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Summary

The hydraulic resistance was measured on internodal cells of Chara
corallina and Nitellopsis obtusa using the method of transcellular
osmosis described by Kamiva and Tazawa in 1956. The transcellular
hydraulic resistances of N. obtusa and C. corallina are 2.63 and
1.11pm~'s Pa, resepectively. These values correspond to osmotic
permeability coefficients (P,) of 102.6 and 243.1pum s~ !, respec-
tively. Cytochalasin A, B, and E (1-30 ug 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~!' to 32.5kJ mol~' indi-
cating that it increases the hydraulic resistance by eliminating a low
resistance pathway. Cytochalasin B and 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 corallina; 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 m* s~ !
Pa~'); k' transcellular hydraulic permeability coefficient (pm s~}
Pa~"); R transcellular hydraulic resistance (pico m ™2 s Pa); 1, total
transcellular hydraulic resistance (pm~' s Pa); L, hydraulic con-
ductivity (pm s~' Pa™"); L, endoosmotic hydraulic conductivitiy
(pm s~! Pa~Y); L., exoosmotic hydraulic conductivity (pm s~
Pa~!); L., ' endoosmotic hydraulic resistance (pm ' s Pa); Ly, ™'
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exoosmotic hydraulic resistance (pm~' s Pa); J, rate of water flow
(pico m* s '); V,, partial molar volume of water (pico m® mol ).

1. Introduction

In 1956 Kamiya and TaAzawa 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 1949 a, 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.
Kamiva and Tazawa (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.

Kamrva and Tazawa (1956) observed that transcel-
lular water transport in Nitella flexilis 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 etal. 1936).
There has been much controversy over whether the
observed polarity is real or only apparent as a result
of the unstirred 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, Kivosawa 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, TAzAwA and
Kamriva 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
(DAaINTY and GINZBURG 1964 b, Kivosawa and Ta-
zAawA 1972, 1973, Tazawa and Kryosawa 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 Kamiva and Tazawa (1956) that
the polarity is an intrinsic character of the living cell
and show that actin microfilaments participate in the
establishment of the cellular polarity which reduces the
hydraulic resistance on the endoosmotic side.

2. Materials and Methods
2.1. Plant Materials

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 Cwith 15hL:
9hD photoperiod. Internodal cells of Chara corallina or Nitellopsis
obtusa were isolated and placed in artificial pond water (APW:
0.1 mM NaCl, 0.1 mM CaCl, and 0.1 mM KCl) buffered by 10 mM
Mes titrated with Tris to pH5.5. The cells were then placed on a
shaker for 3h to remove the CaCO; deposited on the wall. The cells
were then transferred to APW buffered by 2mM 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. 1. This apparatus is modeled after the apparatus de-
signed by Tazawa and Kamiva (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 | 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-
doosmotic 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 5nl, which was approxi-
mately 1% 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
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Fig. 1. A diagram (top view) of the apparatus used for transcellular
osmosis. The initial condition where the cell part in chamber 4 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 (/). The volumes of cham-
bers 4 and B were 750 and 2250 pl, respectively. The volume of the
capillary (c¢) was 615.3nl mm ™ !. 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 4 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 (Kamrva and Kuropa 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 100 mM
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 L., ™', Loex ! and 1o,
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 Kamiva 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
(0.136 Osm = 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 (Kivosawa and Tazawa 1972,
Tazawa 1980):

AATIL

T"

Lot =
where J, is the observed flow of water movement in pico m3/s; A is
the surface area (in pico m?) of the cell part in each chamber; and
AIl is the osmotic gradient (in Pa) used to drive transcellular osmosis.
The total hydraulic resistance is given in pm~' s Pa.

2.4. Analysis of Results

The hydraulic conductivities for endoosmosis (L,.,) and exoosmosis
(Lyex) were calculated using the following equations. The general
equations can be found in Kamiva and Tazawa (1956) and they
are based on the following assumptions: (1) 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 (J,, in pico m? s~ !) is proportional to
the osmotic gradient (AIl, in Pa) used to initiate transcellular os-

mosis.
J, = KAIl : 0

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

K = J JATI 2

K (pico m® s™! Pa~!) is a constant that is given as AcuAeLpenLpex/
(AenLpen + AexLpex). The transcellular osmotic constant (K) is equal
to the transcellular hydraulic permeability coefficient (k’, in pm s !
Pa~!) times the surface area of half of a cell (A, in pico m?) when
the cell is equally partitioned.

