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Summary. The ability of liver cells to control their volume in the 
presence of ouabain has been studied in tissue slices that were 
recovering at 38~ from a period of swelling at I~ Morphologi- 
cal observations were made in conjunction with measurements 
of the net movements of water and ions. Extrusion of water in 
the presence of ouabain (2 raM) was accompanied by a net loss of 
Na" and C1- and by the formation of characteristic, rounded 
vesicles in the peri-canalicular regions of the hepatocytes; bile 
canaliculi were patent. When incubation was carried out in a 
medium in which either NO3 or SO~- replaced C1 , ouabain- 
resistant water extrusion was prevented and the cytoplasmic 
vesicles normally found with ouabain were almost totally absent. 
When these slices were subsequently transferred to C1 medium 
with oubain, extrusion of intracellular water was initiated and 
cytoplasmic vesicles reappeared. Replacement of medium Na + 
by Li + mimicked the effects of ouabain on water and ion move- 
ments and ultrastructure. In addition, the ouabain-resistant ex- 
trusion of water and CI- was reduced and there was some dimi- 
nution in the number of vesicles induced by ouabain. Furosemide 
(2 mM) had little effect on water movement or ultrastructure in 
the absence of ouabain, but it slowed the net water loss and 
substantially reduced the formation of cytoplasmic vesicles in 
the presence of ouabain. The results show a close relationship 
between ouabain-resistant water extrusion and the formation of 
the cytoplasmic vesicles that are characteristic of treatment with 
ouabain. They further suggest that a cotransport of Na + and CI- 
forms an important part of the mechanism underlying ouabain- 
resistant water extrusion and, specifically, that this cotransport 
may take place across the membranes of the cytoplasmic vesi- 
cles. 

Key Words cell volume �9 cell water,  volume regulation; oua- 
bain-resistant . chloride movement, liver cells �9 sodium move- 
ment, liver cells . furosemide, effects on volume regulation �9 
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Introduction 

The osmotic activity of intracellular macromole- 
cules induces a continual entry of water into cells 
incubated in vitro in an isosmotic, saline medium so 
that swelling will occur unless metabolic processes 

intervene to regulate cellular volume (Opie, 1949; 
Robinson, 1950; Macknight & Leaf, 1977). In liver 
cells, the volume regulation may be studied by fol- 
lowing the net extrusion of water from liver slices 
during recovery from a period of swelling. The ex- 
trusion is partly associated with the ouabain-sensi- 
tive transport of Na + and K +, as originally sug- 
gested by Leaf (1956), and partly with an 
ouabain-resistant mechanism (Macknight, Pilgrim 
& Robinson, 1974; Russo, Galeotti & van Rossum, 
1976; Russo, van Rossum & Galeotti, 1977), and it 
is the latter with which our work has been con- 
cerned. 

The water extruded in the presence of ouabain 
is accompanied by Na + and C1- and is associated 
with the formation of many rounded, membrane- 
limited vesicles which are characteristically distrib- 
uted between the nucleus and bile canaliculi (Russo 
et al., 1977; van Rossum & Russo, 1981). Combined 
studies of water extrusion and cellular morphology 
under a number of incubation conditions, and the 
responses to a variety of inhibitors (e.g. cyanide, 
oligomycin, cytochalasin B, N?+), led us to postu- 
late that the ouabain-resistant mechanism involved 
the accumulation of water in cytoplasmic vesicles 
followed by its expulsion by exocytosis into the bile 
canaliculi (van Rossum & Russo, 1981). Garfield 
and Daniel (1974) have also postulated a role for 
vesicles in the control of cell volume as a result of 
experiments on myometrial cells. 

Our previous work gave no direct indication of 
the mechanism underlying the postulated passage of 
water into cytoplasmic vesicles, although we sug- 
gested that it would probably follow a movement of 
Na + or C1-. In the work described below, we show 
that C1- is required both for the formation of vesi- 
cles and for extrusion of water from liver cells in the 
presence of ouabain and that a cotransport of Na + 
and C1- may be involved. Some of these results 
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Fig. 1. Effects of ouabain and chloride-free, NO; medium on the 
time-course of changes of (a) water and (b) intracellular Na + 
contents of liver slices during recovery at 38~ from a 90-min 
period of swelling at I~ The values for "0 rain at 38~ ' '  are 
those of slices taken for analysis after 90 rain at I~ Intracellular 
water calculated as the difference between the total tissue water 
and the water estimated to contain inulin at the same concentra- 
tion as the medium. Intracellular Na + was calculated by assum- 
ing that the inulin-containing water had the same Na + concentra- 
tion as the medium. Points in the graph represent the mean -+ 
standard error of the mean of 4 to 6 observations. Other experi- 
mental details as in Materials and Methods. - - O - -  CI- medium; 
- - O - - N O ~  medium; - - I I - -  C1- medium with 2 mM ouabain; 
- - [ ] - -NO~-  medium with 2 mM ouabain 

have been published in a preliminary form (van Ros- 
sum, Russo & Ernst, 1983). 

