to get the 
following equations: 

K = 2aLpex 
1 a + 2 

aALpex K 2 =---
a+l 

From Eqs. (7) and (8) we get: 

2(Kl - K 2) 
a = ----'---'----= 

2K2-K1 

Rearranging Eq. (8) we can solve for Lpex 

K2 (a + I) 
Lpex = aA 

We can now calculate Lpen from Eq. (6) as a Lpex 

Lpen = a Lpex = K2 (a + I)/A 

(7) 

(8) 

(9) 

(10) 

(II) 

The reciprocal of Lpcn and Lpex are the transcellular hydraulic re­
sistances for endoosmosis and exoosmosis, respectively. When the 
cell is partitioned in equal halves (Aen = A.x = A), 

(12) 

Then we can introduce the total transcellular hydraulic resistance 
(rtot) in units of pm - 1 sPa. 

(13) 

Therefore 
rtot = AR = A/K = Ilk' (14) 

where rtot is in units of pm - 1 sPa, A is in units of pico m2, R is in 
units of pico m - 3 S Pa and K is in units of pico m3 s - 1 Pa - I. 

Assuming that there is no polarity, or that Lpen = Lpex = Lp, we get 
from Eq. (13) 

(15) 

where Lp is the hydraulic conductivity across a single membrane. 
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2.5. Measurement of Cellular Osmotic Pressure 

Cellular osmotic pressure was measured by the turgor balance 
method (T AZAWA 1957). Solution osmotic pressures were periodically 
tested by the turgor balance method and the vapor pressure osometer 
(Wescor 5100C) making sure to pay attention to the ill effect of 
DMSO on the osmometer chamber. 

2.6. Measurement of Membrane Potential (Em)' Membrane Resis­
tance (Rm ), and Membrane Excitability During Transcellular Osmosis 

Figure 2 shows the experimental setup for measuring Em and Rm 
during transcellular osmosis. The setup was similar to that described 
by HAYAMA et al. (1979). The cells were equally partitioned into two 
1 cm diameter pools that were separated by a I cm vaseline seal. The 
cells were bathed in APW containing 1 % DMSO or APW containing 
1% DMSO and 30J.lg ml- ' CEo A glass Ag-AgCl microcapillary 
electrode filled with 3 M KCl was inserted into the vacuole of the 
cell half in chamber B. An agar bridge containing 100 mM KCl was 
used as the reference electrode. The electrical resistance of the mem­
brane was determined by measuring the change in the membrane 
potential after applying rectangular 0.2 J.lA current pulses through 
Ag- AgCI wires placed in the two pools. The resistance due to 
components other than membranes was small (HAYAMA etal. 1979) 
and was neglected. Em and Rm of the endoosmotic side during for­
ward osmosis was measured by replacing the solution in chamber 
A with APW containing 0.4 M sorbitol. Em and Rm during backward 
osmosis of this same side was measured by replacing the sorbitol 
solution with the original solution. Em and Rm of the exoosmotic 
side during forward osmosis was measured by replacing the solution 
in chamber B with APW containing 0.4 M sorbitol. Em and Rm of 
this same side during backward osmosis was measured by replacing 
the sorbitol solution with the original solution. 

Fig.2. A diagram of the experimental setup used for measuring 
membrane potential (Em) and resistance (Rm> during transcellular 
osmosis. See text for details 

2.7. Extraction and Measurement of Intracellular ATP Content 

Cells were rapidly frozen in liquid nitrogen after a 35 minutes treat­
ment in either 1% DMSO or 30 J.lg ml- I CEo A TP was extracted in 
a boiling buffer which included 25 mM K + -Hepes, 10 mM K + -

EDTA and 0.3% H20 2 (pH 7.4). The extract was analysed by the 
firefly-flash method with an ATP photometer (Chemglow photo­
meter J 4-7441; Aminco, Silver Spring, Md., U.S.A.) following the 
method of MIMURA et al. (1984). 

2.8. Chemicals 

In all experiments DMSO was used as a carrier. Cytochalasin A, B, 
and E, N-ethyl maleimide (NEM) and colchicine were all dissolved 
in DMSO (so that the final concentration of DMSO always was one 
percent) and the cells were treated with these solutions for 35 minutes. 
Preliminary experiments showed that the rates of osmosis were si­
milar whether the drugs were present or absent in the chambers 
during transcellular osmosis. As an economic measure, therefore, 
we eliminated the drugs from the chambers during transcellular os­
mosis. 
Cytochalasins A, B, and E, and colchicine were obtained from Sigma. 
Cytochalasin B was also obtained from Aldrich. NEM was obtained 
from Nakarai Chemical Co. 