K=KA 3)

where k’ is given as LyenLpex/(Lpen + Lpex)-
In the initial transcellular osmosis before ligation A, = A.,/2 = A
and the transcellular osmotic constant (K,) equals:

K, = 2A L, Loex

"t 20,0 @

After ligation, A., = A, = A and the transcellular osmotic constant
(K,) equals:

K, = A Lpen Lpex
- (Lpen + Lpex)

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

=KA 5)

a= Lpen/Lpex (6)

We can substitute L., in Egs. (4) and (5) with a L, to get the
following equations:

_ 20 Lpex

a+t2 @)

1

_ocALpex
a+1

®

2

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

2(K; ~Ky)
== 9
72K, K, ©
Rearranging Eq. (8) we can solve for L,
Ky(@+ 1)
Ly = ——7— 10
pex aA ( )

We can now calculate L,., from Eq. (6) as a L,
Lpen = @ Loy = Ky (@ + 1)/A (11)

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

R=Lpw '+ L HA! (12)
Then we can introduce the total transcellular hydraulic resistance
(i) in units of pm~! s Pa.
Tiot = Lpen ' + Lpex ! (13)
Therefore
It = AR = A/K = 1/k’ (14)

where r,, is in units of pm~! s Pa, A is in units of pico m? R is in
units of pico m™* s Pa and K is in units of pico m* s™' Pa~!,
Assuming that there is no polarity, or that L., = L., = L, we get
from Eq. (13)

L,=2 T ! 15

where L, 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 (Tazawa 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 (E,,), Membrane Resis-
tance (R,,), and Membrane Excitability During Transcellular Osmosis

Figure 2 shows the experimental setup for measuring E and R,
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 1 cm vaseline seal. The
cells were bathed in APW containing 1% DMSO or APW containing
1% DMSO and 30 pg ml~! CE. A glass Ag— AgCl microcapillary
electrode filled with 3M KCI 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 pA current pulses through
Ag— AgCl wires placed in the two pools. The resistance due to
components other than membranes was small (Havama et al. 1979)
and was neglected. E, and R, of the endoosmotic side during for-
ward osmosis was measured by replacing the solution in chamber
A with APW containing 0.4 M sorbitol. E, and R,, during backward
osmosis of this same side was measured by replacing the sorbitol
solution with the original solution. E_, and R, of the exoosmotic
side during forward osmosis was measured by replacing the solution
in chamber B with APW containing 0.4 M sorbitol. E,, and R,, of
this same side during backward osmosis was measured by replacing
the sorbitol solution with the original solution.

>
WA
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Fig.2. A diagram of the experimental setup used for measuring
membrane potential (E;) and resistance (R,,) 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 ug ml~! CE. ATP was extracted in
a boiling buffer which included 25mM K*-Hepes, 10mM K*-
EDTA and 0.3% H,0, (pH 7.4). The extract was analysed by the
firefly-flash method with an ATP photometer (Chemglow photo-
meter J4-7441; 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 (r,,) of 2.63 and
1.11pm~! s Pa, respectively. This corresponds to a
hydraulic conductivity (L,) of 0.76 pm s™! Pa~! for
Nitellopsis and 1.80pm s~! Pa~! for Chara. If the
volume flow is expressed as the flow of water molecules,
then the units of L, can be converted to the units of
the osmotic permeability coefficient (P,,) by multi-
plying L, with RT/V,, (DAINTY 1963 b). P, for Nitel-
lopsis is 102.6um s~! and 243.1pm s~' 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

Tiot Lp Pos
pm'sPa pms'Pa~'  pms!
Species
N. obtusa (n = 47) 263+0.11 0.76 102.6

C. corallina (n = 51) 1.11 £0.07 1.80 240.54

The total transcellular hydraulic resistances (r,,) were determined
for the cells which were firstly treated with 1% DMSO for 35min
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 (L,)
and the osmotic permeability coefficient (P,) were calculated from
the following formulas: L, = 2(1/r,,,) and P, = L,RT/V,, (where L,
is the hydraulic conductivity in pm s~ Pa—/, R is the gas constant),
T is the absolute temperature in K (set to 298 K) and V, is the partial
molar volume of water (Hansson MiLp and LovTrup 1985). Please
note that the total transcellular hydraulic resistance represents the
total resistance to both endoosmosis and exoosmosis; therefore L,
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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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 35min and placed symmetrically in a chamber that had
1% DMSO in both chambers 4 and B. Forward transcellular osmosis
was initiated by the addition of 1% DMSO plus 100 mOsm sorbitol
to chamber B. After 15 minutes, the sorbitol solution was replaced
with 1% DMSO and backward transcellular osmosis was observed
for 15 minutes. Subsequently, the same cell was taken out and treated
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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 (KaMiva 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-