M a t e r i a l s  a n d  M e t h o d s  

The experimental techniques and analytical methods broadly fol- 
lowed those described previously (Russo et al., 1976, 1977; van 
Rossum & Russo, 1981). Briefly, slices (0.2 to 0.3 mm thick) of 
liver from adult rats (200 to 400 g) were cut free-hand with a razor 
blade and allowed to swell during pre-incubation at I~ for 90 
rain. They were then induced to extrude water, and to bring 
about net transport of ions, by subsequent incubation at 38~ in 
oxygenated medium. At intervals, samples of the slices were 
collected for analysis and for morphological examination. The 
control medium contained (in mM): 143 Na + , 5 K +, 1.0 Mg 2+, 1.2 
Ca z+, 157 CI-, 1.0 SO~-, 2.0 phosphate, 10 Tris (hydroxymethyl) 
amino methane and 0.5% (wt/vol) inulin; the pH was 7.4 and the 
medium was gassed with 02. The chloride-free media contained 
either NO3 or SO~- as replacement for C1- (referred to as "NO;  
medium" and "SO]- medium," respectively); in the latter case, 
SO] was added to replace the anionic equivalents of C1- and the 
molar difference was made up with mannitol. The sodium-free 
medium contained Li + instead of Na + ("Li + medium"). 

Slices were divided between control and experimental me- 
dia from the onset of pre-incubation at I~ and were transferred 
to fresh portions of the same medium three times during the first 
30 min at I~ this greatly lowered the endogenous Na+ and C1- 
contents of slices incubated in the sodium-free and chloride-free 
solutions, as will be seen in Results. After 30 rain, the slices were 
distributed in lots of approximately 100 mg wet wt into Erlen- 
meyer flasks (25 ml capacity) containing 3.0 ml of the appropriate 
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Fig. 2. Changes of intracellular water and C1- contents during 
incubation at 38~ in SOl- medium with and without ouabain, 
and the effect of restoring C1- in the absence of ouabain. Slices 
were incubated for 90 rain at 1~ ((3 rain at 38~ followed by 
incubation at 38~ for the times indicated. Intracellular water: (3 
incubated in SOl medium throughout (n = 10, except at 60 rain 
when n = 4); x incubated in SO~- medium and transferred to C1- 
medium for final 30 rain (n = 6); [] incubated in SO~- medium 
with 2 m s  ouabain throughout (n = 8, except at 30 rain when n = 
3); �9 incubated throughout in C1- medium; �9 incubated through- 
out in C1- Ringer's containing 2 mM ouabain. Both sets of sam- 
ples in CI- Ringer's throughout are the same as those illustrated 
in Fig. 1; the points at 0 and 60 rain only are illustrated to permit 
a comparison with the results in SO~- medium. Intracellular Cl-: 

A incubated in SO]- medium throughout; �9 Incubated in SO42- 
medium and transferred to CI- medium for final 30 min. For 
other experimental details, see Fig. 1 and Materials and Methods 

medium. Where required, the inhibitors ouabain and furosemide 
were added to the medium at this stage so that they were allowed 
60 rain at I~ to penetrate the tissue. Duplicate or triplicate flasks 
were prepared for each treatment, in each experiment. The flasks 
were gassed with 02 and stoppered prior to transfer to a shaking 
water bath for incubation at 38~ Slices were collected for study 
at times indicated in Results. For morphological study, one slice 
was carefully removed from each flask with a pointed wooden 
stick and put straight !nto 2% (vol/vol) glutaraldehyde in 0.1 M 
phosphate buffer with CaC12 for fixation at 4~ further treatment 
was as described by Russo et al., (1976). The remaining tissue 
was collected by filtration and blotted (Russo et al., 1976); half of 
the slices from each flask were used for assay of dry wt, water 
and ions while the others were assayed for inulin. When Oz con- 
sumption was to be measured, the incubation at 38~ was carried 
out in the Warburg manometric apparatus. Readings of 02 con- 
sumption were taken at 10-rain intervals after a preliminary 
equilibration period of 10 rain, Standard manometric techniques 
were used (Umbreit, Bun'is & Stauffer, 1949). 