3. Results 

3.1. Hydraulic Resistance 

Internodal cells of Nitellopsis and Chara have a total 
transcellular hydraulic resistance (rtot) of 2.63 and 
1.11 pm - 1 sPa, respectively. This corresponds to a 
hydraulic conductivity (Lp) of 0.76 pm s - 1 Pa - 1 for 
Nitellopsis and 1.80 pm s - 1 Pa - 1 for Chara. If the 
volume flow is expressed as the flow of water molecules, 
then the units of Lp can be converted to the units of 
the osmotic permeability coefficient (Pas) by multi­
plying Lp with RTjVw (DAINTY 1963 b). Pas for Nilel­
lops is is I02.61lm S-1 and 243.1 11m S-1 for Chara 
(Table 1). Although these values are similar to values 

Table 1. The total transcellular hydraulic resistances, hydraulic con­
ductivities and osmotic permeability coefficients of Nitellopsis obtusa 
and Chara corallina 

Species 
N. obtusa (n = 47) 
C. corallina (n = 51) 

pm-I sPa 

2.63 ± 0.11 0.76 
l.ll ± 0.07 1.80 

J.lms -I 

102.6 
240.54 

The total transcellular hydraulic resistances (r,o') were determined 
for the cells which were firstly treated with 1% DMSO for 35 min 
and then rinsed with distilled water for 1 min. After temperature 
equilibration cells were subjected to transcellular osmosis using a 
driving force of 100mM sorbital. The hydraulic conductivities (Lp) 
and the osmotic permeability coefficient (P oJ were calculated from 
the following formulas: Lp = 2(1/r,0,) and Pos = LpRT/Vw (where Lp 
is the hydraulic conductivity in pm S-l Pa- l , R is the gas constant), 
T is the absolute temperature in K (set to 298 K) and V w is the partial 
molar volume of water (HANSSON MILD and LOVTRUP 1985). Please 
note that the total transcellular hydraulic resistance represents the 
total resistance to both endoosmosis and exoosmosis; therefore Lp 
represents the average hydraulic conductivity. The value for the total 
transcellular hydraulic resistance represents the mean ± SEM for 
measurements made from May 1987 to February 1988 
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obtained with characean cells by other workers they 
are approximately 20-300 times higher than the values 
obtained with other plant cells (KAMIYA and TAZAWA 
1956). The difference in the hydraulic resistances of 
Chara and Nitellopsis are reproducible throughout the 
year. 

3.2. Effects of Cytochalasins A, B, and E on the Total 
Transcellular Hydraulic Resistance 

Cytochalasin B inhibits transcellular water movement 
in the internodal cells of Chara and Nitellopsis (Fig. 3). 
Cytochalasin B specifically inhibits forward transcel-

OMSO, forward 
.. backward 

• CB ,forward 
o backward 

Fig. 3. The time course of transcellular osmosis in Chara (a) and 
Nitellopsis (b). In the case of Chara, the cell was treated with 1% 
DMSO for 35 min and placed symmetrically in a chamber that had 
1% DMSO in both chambers A and B. Forward transcellular osmosis 
was initiated by the addition of 1% DMSO plus 100 mOsm sorbitol 
to chamber B. After IS minutes, the sorbitol solution was replaced 
with 1% DMSO and backward transcellular osmosis was observed 
for IS minutes. Subsequently, the same cell was taken out and treated 
with 100 Ilg ml- 1 CB (in 1% DMSO) for 35 minutes and subjected 
to forward and backwards transcellular osmosis as described above 
except CB was included in all the solutions. In the case of Nitellopsis, 
the cell was treated first with 1% DMSO for 35 min, rinsed in water 
and symmetrically placed in the apparatus which had distilled water 
on both sides. Snbsequently, the water in chamber B was replaced 
with 100mOsm sorbitol and forward transcellular osmosis was fol­
lowed for 2 min. Then the same cell was treated with 30 Ilg ml- I CB 
(in 1% DMSO) for 35 minutes, rinsed and subjected to forward 
transcellular osmosis. Each cell is a representative experiment. More 
than 10 cells of each species were used. Notice the different scales 
of the two abscissae 

lular osmosis, but has almost no effect on backward 
transcellular osmosis (Fig. 3 a). Cytochalasin B inhibits 
the initial rate of forward trans cellular osmosis during 
the exponential phase (0-40 sec). However, the slow 
linear phase (5-10 min) still continues indefinitely albeit 
at a reduced rate. The inhibition of water movement 
results from the ability of CB to increase the hydraulic 
resistance to transcellular water movement. Low 
concentrations of CB (3-30Ilg ml- 1 or 6-60 11M) in­
crease rtot in a concentration dependent manner (Figs. 4 
and 6 b). After washing away CB, the effects of 30 Ilg 
ml- l CB are always completely reversible (Fig. 5); the 
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Cytochalasin B lug/mil 