with 100 pg ml~! 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. Subsequently, the water in chamber B was replaced
with 100 mOsm sorbitol and forward transcellular osmosis was fol-
lowed for 2 min. Then the same cell was treated with 30 ug ml~' 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 transcellular osmosis during
the exponential phase (0-40sec). 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 (3-30pg ml~! or 6-60 uM) in-
crease ry,, in a concentration dependent manner (Figs. 4
and 6 b). After washing away CB, the effects of 30 ug
ml~! CB are always completely reversible (Fig. 5); the
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Fig. 4. The effect of cytochalasin B on the total transcellular hydraulic
resistance (r,,) 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 4 and B. The water in
chamber B was replaced with 100 mOsm sorbitol to initiate forward
transcellular osmosis. After a 4.5hr 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 (r,,,) in Nitellopsis. Cells were
sequentially treated with 1% DMSO, 30 ugml~ ! CB and 1% DMSO
for 35min 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 £ 0.24pm™~' s Pa

effects of 100 pg ml~ ! are sometimes reversible (Fig. 4).
By contrast, STEUDLE and TYERMAN (1983) found that
CB had no effect on L, 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 ry,, in both Chara and Nitellopsis (Fig. 6 a and
b). In both genera, CE is the most effective of the three
tested; 1 pug ml~! 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 (Kivosawa 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 0.253 Osm (0.617 MPa at 20°C)
to 0.292 Osm (0.712 MPa at 20 °C) in Chara and from
0.2960sm (0.702MPa 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 ug ml~' 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 pg
ml~! CE for 35 min and subsequently washed in water
for 10 minutes while being shaken at 40 rev min~! to
remove all the DMSO. Then the cells were subjected
to transcellular osmosis at various temperatures ran-
ging from 5-25 °C. The activation energy (E,) for trans-
cellular osmosis was calculated form Arrhenius plots.
The E, for transcellular osmosis of the DMSO control
in Nitellopsis is 16.38 kJ mol ™' (3.9 kcal mol™!). This
is similar to the values found by Kivosawa (1975) for
Chara and Tazawa and Kamriva (1966) for Nitella
flexilis 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~! (7.76 kcal mol~1)
indicating that CE causes the elimination of a low
energy pathway for water (Table 2).
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Fig. 6. The effect of cytochalasins on the total transcellular hydraulic resistance (r,,) of Chara (a) and Nitellopsis (b). The abscissae represent
the concentrations of CA, CB or CE. The ordinates represent the increase in the hydraulic resistance relative to the DMSO control. In the
case of 6a: The controls for CA and CE were 1.1 £ 0.21 and 0.97 + 0.19pm ! s Pa, respectively. When the cells were repeatedly exposed
to 1% DMSO (5 times), the initial control value was 100% = 0.97 £ 0.21 pm™~' s Pa and the values varied between 96.75 and 100% (data
not shown). Each point represents the average + standard error of the mean for 3 cells. In the case of 6b: The controls for CA, CB, and
CE are: 100% = 3.05 £ 0.59, 2.36 + 0.38 and 3.06 &+ 0.43pm ™! s Pa, respectively. When cells were repeatedly exposed to 1% DMSO (5
times), the initial control value was 100% = 2.48 + 0.27pm ™' s Pa and the values varied between 96 and 102.3% (data not shown). Each

point represents the mean & SEM for 3 cells

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 ug mi—' CE on the activation energy (E,)
for transcellular osmosis in Nitellopsis

Cell no.  Activation Energy
DMSO Cytochalasin E 7
kImol ' (kcalmol ') kJmol ' (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 pg/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 r;,, 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 r,,, and
Lpe,(_1 increase as the transcellular osmotic gradient
increases from 0.06 MPa to 0.50 MPa at 23°C. By
contrast Lpen“l 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), Lpe,(_1
is still larger than L, ~ !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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Fig. 7. The effect of cytochalasin B and E on the endoosmotic (Lpen - "), exoosmotic (Lpex ™ ') and total transcellular (r,,) hydraulic resistance
in Nitellopsis. Cells were treated in either a 1% DMSO or 30 pg ml ‘1 CB for 35min or b 2% DMSO or 10pg ml~" CE for 35min and
then placed asymmetrically in the apparatus and subjected to the ligation method of transcellular osmosis. See Materials and Methods for
details. In the case of the CB experiments, cells were temperature-equilibrated for only 5 minutes to minimize the leakage of CB. Each bars
represents the mean + SEM for 5 cells. Levels of significance obtained from t-tests are p < 0.2, non significant, and p < 0.05 for r,y, Lpe,fl
and L.,~ ! respectively, of CB treated cells relative to control cells. In the case of CE treated cells, the levels of significance obtained from
t-tests are p < 0.05, non significant, and p < 0.05 for i, Lo, ' and Ly, ™ !, respectively