Values in the text and Tables are expressed as mean -2_ 
standard error of the mean (number of observations). Statistical 
significance of differences was examined by "Student 's"  t-test. 
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Table 1. Effects of  ouabain on the intracellular water  and ions of  liver slices incubated in anion-subst i tu ted  media" 
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Incubation Principal Ouabain Water  CI- Na  + K + (n) 
anion (mM) (kg/kg dry wt) 

(mmol/kg dry wt) 

(a) 
90 rain at I~ 

90 min at 1 ~ followed by 
60 min at 38~ 

(b) 
90 rain at I~ 

90 min at 1~ followed by 
60 rain at 38~ 

C1- 0 2.60 • 0.09 319 • 29 387 -+ 22 94 • 2 (10) 
NO~ 0 2.53 -+ 0.09 19 • 5 430 • 23 88 • 3 (10) 
CI- 0 - 1 . 08  • 0.11 - 1 3 6 -  24 - 2 3 0  • 26 +98 -+  7 (15) 
NO3 0 - 0 . 8 4  • 0.10 +21 -+ 10 - 2 2 0  --_ 24 +117 • 13 (15) 
C1 2 - 0 . 5 7  --- 0.11 - 2 9  • 24 - 6 4  _+ 18 - 2 8  -+ 3 (15) 
NO~- 2 - 0 . 0 9  + 0.13 b - 9  • 8 - 5 2  • 23 - 4  • 3 (14) 

C1- 0 2.58 -+ 0.08 352 • 26 370 • 32 83 • 5 (12) 
SOl 0 2.26 _4- 0.10 b 37 -+ 9 314 • 20 71 + 4 (12) 
C1 0 -0 .84  + 0.10 -121  -+ 19 - 1 7 6  -+ 28 +69 -+ 8 (18) 
SOl 0 - 0 . 3 5 - + 0 . 1 0  b - 1 8 •  7 - 1 2 7 •  18 +72_+ 5 (18) 
C1- 2 - 0 . 4 7  • 0.11 - 9 0  • 31 - 7 3  • 21 - 2 2  • 5 (18) 
SO~- 2 -0 .11  • 0.08 b,~ +9 • 14 - 3 6  --- 17 +4  - 4 (18) 

Incubation techniques  are as descr ibed in Materials and Methods .  The values given at I~ represent  the  intracellular conten ts  
determined after 90 rain in the media  indicated. Values for incubation at 38~ represent  the net  increase (positive values)  or  decrease  
(negative values) occurr ing from the contents  shown at 1~ Intracellular water  values were calculated f rom the total t issue water  
content  and the fraction of  the water  that was penetra ted by inulin. Intracellular ions were calculated similarly, a s suming  that  the 
inulin-containing water  contained ions at the concentrat ion found in the medium.  
b Significantly different f rom value on line above,  P < 0.01. 

Significantly different f rom value in SO]- without  ouabain,  P < 0.05. 

Results 

S U B S T I T U T I O N  OF C 1 -  IN M E D I U M  

The total and intracellular water contents of liver 
slices which had swollen during pre-incubation at 
I~ underwent a net decrease upon subsequent in- 
cubation at 38~ in the control, C1- Ringer's solu- 
tion. The loss of water was already maximal after 15 
min (Fig. la) and was accompanied by a net extru- 
sion ofintracellular Na + (Fig. lb). When the incuba- 
tion was conducted in a chloride-free medium in 
which NO3 replaced C1- (NO3 medium), the net 
extrusion of water and Na + was slower, but reached 
the same final level as the controls after 60 rain at 
38~ (Fig. 1). Water loss in the C1- medium contain- 
ing ouabain was also slower initially than in controls 
but, again, the same total water loss was attained by 
60 min; however, the total Na + extrusion was re- 
duced by about 50% in the presence of ouabain. By 
contrast, there was no significant loss of water from 
slices incubated in the NO3 medium in the presence 
of ouabain and the Na + extrusion was much re- 
duced (Fig. 1). Similar results were obtained in the 
SO 2- medium where, however, the loss of water in 
the absence of ouabain was even slower than in 
NO;- medium (Fig. 2). No loss of water occurred at 
any incubation time when ouabain was present in 
the SO 2- medium. 