Fig. 4. The effect of cytochalasin B on the total transcellular hydraulic 
resistance (rtot) in Chara. One and the same cell was treated with 
increasing concentrations of CB. The cell was placed symmetrically 
in the apparatus and water was in chambers A and B. The water in 
chamber B was replaced with 100 mOsm sorbitol to initiate forward 
transcellular osmosis. After a 4.5 hr wash in water, the hydraulic 
resistance returned to the control value (0) 
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Fig. 5. The reversibility of the cytochalasin B induced increase in the 
total transcellular hydraulic resistance (rtot) in Nitellopsis. Cells were 
sequentially treated with 1 % DMSO, 30 Ilgml-1 CB and 1% DMSO 
for 35 min each and after each treatment subjected to transcellular 
osmosis. Each bar represents the mean ± SEM for 3 cells. The 100% 
value is equal to 2.02 ± 0.24 pm - 1 S Pa 

effects of 100 Ilg ml- 1 are sometimes reversible (Fig. 4). 
By contrast, STEUDLE and TYERMAN (1983) found that 
CB had no effect on Lp in Chara corallina. The reason 
for the discrepancy remains unknown although it may 

be related to the fact that their control cells show no 
polarity. 
Cytochalasin A (CA) and cytochalasin E (CE) also 
increase rtot in both Chara and Nitellopsis (Fig. 6 a and 
b). In both genera, CE is the most effective of the three 
tested; Illg ml- 1 gives a half-maximal response. The 
effects of CE are irreversible. Cytochalasin A is slightly 
less effective than CB in Chara and slightly more ef­
fective than CB in Nitellopsis. 

3.3. The Effect of Cytochalasin B on the Cellular 
Osmotic Pressure 

The cellular osmotic pressure has an effect on trans­
cellular water movement (KIYOSAWA and TAzAwA 
1972, 1973). In order to test whether CB inhibits trans­
cellular osmosis by altering the cellular osmotic pre­
ssure, we determined the cellular osmotic pressure of 
the living cell by the turgor balance method. Five cells 
of each species were measured. Compared to the un­
treated controls, 1% DMSO increases the cellular os­
motic pressure from 0.2530sm (0.617 MPa at 20°C) 
to 0.292 Osm (0.712 MPa at 20°C) in Chara and from 
0.2960sm (0.702 MPa at 20°C) to 0.3380sm 
(0.824 MPa at 20°C) in Nitellopsis. CB does not have 
any effect on the cellular osmotic pressures when 
compared to the DMSO control. In 100 Ilg ml- l CB, 
the cellular osmotic pressure is 0.292 Osm in Chara and 
0.338 Osm in Nitellopsis. These data also show that CB 
has no noticable effect on the membrane permeability 
to sorbitol. 

3.4. The Effect of Cytochalasin E on the Activation 
Energy of Transcellular Osmosis 

Cells of Nitellopsis were treated with or without 30 Ilg 
ml- l CE for 35 min and subsequently washed in water 
for 10 minutes while being shaken at 40 rev min - 1 to 
remove all the DMSO. Then the cells were subjected 
to transcellular osmosis at various temperatures ran­
ging from 5-25 0c. The activation energy (Ea) for trans­
cellular osmosis was calculated form Arrhenius plots. 
The Ea for transcellular osmosis of the DMSO control 
in Nitellopsis is 16.38 kJ mol- l (3.9 kcal mol-l). This 
is similar to the values found by KIYOSAWA (1975) for 
Chara and T AZA W A and KAMIY A (1966) for Nitella 
jlexilis but lower than the values found by DAINTY and 
GINSBURG (1964 a) for Nitella translucens. However in 
Nitellopsis, after treatment with CE, the activation 
energy increases to 32.5kJ mol- l (7.76kcal mol-I) 
indicating that CE causes the elimination of a low 
energy pathway for water (Table 2). 
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3.5. Differential Effects of the Cytochalasins on 
Endoosmotic and Exoosmotic Hydraulic Resistances 
in Nitellopsis 