A particularly novel observation is that the polarity
observed when the osmotic gradient is as small as
0.06 MPa is still sensitive to CE. 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 Kamiva 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 pA electric current reciprocally
between two cell ends or chemically by treating the cell
with 0.2 mM NEM in 1% DMSO (CHeN and KamMIvA
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 NisHi1zakI 1956) indicating that other membrane
properties besides hydraulic resistance become pola-
rized. HaYaMA et al. (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. 10a and b).
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In contrast to forward transcellular osmosis, backward
transcellular osmosis does not induce any electrical
changes on either side. However in 7 out of 10 cells
treated with 30 ug ml1~! CE for 35 minutes, forward
transcellular osmosis was unable to induce an action
potential on the endoosmotic side although the cells

5 individual experiments is shown with
SEM

were still capable of generating an action potential in
response to an electric current (Fig. 10 ¢). 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. WayYNE and M. Tazawa: The Actin Cytoskeleton and Polar Water Permeability in Characean Cells 125

a: APW

:
. &
3 g

&
: §
w i

t . } t

40 mv

|
| |
|
——
1min
i

I I

¢:CE (30pgmi™)
: H
2 o
: g
2
w
' te
g
9
1 min

stimulus (Table 3). CE does not stop streaming or trans-
cellular water movement by depleting the intracellular
ATP levels. The concentrations of ATP found in the
DMSO control cells and in cells treated with 30 pg m] !
CE for 35min are 3.10+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 ATP hydro-
lysis by the actomyosin system.

4. Discussion

Cells of Chara corallina and Nitellopsis obtusa exhibit
a flow rectification or polarity in their hydraulic
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Fig. 10. The effect of cytochalasin E on the electrical response induced
by transcellular osmosis in Nitellopsis. Cells were put in a APW
(pH 5.6), b APW plus 1% DMSO or ¢ APW, 1% DMSO and
30pg ml~ ! 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 4 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 A4, a double black dot (2) indicates an isoosmotic change
in chamber B, and an open dot (o) 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 (L,) which was first found in characean
cells by Kamiva and Tazawa (1956). The exoosmotic
resistance (Ljex ™ 1) is greater than the endoosmotic re-
sistance (Lpe, ™ 1. 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 (1964 a) and Kivosawa and TaAzawa
(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 (E,,) and excitability (Excit.) in Nitellopsis

Treatment Electrical properties of the membrane
R, E. Excit.
Qm? (mV) (%)
1% DMSO 1.36 £ 0.13 (32) —180.44 + 0.44 (32) 80 (25)
0pgmi—' CE 138 +0.19 (19) —185.60 £ 1.79 (15) 80 (10)

Cells were pretreated in 1% DMSO-APW or 30 pg/ml CE-APW for
35min and the membrane potential was measured by the conven-
tional microelectrode technique. The resistance was measured by
applying 0.2 pA square current pulses and measuring the change in
membrane potential. Excitability was determined by applying an
electrical current of approximately 1pA 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 (J,) is linearly related to the
pressure gradient (AIT) through the constant of
proportionality 1/R. Experimentally we have demons-

Jv"