An incubation time of 60 rain at 38~ was cho- 
sen for a comparison of the physiological and mor- 
phological effects of omitting C1- from the incuba- 
tion medium; both NO3 (Table la) and SOl- (Table 
lb) media were used. Replacement of C1- by NO3 
had no significant effect on the composition of the 
slices at the end of the swelling phase of the experi- 
ments, except greatly to reduce the C1- content of 
the tissue. The net alterations of water and Na + 
content upon subsequent incubation at 38~ were 
similar to those seen after 60 min in Fig. 1 except 
that, in this larger series of experiments, ouabain 
caused a partial (45%) inhibition of water loss in the 
CI- medium; i.e. a loss of 0.57 kg water/kg dry wt in 
the presence of ouabain compared to 1.08 in its ab- 
sence. Such quantitative variations in the effect of 
ouabain on water extrusion as those seen here be- 
tween Fig. 1 and Table 1 are not unusual (see Dis- 
cussion); for the present work, directed principally 
to study of the ouabain-resistant volume control, 
the important point is that a large, statistically sig- 
nificant extrusion of intracellular water still oc- 
curred in the presence of ouabain in the control, CI- 
medium whereas ouabain totally abolished the ex- 
trusion in the NO3 medium (Table la). The uptake 
of K + was unimpaired in the NO3 medium without 
ouabain but was totally inhibited when ouabain was 
present. 

Seen under the light microscope, cells which 



Fig. 3. Optical micrographs of liver slices subjected to pre-incubation for 90 min at I~ followed by incubation for 60 min at 38~ 
(unless otherwise stated) in various conditions. This Figure demonstrates in particular the varying numbers and size of cytoplasmic 
vesicles postulated to be related to water extrusion, as well as the general appearance of cellular and extracellular swelling and 
recovery. N necrotic cell. The bar in each plate represents 50/.~m. Magnification 400 x in each case. a) Control slice. A few vesicles are 
to be seen in the immediate vicinity of open bile canaliculi (arrows). Note rather wide extracellular spaces and clear delimitation of 