We devised a new method to determine the endo­
osmotic and exoosmotic hydraulic resistances using cel-

Table 2. The effect of 30 Ilg mil CE on the activation energy (Eo) 
for transcellular osmosis in Nitellopsis 

Cell no. Activation Energy 

DMSO Cytochalasin E 

kJ moll (kcal mol 1) kJ moll (kcal mol 1) 

13.83 (3.30) 32.30 (7.72) 
2 15.68 (3.75) 32.60 (7.79) 
3 19.62 (4.69) 
4 32.73 (7.82) 

X 16.38 (3.91) 32.50 (7.78) 
S. E. 0.99 (0.24) 0.13 (0.03) 

Cells were pretreated in either 1% DMSO or 30 ~g/ml CE for 35 min, 
washed in distilled water for 10 min and then subjected to transcel­
lular osmosis at various temperatures ranging from 5-25 C. The 
difference between the DMSO control and the CE-treated cells is 
significant at the 0.05 level 

lular ligation to make either endoosmosis or exoos­
mosis limiting. We used this method to determine whe­
ther CB increases the endoosmotic resistance or the 
exoosmotic resistance. Figure 7 shows clearly that CB 
and CE specifically increases the endoosmotic hydrau­
lic resistance which results in an increase in rtot and a 
loss or reversal in the polarity. Similar results are ob­
served with Chara (data not shown). 
When we perform transcellular osmoses under various 
osmotic pressure gradients, we find that both rtot and 
Lpex -I increase as the transcellular osmotic gradient 
increases from 0.06 MPa to 0.50 MPa at 23°C. By 
contrast Lpen - I decreases as the osmotic gradient in­
creases (Fig. 8). When transcellular osmosis is induced 
by a gradient as small as 0.06 MPa (25 mOsm), Lpex - 1 

is still larger than Lpen - I indicating that a polarity still 
exists under physiological conditions. Although a linear 
extrapolation to zero indicates that a polarity exists at 
a zero flow rate, there is no reason to assume that a 
linear extrapolation is correct. We suggest that the po­
larity is not a function of the membrane alone but 
results from a physiological interaction between the 
membrane, the cytoplasm and the external milieu (see 
Discussion). 
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A particularly novel observation is that the polarity 
observed when the osmotic gradient is as small as 
0.06 MPa is still sensitive to CEo CE eliminates or par­
tially reverses the polarity (Fig. 9), thus providing 
strong support for the hypothesis that the polarity is 
an intrinsic but physiologically variable characteristic 
of the living cell (Fig. 8). 
Cytochalasin B has a dramatic effect on cytoplasmic 
streaming (NAGAI and KAMIYA 1977). Therefore we 
tested whether or not CB increases the endoosmotic 
hydraulic resistance by interferring with streaming. We 
inhibited the streaming electrically by inducing an ac­
tion potential with a 1.1 J.LA. electric current reciprocally 
between two cell ends or chemically by treating the cell 
with 0.2mM NEM in 1 % DMSO (CHEN and KAMIYA 
1975). This low concentration of NEM, when applied 
in DMSO stops streaming in 5 minutes. Two mM NEM 
in DMSO stops streaming instantly (data not shown). 
Inhibiting streaming by either electrical or chemical 
means does not effect the endoosmotic resistance in 
Chara and Nitellopsis (data not shown). 
Colchicine (5 mM, 60 min) has little effect on the initial 

rate of water movement indicating that microtubules 
do not participate in the regulation of hydraulic resis­
tance (data not shown). 

3.6. The Effect of Cytochalasin E on the Electrical 
Response Induced by Transcellular Osmosis 

Transcellular osmosis induces a transcellular potential 
difference and differential ion movements in Nitella 
flexilis (KATAOKA et al. 1979, NISHIZAKI 1955, TAzAwA 
and NISHIZAKI 1956) indicating that other membrane 
properties besides hydraulic resistance become pola­
rized. HAYAMA eta!' (1979) showed that the potential 
difference results from a transcellular osmosis-induced 
depolarization on the endoosmotic side and a hyper­
polarization on the exoosmotic side. We also find that 
transcellular osmosis induces a difference in the elec­
trical properties of the endo- and exoosmotic sides in 
Nitellopsis. Transcellular osmosis induces an action po­
tential on the endoosmotic side and a very small slow 
depolarization on the exoosmotic side in cells treated 
with APW or APW plus 1 % DMSO (Fig. lOa and b). 
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In contrast to forward transcellular osmosis, backward 
trans cellular osmosis does not induce any electrical 
changes on either side. However in 7 out of 10 cells 
treated with 30).lg ml- 1 CE for 35 minutes, forward 
transcellular osmosis was unable to induce an action 
potential on the endoosmotic side although the cells 