4 Lpen

Al 2

Lpex™

Fig. 11. The equivalent circuit for transcellular osmosis. A II: os-
motic pressure of the sorbitol solution on the exoosmotic side. Ly, ™'
and L, ~ " hydraulic resistances on the endoosmotic and exoosmotic
side, respectively. J,: 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"1 and
Lopex™ "'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)(Havama and Tazawa 1978, Kivo-
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, FINKLESTEIN 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 pm s~ ! (Cass and
FINKLESTEIN 1967, FETTIPLACE and HAaypon 1980,
FINKLESTEIN 1984, OSCHMAN et al. 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™!) is usually similar
to the energy of activation of water movement across
lipid bilayers (FETTIPLACE and HAayDoN 1980, HANS-
soN MiLp and LgvTrup 1985, Tomos etal. 1981).
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Lastly, in Valonia, the diffusional water permeability
is equal to the osmotic water permeability (2.4 pm s~ ')
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 et al. 1974, Kamrva 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, K1-
vosawa 1975, Tazawa and Kamiva 1965, PIRKLE et al.
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 PINTODA 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 of toad 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, PARrisi 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, DaAvis etal. 1974, PARriIsI et al.
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 (Iiba and YAHARA 1986). The actin cytoskeleton
is involved in other membrane events including the
polarization of Ca®*-channels in Fucus and Funaria
(BRAWLEY and RoBiNsON 1985, SAUNDERS 1986).
Cytochalasin B however also binds to the glucose trans-
porter (LN and SpupicH 1974) thus making its site of
action obscure. However, CE, which does not bind to
the glucose transporter (JunGg and Rampar 1977,
RAMPAL et al. 1980, YAHARA et al. 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 etal. 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 microfila-
ments. For example CB inhibits water transport in
corneal endothelial cells (FISCHBARG etal. 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 (Kamiva 1959, 1981, Kuroba and Kamriva 1956,
ParLeviTz and HEPLER 1975) influence membrane trans-
port processes, including OH™ efflux (Lucas and
Dainty 1977, Lucas and SHIMMEN 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 etal. 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 transcellular os-
mosis. The cessation of streaming, depolarization, or
action potential (HAyama and Tazawa 1978, HaAvyama
etal. 1979) that occur only on the endoosmotic side
and only during forward transcellular osmosis point to
an increase in the intracellular [Ca®™] in the endoos-
motic side during forward transcellular osmosis, since
it is known that the cytoplasmic free [Ca®™] is an im-
portant regulatory factor of cytoplasmic streaming
(Tazawa and SHIMMEN 1987, Tazawa et al. 1987). Per-
haps a rapid influx of water washes away Ca>™ 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 [Ca?*], 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
microfilaments presumably interact still remain un-
known. Krvosawa 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 transcellular osmosis depending on the
various ionic activities and osmotic pressure differences
that occur in the endoosmotic end exoosmotic cell
halves during forward and backward transcellular 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.

Acknowledgements

This work was supported in part by grants from the Ministry of
Education Culture and Science of Japan and the Japanese Society
for the Promotion of Science. We warmly thank S. Amino, D.-Q.
DinG, M. KATsUHARA, T. Kouno, Y. Okazaki, T. SHiINA, T. SHIM-
MEN, K. TakesHiGE and Y. TomIiNAGA of the Laboratory of Plant
Physiology and M. WaTtaNaBe of the National Institute of Basic
Biology who have contributed to every aspect of this research from
repeating critical experiments to correcting grammatical errors in
the final manuscript. Their valuable discussions and technical help
made this paper possible. We also warmly thank T. and K. KiTa-
BATAKE who generously created a real home for R.W. in Japan.

References

ALBERTS B, BRay D, LeEwis J, RAFF M, RoBerTs K, WaTtson JD
(1983) Molecular biology of the cell. Garland, New York Lon-
don, 1146 pp

ALLEN RD, Franics DW (1965) Cytoplasmic contraction and the
distribution of water in Amoeba. Symp Soc Expl Biol 19: 259-
271

BeNGA G, Por VI, Porescu O, IoNescu M, MIHELE V (1983) Water
exchange through erythrocyte membranes: nuclear magnetic res-
onance studies on the effects of inhibitors and of chemical mod-
ification of human membranes. J Membr Biol 76: 129-137

BeENNET-CLARK TA (1959) Water relations of cells. In: STEwarT FC
(ed) Plant physiology, vol 2. Academic Press, New York, pp 104
191

Benz R, Tosteson MT, ScHuBerT D (1984) Formation and prop-



R. WayNE and M. Tazawa: The Actin Cytoskeleton and Polar Water Permeability in Characean Cells 129

erties of tetramers of band 3 protein from human erythrocyte
membranes in planer lipid bilayers. Biochim Biophys Acta 775:
347-355

BLum RM, Forster RE (1970) The water permeability of eryth-
rocytes. Biochim Biophys Acta 203: 410423

BrawLEY SH, RoBinson KR (1985) Cytochalasin treatment disrupts
the endogeneous currents associated with cell polarization in
fucoid zygotes: studies on the role of F-actin in embryogenesis.
J Cell Biol 100: 1173-1184