cellular boundaries, b) Incubation with ouabain (2 mM). Compared to plate a, there is a great increase in the number, and also size, of 
cytoplasmic vesicles. Most vesicles surround bile canaliculi, which are wide open. Extracellular spaces are similar to plate a. c) 
Incubation in NO3 medium containing ouabain (2 mM). Compared to both plates a and b, cytoplasmic vesicles are almost completely 
absent; most canaliculi are closed and the rest are smaller in size. There is a general appearance of some swelling as shown by the clear 
cytoplasm; mitochondria tend to be in the condensed form. Extracellular spaces are similar to a and b. Scattered necrotic cells are 
present. A very similar picture was presented by slices incubated for only 15 min at 38~ under these conditions so that this plate may 
act as a control for plate d. d) Slice incubated in NO3 medium with ouabain for 15 rain at 38~ followed by transfer to C1 medium with 
ouabain for a further 30 min at 38~ Compare to plate c. Small and large vesicles are present in many cells, although not in all. 
Canaliculi between cells with vesicles are now wide open. There is a partial recovery from the cell swelling noted in c; all mitochondria 
are in the orthodox form. e) Incubated in SO]- medium containing ouabain (2 mM). No cytoplasmic vesicles are to be seen. The general 
picture is of a more marked cell swelling than in plate c with high amplitude swelling of the mitochondria. Extracellular spaces are 
reduced compared to plates a and b. A similar picture is seen after 15 min at 38~ under these conditions so that this plate may act as a 
control for p la te f  jr) Slice incubated in SO]- medium with ouabain for 15 min at 38~ followed by transfer to C1 medium with ouabain 
for a further 30 rain at 38~ Compare to plate e. Several cells now contain vesicles. Cell swelling is much less than in plate e and many 
mitochondria have reverted to the condensed form. Extracellular spaces are larger, g) Incubation in Li + medium. The cells contain a 
number of vesicles quite similar to those seen in the presence of Na + and ouabain (plate b). Other features also similar to plate b. h) 
Incubation in LF medium containing ouabain (2 raM). Canaliculi are wide open. Vesicles are similar to those in plate g. i) Incubation 
with furosemide (2 raM). These conditions are characterized by some swelling of the cells and an absence of vesicles, when compared to 
plate a. The canaliculi tend to be closed. The mitochondria are mainly in the condensed form. Extracellular spaces are slightly swollen 
compared to plate a. j) Incubation with furosemide (2 mM) and ouabain (2 mM). Some vesicles are present but many fewer than with 
ouabain alone (plate b). The canaliculi are sometimes closed and when open they tend to be smaller than in plate b. Mitochondria are 
mainly in the condensed form 
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had been incubated for 60 min at 38~ in the control, 
C1- medium, showed a good general structure and 
contained a few, rather small vesicles in the cyto- 
plasm (Fig. 3a). The number and average size of 
cytoplasmic vesicles was greatly increased in the 
presence of ouabain (Fig. 3b), a result noted earlier 
(Russo et al., 1977). Details of the vesicles as seen 
in the electron microscope are illustrated in Fig. 5a. 
In the absence of ouabain, slices in the NO~- me- 
dium were generally similar in appearance to those 
in C1- medium; mitochondria were condensed in 
the former case, but the normal uptake of K + noted 
above suggests that energy metabolism was not 
markedly affected. By contrast, marked differences 
of appearance were noted between slices in Cl- and 
NO3 media when ouabain was present (Fig. 3c, 5b). 
In this case the cytoplasmic ground substance was 
much less electron dense, a finding apparently con- 
sistent with the retention of intracellular water seen 
in Table la. Most marked, however, was the virtu- 
ally total absence of large cytoplasmic vesicles and 
the much less widely open canalicular lumina (com- 
pare Fig. 3b with 3c and Fig. 5a with 5b). A semi- 
quantitative indication of the numbers of the char- 
acteristic vesicles observed is given in Table 2. 
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Fig. 4. Effect on intracellular water  content  of  restoring CI- to 
slices incubated with ouabain in SO]- medium (upper panel) or 
NO3 medium (lower panel). Slices were incubated for 90 rain at 
I~ plus 15 rain at 38~ in the appropriate chloride-free medium 
containing 2 mM ouabain.  At 15 rain, slices were t ransferred to 
other  flasks containing fresh amoun t s  of  pre-oxygenated,  chlo- 
ride-containing (�9 or chloride-free (Q) medium with ouabain.  
Incubation was then cont inued for the t imes indicated. Other 
experimental  details as in Fig. 1 and Materials and Methods .  
*Significantly different f rom the value in chloride-free medium at 
the time of  t ransfer  (i,e. 15 min), P < 0.05 

Use of SO] to replace C1- resulted in reduced 
swelling at I~ as indicated by significantly smaller 
cellular water contents after pre-incubation (Table 
lb). This presumably arose from a poor penetration 
of the divalent anion and/or mannitol through the 
cellular membranes. The net extrusion of intracellu- 
lar water which took place upon warming to 38~ in 
the SO]- medium was rather smaller than in C1- 
medium but the accumulation of K + was unimpaired 
in SO]- medium. Thus, from a functional aspect the 
slices appeared to be in a reasonably satisfactory 
state in the SO 2- medium. It is therefore significant 
that an ouabain-resistant extrusion of intracellular 
water was totally absent from the slices in the SO4 z- 
medium (Table lb). 

Despite their somewhat lower water content, 
slices preincubated at I~ in SO 2- medium had a 
very similar structural appearance to those in C1- 
medium (not shown). After subsequent incubation 
at 38~ for 60 min, they retained a general appear- 
ance of some swelling in the optical microscope, 
which presumably reflected the somewhat greater 
retention of cell water seen in Table lb. This was 
also shown by the homogeneously light cytoplasmic 
ground substance throughout the entire slice in the 
electron microscope (Fig. 5d). The mitochondria 
also showed swelling, with light matrices and no 
dense granules, but they were still well organized 
with intact cristae. These morphological changes 

Table 2. Semi-quanti tat ive es t imates  of  the number  of  cytoplas- 
mic vesicles in slices of  liver a 

Incubation conditions Ouabain  present  
(mM) 