were still capable of generating an action potential in 
response to an electric current (Fig. 10 c). CE did not 
have any effect on backward transcellular osmosis. CE 
does not have any effect on the membrane resistance, 
the membrane potential or the ability of the cell to 
generate an action potential in response to an electrical 



R. WAYNE and M. TAZAWA: The Actin Cytoskeleton and Polar Water Permeability in Characean Cells 125 

Q ' APW 

I ~ .. 
!.' 

!.' 

I j 

c:CE I3OlIIImr') 

:e ., 

I 
w 

lmln 

stimulus (Table 3). CE does not stop streaming or trans­
cellular water movement by depleting the intracellular 
A TP levels. The concentrations of A TP found in the 
DMSO control cells and in cells treated with 30 Ilg ml ~ I 
CE for 35min are 3.1O±0.69mM (4) and 
3.96±0.72mM (4), respectively. Actually the treatment of 
cells with CE results in an increase in the intracellular 
ATP content, presumably by preventing A TP hydro­
lysis by the actomyosin system. 

4. Discussion 

Cells of Chara corallina and Nitellopsis obtusa exhibit 
a flow rectification or polarity in their hydraulic 

~ 
If> 

b : DMSO 

--1 min 

~ 

I; 

Fig. 10. The effect of cytochalasin E on the electrical response induced 
by transce\lular osmosis in Nitellopsis. Cells were put in a APW 
(pH 5.6), b APW plus 1% DMSO or c APW, 1% DMSO and 
30 ~g ml- 1 CE in an open chamber with two compartments as shown 
in Fig. 2. Transcellular osmosis was induced with 400 mM aqueous 
sorbitol placed into either chamber A or B. The diameter of the cell 
shown was 0.58 mm and the diameter of each chamber was 10 mm. 
Downward arrow indicates the onset of forward transcellular os­
mosis, the upward arrow indicates the onset of backward transcell­
ular osmosis. A single black dot (.) represents an isoosmotic change 

in chamber A, a double black dot (:) indicates an isoosmotic change 
in chamber B, and an open dot (0) represents an electrical stimulus 

that was given to the cell. The upper trace represents the change in 
membrane potential and the lower trace represents the current pulses 
given to the cell 

conductivity (Lp) which was first found in characean 
cells by KAMIYA and TAZAWA (1956). The exoosmotic 
resistance (Lpex ~ I) is greater than the endoosmotic re­
sistance (Lpen ~ I). The polarity is enhanced by increa­
sing the transcellular osmotic gradient. This was in­
terpreted to be a consequence of a nonspecific dehy­
dration of the membrane caused by the osmotic so­
lution on the exoosmotic side as suggested by DAINTY 
and GINZBURG (1964a) and KIYOSAWA and TAZAWA 
(1972, 1973) for characean cells and by RICH etal. 
(1968) and by BLUM and FORSTER (1970) for red blood 
cells (see TAZAWA 1972 for a review). However, the 
general dehydration effect of osmotic solutions on wa-
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Table 3. The effect of cytochalasin E on membrane resistance (R",) , 
membrane potential (Em) and excitability (Excit.) in Nite//opsis 

Treatment 

1% DMSO 
30/-lg ml-1 CE 

Electrical properties of the membrane 

Excit. 
(%) 

1.36 ± 0.13 (32) -180.44 ± 0.44 (32) 80 (25) 
1.38 ± 0.19 (19) -185.60 ± 1.79 (15) 80 (10) 