BrownN PA, FEINSTEIN MB, Sua’aF1 RI (1975) Membrane proteins
related to water transport in human erythrocytes. Nature 254:
523-525

Cass A, FINKLESTEIN A (1967) Water permeability of thin lipid
membranes. J Gen Physiol 50: 1765-1784

CHEN JCW, Kamiva N (1975) Localization of myosin in the inter-
nodal cell of Nitella as suggested by differential treatment with
N-ethylmaleimide. Cell Struct Funct 1: 1-9

Cuien DY, Macey RI (1977) Diffusional water permeability of red
cells Independence on osmolarity. Biochim Biophys Acta 464:
45-52

Dainty J (1963 a) The polar permeability of plant cell membranes
to water. Protoplasma 57: 220-228

— (1963 b) Water relations of plant cells. Adv Bot Res 1: 279-326

— GiINzBURG BZ (1964 a) The measurement of hydraulic conduc-
tivity (osmotic permeability to water) of internodal characean
cells by means of transcellular osmosis. Biochim Biophys Acta
79: 102-111

— — (1964 b) The permeability of the cell membrane of Nitella
translucens to urea, and the effect of high concentrations of
sucrose on this permeability. Biochim Biophys Acta 79: 112-121

— Hopre AB (1959) The water permeability of cells of Chara australis
R Br. Aust J Biol Sci 12: 136-145

— VintERs H, TYREE M (1974) A study of transcellular osmosis
and the kinetics of swelling and shrinking in cells of Chara cor-
allina. In: ZIMMERMANN U, DaINTY J (eds) Membrane transport
in plants. Springer, Berlin Heidelberg New York, pp 59-63

Davis WL, GoopMmaN DBP, ScHUSTER RJ, RasmusseN H, MARTIN
JH (1974) Effects of cytochalasin B on the response of toad
urinary bladder to vasopressin. J Cell Biol 63: 986-997

Dick DAT (1966) Cell water. Butterworths, London, 153 pp

FarMER REL, MAceyY RI (1970) Perturbation of red cell volume:
Rectification of osmotic flow. Biochim Biophys Acta 196: 53—
65

FerrieLace R, Haypon DA (1980) Water permeability of lipid
membranes. Physiol Rev 60: 510-550

FINKLESTEIN A (1984) Water movement through membrane chan-
nels. Curr Top Membr Transport 21: 295-308

— (1987) Water movement through lipid bilayers, pores, and plasma
membranes. Theory and reality. John Wiley and Sons, New York
(Distinguished lecture series of the Society of General Physiol-
ogists, vol 4)

FiscuBarG J, LieBovitcH LS, Koniarek JP (1987) Inhibition of
transepithelial osmotic water flow by blockers of the glucose
transporter. Biochim Biophys Acta 898: 266-274

GovrpAacre RJ (1952) The folding and unfolding of protein molecules
as a basis of osmotic work. Int Rev Cytol 1: 135-164

GuTkNECHT J (1967) Membranes of Valonia ventricosa: apparent
absence of water-filled pores. Science 158: 787-788

— (1968) Permeability of Valonia to water and solutes: apparent
absence of aqueous membrane pores. Biochim Biophys Acta 163:
20-29

Hansson Mip K, Levrrup S (1985) Movement and structure of
water in animal cells. Ideas and experiments. Biochim Biophys
Acta 822: 155-167

Havama T, Nakagawa S, Tazawa M (1979) Membrane depolar-
ization induced by transcellular osmosis in internodal cells of
Nitella flexilis. Protoplasma 98: 73-90

— Tazawa M (1978) Cessation of cytoplasmic streaming accom-
panying osmosis-induced membrane depolarization in Nitella
flexilis. Cell Struct Funct 3: 47-60

HorLer K (1930) Eintritts- und Riickgangsgeschwindigkeit der Plas-
molyse. Jb Wiss Bot 73: 300-350

Iipa K, YaHArA 1(1986) Reversible induction of actin rods in mouse
CH3-2K cells by incubation in salt buffers and by treatment with
non-ionic detergents. Exp Cell Res 164: 492-506

Jung CY, RampaL AL (1977) Cytochalasin B binding sites and
glucose transport carrier in human erythrocyte ghosts. J Biol
Chem 252: 5456-5463

KacuaporiaN WA, WaDke JB, DiScara VA (1975) Vasopressin:
induced structural change in toad bladder luminal membrane.
Science 190: 67-69