0 2 

1. Control medium (Na +, C1-) + + + + + 
2. NO3 medium - - 
3. NO3 medium for 15 min followed by N + +  

control (CI-) medium for 30 rain 
4. SO]- medium - - 
5. SO]- medium for 15 min followed by N + 

control (C1-) medium for 30 rain 
6. Control medium,  2 mM furosemide - +- 
7. Li + medium + + + + + + 

a Incubation was for 90 rain at I~ followed by 60 rain at 38~ 
unless otherwise indicated. The numbers  of  vesicles per cell 
were counted on electron micrographs at a magnification of ap- 
prox. 3,000• For  each est imate,  20 entire cell images were 
counted on each of  10 electron micrographs.  The symbols  indi- 
cate approximately the number  of  vesicles in proportion to those  
seen in slices incubated with ouabain in the control  medium,  
these last being represented as + + + + .  Other  symbols  are: - no 
vesicles seen: -+ mos t  cells contained no vesicles,  but  some con- 
tained 1 or 2 per cell: N not  examined.  
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were of a type that suggested that the cellular swell- 
ing persisting at 38~ should be reversible and its 
reversibility was directly demonstrated in later ex- 
periments (see below). 

The presence of 2 mM ouabain in the SO]- me- 
dium induced little change in the general appear- 
ance of the slices from that described above without 
ouabain (Fig. 3e, 5e). It is particularly noteworthy 
that very few of the vesicles normally associated in 
great numbers with the presence of ouabain were to 
be seen (Fig. 5e, Table 2). There was some degree 
of cellular disorganization in a maximum of 20% of 
the cells in the SOl- medium with ouabain; but this 
quantity of damaged tissue is too small to account 
for the total inhibition of ouabain-resistant water 
extrusion that was observed. 

RESTORATION OF C1 TO THE MEDIUM 

The above experiments showed that incubation in 
the NO~ or SO]- media prevented both the oua- 
bain-resistant extrusion of water and the formation 
of the vesicles characteristically associated with the 
presence of ouabain in the C1- medium, providing 
evidence both that the vesicles are an important 
aspect of the water extruding mechanism and that 
Cl- is important for their formation. In order to 
confirm these associations, slices were incubated 
for 90 min at I~ plus 15 or 30 min at 38~ in chlo- 
ride-free medium before being transferred to C1- 
medium for a further 30 rain incubation at 38~ 

As a control, such experiments were performed 
in the absence of ouabain. Only the SO ]- medium 
was used in this case, and the results are included in 
Fig. 2. Transfer of the slices to CI- medium after the 
first 15 or 30 rain at 38~ resulted in a substantial 
increase in the rate of water extrusion over the en- 
suing 30 rain, this despite a net entry of C1- into the 
cells which might have been expected to be accom- 

panied by water. Accumulation of K § took place at 
the same rate before and after transfer to the C1- 
medium (not illustrated). This transfer also resulted 
in a good reversal of the morphological swelling de- 
scribed above, and it is important that no cytoplas- 
mic vesicles appeared (not shown). 

Similar experiments were next carried out in 
the presence of ouabain, using both NO3 and SOl- 
media (Fig. 4). In each case, a significant net extru- 
sion of intracellular water was observed after trans- 
fer to the C1- medium, while slices remaining in the 
appropriate chloride-free medium showed no water 
loss. 

Morphological study of the slices incubated for 
15 rain in NO3 medium at 38~ in the presence of 
ouabain, gave a very similar picture to that de- 
scribed above 60 min (Fig. 3c, 5b) with, in particu- 
lar, closed canaliculi and an almost complete ab- 
sence of cytoplasmic vesicles. Upon transfer to C1- 
medium with ouabain, vesicles appeared in the re- 
gion of the canaliculi which were morphologically 
indistinguishable from the vesicles produced upon 
direct incubation in the C1- medium with ouabain 
(Fig. 3d and 5c), although they were somewhat 
fewer in number (Table 2). The canaliculi between 
cells with the vesicles appeared to be in the process 
of re-opening for some were quite widely open (Fig. 
5c) while others were still closed or occupied by 
microvilli. The mitochondrial structure reverted 
from the condensed form noted in NO3 medium 
(see legend to Fig. 5b) to the orthodox configuration 
(Fig. 5c). 