Cells were pretreated in 1 % DMSO-APW or 30/-lg/ml CE-APW for 
35 min and the membrane potential was measured by the conven­
tional microelectrode technique. The resistance was measured by 
applying 0.2/-lA square current pulses and measuring the change in 
membrane potential. Excitability was determined by applying an 
electrical current of approximately I/-lA to the cells. Each value 
represents the mean ± SEM. Numbers in parentheses represent the 
number of experiments 

ter movement has been questioned. Using a method 
that minimizes the perturbation to the cell, FARMER 
and MACEY (1970) found that the hydraulic conduc­
tivity is independent of the osmolarity of the medium 
and further showed that the data of RICH et al. (1968) 
are consistent with this interpretation if we assume that 
a rectification of osmotic flow exists. Later, using an 
NMR method (PIRKLE et al. 1979), CHIEN and MACEY 
(1977) showed that the diffusional water permeability 
of red blood cells is independent of the osmolarity and 
concluded that the apparent dependence of the hy­
draulic permeability on osmolarity is a consequence of 
an intrinsic cellular polarity. 
The polarity of water movement in characean cells also 
seems to be intrinsic since a polarity exists when the 
osmotic gradient used to drive transcellular osmosis 
is only 0.06 MPa. Furthermore, the observations of 
STEUDLE and ZIMMERMANN (1974) show that a polarity 
exists in characean cells even when the water movement 
is controlled by hydrostatic pressure and not by osmotic 
pressure. The most striking data against the idea that 
the polarity is a result of a general dehydration of the 
membrane are the reversal of polarity due to cytocha­
lasins since it seems unlikely that the cytochalasins can 
act to prevent a membrane dehydration on the exoos­
motic side. 
The analysis of our results is based on Ohm's Law 
using an equivalent electrical circuit as an analog 
(Fig. 11). We have assumed throughout the analysis 
that the flow of water (Jv) is linearly related to the 
pressure gradient (An) through the constant of 
proportionality 1 fR. Experimentally we have demons-

Fig. II. The equivalent circuit for transcellular osmosis. /':, IT: os­
motic pressure of the sorbitol solution on the exoosmotic side. Lpen - 1 

and Lpex - 1: hydraulic resistances on the endoosmotic and exoosmotic 
side, respectively. Jv : rate of water flow 

trated that this is true for osmotic gradients as small 
as 0.06 MPa. However, the influx of water on the en­
doosmotic side may remove ions etc. from the proto­
plasmic surface of the plasma membrane and cause a 
buildup at the protoplasmic surface of the plasma mem­
brane on the exoosmotic side. A flow of water thus 
creates a cytoplasmic polarity that in turn may act upon 
the membrane and differentially create or gate channels 
on the two sides of the cell. If this be true, Lpen - I and 
Lpex - I may act as non-linear resistors. There is evidence 
that the endoosmotic resistance acts like a non linear­
resistor and decreases as a consequence of an increased 
water flow (Fig. 8)(HAYAMA and TAZAWA 1978, KIYO­
SAWA and TAZAWA 1973, STEUDLE and ZIMMERMANN 
1974). Therefore a linear extrapolation of the data pre­
sented in Fig. 9 to zero is unwarranted and we suggest 
that the polarity in water movement is a consequence 
of differential cytoplasmic-membrane protein interac­
tions on the endoosmotic- and exoosmotic sides and 
not the presence of rectifying channels per se in the 
membrane. 
It is generally assumed that water moves through the 
lipid bilayer by a solubility-diffusion mechanism (AL­