Kamiva N (1959) Protoplasmic streaming. In: HEILBRUNN LV, WE-
BER F etal (eds) Protoplasmatologia, vol 8. Springer, Wien, part
3a

— (1981) Physical and chemical basis of cytoplasmic streaming. Ann
Rev Plant Physiol 32: 205-236

— Kuroba K (1956) Artificial modification of the osmotic pressure
of the plant cell. Protoplasma 46: 423-436

— Tazawa M (1956) Studies on water permeability of a single plant
cell by means of transcellular osmosis. Protoplasma 46: 394422

KaTtaoka H, Nakacawa S, Havama T, Tazawa M (1979) Ion
movements induced by transcellular osmosis in Nitella flexilis.
Protoplasma 99: 179-187

Krvosawa K (1975) Studies on the effects of alcohols on membrane
water permeability on Nitella. Protoplasma 86: 243-252

— OgcaTta K (1987) Influence of external osmotic pressure on water
permeability and electrical conductance of Chara cell membrane.
Plant Cell Physiol 28: 1013-1022

— Tazawa M (1972) Influence of intracellular and extracellular
tonicities on water permeability in characean cells. Protoplasma
74: 257-270

— — (1973) Rectification characteristics of Nitella membranes in
resepect to water permeability. Protoplasma 78: 203-214

— — (1977) Hydraulic conductivity of tonoplast-free Chara cells.
J Membr Biol 37: 157-166

Kukita F, Yamacisur S (1983) Effects of an outward water flow
on potassium currents in a squid giant axon. J Membr Biol
75: 33-44

Kuropa K, Kamivya N (1956) Velocity distribution of the proto-
plasmic streaming in Nitella cells. Bot Mag (Tokyo) 69: 544-554

Levitt J, Scarth GW, Gisss RD (1936) Water permeability of
isolated protoplasts in relation to volume change. Protoplasma
26: 237-248

Lin S, SpupicH JA (1974) Biochemical studies on the mode of action
of cytochalasin B. J Biol Chem 249: 5778-5783

Lucas WJ, DaINTY J (1977) Spatial distribution of functional OH™
carriers along a characean internodal cell: determined by the
effect of cytochalasin B on H'*CO; ™~ assimilation. J Membr Biol
32: 75-92

— SuiMMEN T (1981) Intracellular perfusion and cell centrifugation
studies on plasmalemma transport processes in Chara corallina.
J Membr Biol 58: 227-237



130 R. Wayne and M. Tazawa: The Actin Cytoskeleton and Polar Water Permeability in Characean Cells

Lukacovic MF, Toon M, SoLomon AK (1984) Site of cation leak
induced by mercurials sulfhydryl reagents. Biochim Biophys Acta
772: 313-320

Mimura T, SHIMMEN T, Tazawa M (1984) Adenine-nucleotide lev-
els and metabolism-dependent membrane potential in cells of
Nitellopsis obtusa Groves. Planta 162: 77-84

NaccacHE P, Sua’art RI (1974) Effect of PCMBS on water transfer
across biological membranes. J Cell Physiol 83: 449-456

Nacai R, Kamiva N (1977) Differential treatment of Chara cells
with cytochalasin B with special reference to its effect on cyto-
plasmic streaming. Exp Cell Res 108: 231-237

NisHizak1 Y (1955) Bioelectric phenomena accompanying osmosis
in a single plant cell. Cytologia 20: 32-40

NoTtHNAGEL EA, BArak LS, SANGER JW, WEBs WW (1981) Flu-
orescence studies on modes of cytochalasin B and phallotoxin
action on cytoplasmic streaming in Chara. J Cell Biol 88: 364—
372

OscumaN JL, WaLL BJ, Gueta BL (1974) Cellular basis of water
transport. Symp Soc Exp Biol 28: 305-350

OsTERHOUT WIV (1949 a) Movement of water in cells of Nitella. J
Gen Physiol 32: 553-557

— (1949 b) Transport of water from concentrated to dilute solutions
in cells of Nitella. J Gen Physiol 32: 559-565

PaLevitz BA, HepLEr PK (1975) Identification of actin in situ at
the ectoplasm-endoplasm interface of Nitella. J Cell Biol 65: 29—
38

Parist M, Pisam M, MEerot J, CHEVALIER J, BOURGUET J (1985)
The role of microtubules and microfilaments in the hydroosmotic
response to antidiuretic hormone. Biochim Biophys Acta 817:
333-342