The morphological recovery of slices transfer- 
red from SOl- to C1- medium in the presence of 
ouabain was rather less good than in its absence, 
both the cytosol and, to a lesser extent, the mito- 
chondria showing some morphological evidence of 
continued swelling (compare Fig. 3e,f, Fig. 5e,f). 
However, several vesicles of the type normally as- 
sociated with ouabain treatment appeared after 

Fig. 5. (next page). Electron micrographs of lateral and peri-canalicular regions of liver cells after pre-incubation for 90 min at I~ 
followed by incubation at 38~ for 60 rain (unless otherwise stated) under various conditions. The bar in each plate represents 2/xm. BC 
bile canaliculi, a) Incubation with ouabain (2 raM). Note the open bile canaliculus and a large number of vesicles of varying sizes around 
it. b) Incubation in NO3 Ringer's containing ouabain (2 mN). Note absence of vesicles in the cytoplasm and almost complete closure of 
bile canaliculi. Mitochondria are mainly in the condensed form. c) Incubation in NO3 medium with ouabain for 15 min followed by 
transfer to C1- medium with ouabain for a further 30 min at 38~ Many vesicles are seen around an open canaliculus. The general form 
and arrangement of these vesicles is similar to that in plate a, although their numbers are fewer, d) Incubation in SO4- medium. Open 
bile canaliculi are seen but no vesicles are present in the cytoplasm. The mitochondria, which should be contrasted to those in plates b 
and c, tend to be swollen and are without dense granules, e) Incubation in SO~- medium with ouabain (2 raN). The general picture is 
similar to that of plate d. The canaliculi illustrated are open, but many others were closed. No vesicles are to be seen. Mitochondria are 
swollen.J) Incubation in SOl medium with ouabain for 15 min at 38~ followed by transfer to C1- Ringer's with ouabain for a further 30 
rain. The bile canaliculus is open and vesicles of various sizes, similar to those of plates a and c, are present. Some swelling of the 
mitochondria is apparent, g) Incubation in Li + Ringer's. Vesicles very similar to those in the presence of ouabain (plate a) are 
numerous in the vicinity of the bile canaliculus; the latter is open. A similar picture is seen when ouabain is present in the Li medium, h) 
Incubation with furosemide (2 mM) and ouabain (2 mM). As in plate b, the bile canaliculus is occluded by a few microvilli; vesicles of 
the type usually seen with ouabain are very few in number compared to plate a 
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Table 3. Effects of ouabain on the intracellular water and ions of liver slices incubated in media with Na + or Li + as principal cation ~ 

Incubation Principal Ouabain Water Na + Li- K-  C1 (n) 
cation (raM) (kg/kg dry wt) 

(mmol/kg dry wt) 

9 0 m i n a t  I~ Na + 0 2.46-+0.04 3 5 6 +  16 - -  70 + 3  317-+ 12 
Li § 0 2.26 +- 0.04 60 • 11 331 + 12 76 - 4 278 -+ 10 

90 min at l~ followed by 60 Na ~ 0 -0 .86_+0.04 -225-+  10 - -  +119-+-4 -103-+  10 
mina t38~  Li + 0 - 0 . 2 9 - + 0 . 0 4  e - 1 7 - +  6 +16+- 16 - 2 4 •  +1 +- 8 

Na + 2 -0.47 •  e -84_+ 14 - -  -13  •  -63  • 9 
Li + 2 -0 .22+-0 .04  ~ -15_+ 7 - 3 - +  15 - 2 6 •  - 1  • 9 

(28) 
(28) b 

(44) 
(58) 
(44) 
(58) C,d 

Incubation techniques as described in Materials and Methods. Other details as in legend to Table 1. 
b F o r L i  + , n =  10. 
c For C1-, n = 52. 
d F o r L i  + , n =  30. 

Significantly different from line above, P < 0.01. 

transfer to C1- medium (Fig. 3f  and Fig. 5f). It is 
again apparent that C1- was required for the forma- 
tion of these vesicles and that their appearance was 
associated with the onset of a net extrusion of 
water. 

S U B S T I T U T I O N  OF N a  + IN THE M E D I U M  

The water and ionic content of slices preincubated 
at I~ was little affected by the replacement of Na + 
by Li + as the main cation of the medium, except 
that the Na + of the tissue was largely replaced by 
Li + (Table 3). Upon subsequent incubation at 38~ 
slices in the Li + medium extruded much less water 
than controls in Na + medium. They were unable to 
accumulate K +, suggesting that the reduced water 
extrusion was at least partly due to inhibition of the 
ouabain-sensitive component of volume control. 
The ouabain-like consequences of incubation in the 
Li + medium extended to the occurrence of many 
cytoplasmic vesicles which were in all respects sim- 
ilar to those induced by ouabain (Fig. 5g) although 
they appeared to be present in somewhat smaller 
numbers (Table 2 and compare Fig. 3g with 3b). On 
occasion these vesicles were very large. Canaliculi 
were wide open, as is normally the case with slices 
incubated in the presence of ouabain in the Na + 
medium. 