BERTS et al. 1983, FINKLE STEIN 1984). This is supported 
by observations that water moves through plasma 
membranes at a rate comparable to the rate of water 
movement through lipid bilayers (ZIMMERMANN and 
STEUDLE 1978). The water permeability coefficients of 
lipid membranes range from 0.2-100 /lm s - I (CASS and 
FINKLESTEIN 1967, FETTIPLACE and HAYDON 1980, 
FINKLESTEIN 1984, OSCHMAN etal. 1974); a range suf­
ficiently large to account for the various rates of water 
movement in almost all cell types measured. Secondly, 
the activation energy of water movement across the 
plasma membrane (42-63 kJ mol-I) is usually similar 
to the energy of activation of water movement across 
lipid bilayers (FETTIPLACE and HAYDON 1980, HANS­
SON MILD and L0VTRUP 1985, TOMOS etal. 1981). 
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Lastly, in Valonia, the diffusional water permeability 
is equal to the osmotic water permeability (2.4 11m S-I) 
and there seems to be no apparent solvent-solute in­
teractions (GUTKNECHT 1967, 1968), a characteristic of 
lipid membranes without pores (CASS and FINKLESTEIN 
1967). If water moves primarily through a lipid path­
way by a solubility-diffusion mechanism in characean 
cells, it is difficult to understand how water can move 
in a polar fashion. However if we consider that water 
can also move through the protein components of the 
membrane, we can invoke a mechanism for the polar 
transport of water. 
What is the evidence that water can move through 
channels created by membrane proteins in characean 
cells? The hydraulic conductivity of characean cells is 
markedly higher than those of most other plant cells 
(DAINTY etal. 1974, KAMIYA and TAZAWA 1956, BEN­
NET-CLARK 1959, ZIMMERMANN and STEUDLE 1978). 
In fact it is comparable to the rate of water flow in red 
blood cells and epithelial cells (DICK 1966). In red blood 
cells and epithelial cells the osmotic permeability coef­
ficient is substantially larger than the diffusion perme­
ability coefficient indicating that water moves through 
aqueous pores (FINKLESTEIN 1987). Furthermore in 
characean internodal, red blood and epithelial cells, the 
activation energy for transmembrane water movement 
is comparable to the activation energy for the self­
diffusion of water (DAINTY and GINZBURG 1964 a, KI­
YOSAWA 1975, TAzAwAand KAMIYA 1965, PIRKLEetal. 
1979, WHITTEMBURY et al. 1984), which is smaller than 
that for water movement across lipid bilayer mem­
branes. This is further evidence that water moves 
through water-filled channels. Additional evidence 
comes from the observations of solvent-solute inter­
actions in Chara (STEUDLE and TYERMAN 1983). Lastly, 
inhibitors of protein function have been shown to in­
crease the hydraulic resistance in red blood, endothelial 
and epithelial cells (BENGA et al. 1983, FISCHBARG et al. 
1987, NACCACHE and SHA'AFI 1974, BROWN et al. 1975, 
LUKACOVIC etal. 1984, WHITTEMBURY etal. 1984). 
These studies indicate that the anion channel (band 3) 
and the glucose transporter may serve as water chan­
nels. Although the lipid bilayer may be the sole pathway 
for water transport in the majority of cells, it is likely 
that intrinsic membrane proteins as well as the lipid 
bilayer serve as pathways for water movement in cells 
with an inherently high hydraulic conductivity. 
The intriguing possibility exists that the high hydraulic 
conductivities are a result of the aggregation of mem­
brane proteins. A kinetic analysis of band 3 proteins, 
which were purified from red blood cells, and then 