PinTo DA SiLva P (1973) Membrane intercalated particles in human
erythrocyte ghosts: sites of preferred passage of water molecules
at low temperature. Proc Natl Acad Sci USA 70: 1339-1343

PirkLE JL, AsuLey DL, GoLpsTEIN JH (1979) Pulse nuclear mag-
netic resonance measurements of water exchange across the
erythrocyte membrane employing a low Mn concentration. Bio-
phys J 25: 389-406

RampaL AL, Pinkorsky H, Jung CY (1980) Structure of cyto-
chalasins and cytochalasin B binding sites in human erythrocyte
membranes. Biochemistry 19: 679-683

Ricu GT, Sua'ari RI, RomuaLDEZ A, SoLomon AK (1968) Effect
of osmolarity on the hydraulic permeability coefficient of red
cells. J Gen Physiol 52: 941-954

SAuNDERS MJ (1986) Cytokinin activation and redistribution of
plasma-membrane ion channels in Funaria. Planta 167: 402-409

SteupLE E, TyErRMAN SD (1983) Determination of permeability
coefficients, reflection coefficients, and hydraulic conductivity of
Chara corallina using the pressure probe: effects of solute con-
centration. ] Membr Biol 75: 85-96

— ZIMMERMANN U (1974) Determination of the hydraulic conduc-
tivity and of reflection coefficients in Nitella flexilis by means of

direct cell-turgor pressure measurement. Biochim Biophys Acta
332: 399412

TayvLor A, MAMELAK M, REAVEN E, MAFFLY R (1973) Vasopressin:
Possible role of microtubules and microfilaments in its action.
Science 181: 347-350

Tazawa M (1957) Neue Methode zur Messung des osmotischen
Wertes einer Zelle. Protoplasma 48: 342-359

— (1972) Membrane characteristics as revealed by water and ionic
relations of algal cells. Protoplasma 75: 427-460

— (1980) Cytoplasmic streaming and membrane phenomena in cells
of Characeae. In: GrantT E (ed) Handbook of phycological
methods. Developmental and cytological methods. Cambridge
University Press, Cambridge, pp 179-193

— Kamiva N (1965) Water relations of characean internodal cell.
Ann Rep Biol Works Fac Sci Osaka Univ 13: 123-419

— — (1966) Water permeability of a characean internodal cell with
special reference to its polarity. Aust J Biol Sci 19: 399-419

— Kivosawa K (1973) Analysis of transcellular water movement
in Nitella: A new procedure to determine the inward and outward
water permeabilities of membranes. Protoplasma 78: 349-364

— NisHizak1 Y (1956) Simultaneous measurement of transcellular
osmosis and the accompanying potential difference. Jap J Bot
15: 227-238

— SummMmEN T (1987) Cell motility and ionic relations in characean
cells as revealed by internal perfusion and cell models. Int Rev
Cytol 109: 259-312

— — Mimura T (1987) Membrane control in the Characeae. Ann
Rev Plant Physiol 38: 95-117

Tomos AD, STeupLE E, ZIMMERMANN U, ScHuLze E-D (1981)
Water relations of leaf epidermal cells of Tradescantia virginiana.
Plant Physiol 68: 1135-1143

WHITTEMBURY G, CARPI-MEDINA P, GonzALEZ E, LiINARES H (1984)
Effect of para-chloromercuribenzenesulfonic acid and temper-
ature on cell water osmotic permeability of proximal straight
tubules. Biochim Biophys Acta 775: 365-373

WiLLiaMmsoN RE (1985) Immobilization of organelles and actin bun-
dles in the cortical cytoplasm of the alga Chara corallina KLEIN
ex. WiLLD. Planta 163: 1-8

— PerkiIN JL, McCurpy DW, CraiG S, HurLEy UA (1986) Pro-
duction and use of monoclonal antibodies to study the cytoske-
leton and other components of the cortical cytoplasm of Chara.
Eur J Cell Biol 41: 1-8

Yauara I, HAraDA F, SExiTA S, YosHiHirRA K, NaTori S (1982)
Correlation between effects of 24 different cytochalasins on cel-
lular structures and cellular events and those on actin in vitro. J
Cell Biol 92: 69-78

ZMMERBERG J, PARSEGIAN VA (1986) Polymer inaccessible volume
changes during opening and closing of a voltage-dependent ionic
channel. Nature 323: 36-39

ZiMMERMANN U, STeuDLE E (1978) Physical aspects of water re-
lations of plant cells. Adv Bot Res 6: 45-117