inserted into lipid bilayers shows that the formation of 
aqueous channels is a consequence of the formation of 
tetramers of band 3 proteins (BENZ et al. 1984). Indeed 
the possibility that aggregates of proteins may serve as 
the water channel was first proposed by PINTO DA SILVA 
(1973) when he observed during freeze-etch experi­
ments that sublimation of water at -100°C occurs 
primarily through protein aggregates. Further support 
for the hypothesis that water moves through membrane 
protein aggregates comes from studies on amphibian 
bladders. Treatment oftoad bladders with vasopressin, 
which decreases their hydraulic resistance to osmotic 
water flow, induces an increase in the number of protein 
aggregates observed by freeze fracture electron mi­
croscopy (KACHADORIAN et al. 1975, PARISI et al. 1985). 
In bladders, cytochalasin B inhibits both the formation 
of protein aggregates in the membrane and the hor­
mone-induced decrease in the hydraulic resistance 
(TAYLOR etal. 1973, DAVIS etal. 1974, PARISI etat. 
1985) indicating that the actin cytoskeleton is involved 
in the regulation of the hydraulic resistance. The vol­
ume of mouse C3H-2K cells is also slightly influenced 
by CB (lID A and Y AHARA 1986). The actin cytoskeleton 
is involved in other membrane events including the 
polarization of Ca2+ -channels in Fucus and Funaria 
(BRAWLEY and ROBINSON 1985, SAUNDERS 1986). 
Cytochalasin B however also binds to the glucose trans­
porter (LIN and SPUDICH 1974) thus making its site of 
action obscure. However, CE, which does not bind to 
the glucose transporter (JuNG and RAMPAL 1977, 
RAM PAL et al. 1980, Y AHARA et at. 1982), increases the 
hydraulic resistance in characean cells, indicating that 
CE as well as CB acts on the actin microfilaments. The 
greater effectiveness of CE compared with either CA 
or CB in increasing the hydraulic resistance correlates 
with its greater effectiveness in inhibiting actin-me­
diated processes (YAHARA et al. 1982). The idea that 
contractile proteins may influence the hydraulic re­
sistance of the membrane was first proposed by GOL­
DACRE in 1952. Indeed actin may be involved in the 
water regulating mechanisms of contractile vacuoles 
and pinocytosis (DICK 1966) and intracellular water 
transport (ALLEN and FRANCIS 1965). However it is 
important to note that CB may not always modulate 
hydraulic conductivity by interacting with micro fila­
ments. For example CB inhibits water transport in 
corneal endothelial cells (FISCHBARG et al. 1987) by 
directly acting on the glucose transporter. 
In characean cells we have demonstrated that cyto­
chalasins A, B, and E increase the endoosmotic hy­
draulic resistance during forward transcellular osmosis. 
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Apparently, the cytochalasin-sensitive pathway does 
not participate in backward transcellular osmosis. The 
increase in the endoosmotic resistance during forward 
transcellular osmosis leads to a loss or reversal of po­
larity in cytochalasin-treated cells. The loss of the hy­
draulic polarity occurs in parallel with a loss in the 
electrical polarity. The sensitivity of the polarity to 
cytochalasins indicates to us that the polarity must be 
an intrinsic character of the living cell. 
The actin bundles on the ectoplasm/endoplasm inter­
face, which participate in force generation for stream­
ing (KAMIYA 1959, 1981, KURODA and KAMIYA 1956, 
PALEVITZ and HEPLER 1975) influence membrane trans­
port processes, including OH- efflux (LUCAS and 
DAINTY 1977, LucAs and SHIM MEN 1981) and inter­
cellular rubidium transport (DING and TAZAWA un­
published). However, these bundles seem not to be 
important in the regulation of hydraulic resistance since 
stopping streaming by either electrical stimulation or 
NEM has no effect on the hydraulic resistance. The 
system of transverse filaments within the cortical cy­
toskeleton which bind anti-actin or NBD-phallacidin 
(NOTHNAGEL et al. 1981, WILLIAMSON 1985, WILLIAM­
SON et al. 1986) may contribute to the regulation of 
membrane activities, including water permeability and 
some electrical phenomena (Fig. 10). WILLIAMSON et al. 
(1986) observed that these filaments were stabilized in 
the presence of CB. Perhaps a dynamic action or the 
possibility of fragmentation is necessary for these fil­
aments to regulate membrane properties. 
Since an action potential is induced only on the en­
doosmotic side, and only during forward transcellular 
osmosis, it seems that something occurs in this localized 
area of the cell only during forward trans cellular os­
mosis. The cessation of streaming, depolarization, or 
action potential (HAY AMA and T AZA W A 1978, HAY AMA 
et al. 1979) that occur only on the endoosmotic side 
and only during forward transcellular osmosis point to 
an increase in the intracellular [CaH ] in the endoos­
motic side during forward transcellular osmosis, since 
it is known that the cytoplasmic free [CaH ] is an im­
portant regulatory factor of cytoplasmic streaming 
(TAzAwAand SHIMMEN 1987, TAzAwAet al. 1987). Per­
haps a rapid influx of water washes away CaH that 
is bound to the internal surface of the plasma mem­
brane on the endoosmotic side and this results in an 
increase in the cytoplasmic [CaH ], which subsequently 
acts on the microfilaments. A change in the microfi­
lament organization in turn may induce or allow an 
aggregation of membrane proteins, which results in a 
decrease in the hydraulic resistance on the endoosmotic 

side only during forward transcellular osmosis. A 
change in the hydraulic resistance may also result from 
a localized change in the intracellular pH, osmolarity 
or ionic strength on the endoosmotic side. 
The membrane proteins with which the cortical actin 
micro filaments presumably interact still remain un­
known. KIYOSA w A and OGATA (1987) provide evidence 
for the presence of water channels. They showed that 
the electrical resistance of the cell membrane remains 
unchanged when the osmotic pressure of the medium 
is raised even though the hydraulic resistance increases. 
Although this data indicates that ions can not pass 
through at least some of the channels that water can 
pass through, it is still possible that water can move 
through ion channels (KUKITA and YAMAGISHI 1983). 
It seem likely that various proteins or aggregates of 
proteins are able to serve as water channels and open 
or close upon trans cellular osmosis depending on the 
various ionic activities and osmotic pressure differences 
that occur in the endoosmotic end exoosmotic cell 
halves during forward and backward trans cellular os­
mosis (e.g., FINKLESTEIN 1987, ZIMMERBERG and PAR­
SEGIAN 1986). In short, the flux of water, as well as 
ions, is subject to biological regulation as well as the 
laws of physics. 
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