However, it is clear that factors other than a 
ouabain-like inhibition of Na + and K + transport also 
came into play in the absence of Na + for the quan- 
tity of water extruded in the Li + medium was signifi- 
cantly less than that permitted by ouabain in the 
Na + medium. Moreover, the quantity of water ex- 
truded in the Li + medium was little affected by the 
presence of ouabain (i.e. 0.29 kg water/kg dry wt 
without, and 0.22 kg/kg with ouabain, Table 3). 

Thus, it can be concluded that the absence of Na + 
inhibited not only all the ouabain-sensitive water 
extrusion but up to 50% of the ouabain-resistant 
extrusion as well. This was accompanied by a com- 
plete inhibition of the net extrusion of C1- suggest- 
ing that the movement of this ion is important for 
that part of the ouabain-resistant water extrusion 
that is inhibited by the absence of Na + (Table 3). As 
seen in Fig. 3h and 5g, many cytoplasmic vesicles 
were present in slices in the Li + medium with oua- 
bain, but the number of vesicles was again some- 
what less than in the Na + medium with ouabain 
(Table 2). While these results in the absence of Na + 
give a more complex picture than those obtained in 
the absence of CI-, they nevertheless confirm that a 
reduction in the ouabain-resistant extrusion of wa- 
ter was associated with an inhibition of CI- move- 
ments and with some reduction in the numbers of 
cytoplasmic vesicles. 

The mechanism underlying the small extrusion 
of water which persists in the Li + medium with oua- 
bain (amounting to about 25% of the control extru- 
sion, Table 3) has not been specifically studied, but 
it can be seen from Table 3 that it is associated with 
a small net loss of K + and of residual tissue Na +. 
There was no net loss of the two ions, Li + and CI-, 
which predominated in the tissue under these condi- 
tions. The persistence of many cytoplasmic vesicles 
suggests that they may also be active in the extru- 
sion of water that continues in the Li + medium. 

INHIBITORS OF C1-  M O V E M E N T S  

Since both C1- and Na + appeared to be required for 
the ouabain-resistant extrusion of water and for the 
formation of cytoplasmic vesicles, we examined the 
effects of furosemide. This agent is known to inhibit 
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Table 4. Effect of  furosemide on the intracellular water  and ions and on the rate of  02 consumpt ion  of  liver slices 
incubated with and without  ouabain a 

73 

Incubation Furosemide  Ouabain Water  K + QO2 (n) 
(mM) (raM) (kg/kg dry wt) (mmol/kg dry wt) (/zl/mg dry wt .  hr) 

90 rain at I~ 
90 rain at I~ followed 
by 60 rain at 38~ 

0 a n d 5  b 0 a n d 2  b 2 .52 -+0 .10  79 • 4 - -  (14) 
0 0 - 0 . 9 0  -+ 0.10 +144 _+ I1 7.8 -+ 0.3 (14) 
2 0 - 1 . 0 6  • 0,09 +97 + 9 6.5 • 0.2 (14) 
5 0 - 1 . 18  • 0.11 +69 -+ 20 5.5 -+ 0.6 (14) 
0 2 - 0 . 78  • 0.15 - 2 5  _+ 4 5.7 • 0.4 (13) 
2 2 -0 .51  • 0.10 - 3 1  • 3 5.8 • 0.2 (13) 
5 2 - 0 . 54  _+_ 0.09 - 2 9  -+ 3 4.1 -+ 0.3 (14) 

Details as in Materials and Methods  and in footnote " a "  to Table 1. 
b In each exper iment  samples  were taken after pre-incubation at I~ with no inhibitors and with 2 mM ouabain plus 5 
mM furosemide,  There  was no significant difference between these two groups with respect  to any of the values 
studied and the resul ts  have therefore been pooled. 

the coupled movements of Na § and C1- in several 
tissues (e.g. Frizzell, Field & Schultz, 1979). How- 
ever, furosemide also inhibits mitochondrial energy 
metabolism at certain concentrations (Manuel & 
Weiner, 1976; Cunarro & Weiner, 1978; van Ros- 
sum, Ernst & Russo, 1981) and we observed that 
the O2 uptake of liver slices was inhibited by 16 and 
30% at 2 and 5 mM furosemide, respectively, in the 
absence of ouabain, while K + accumulation was re- 
duced to similar extents (Table 4). Ouabain reduced 
02 consumption by about 30%, probably due to the 
"pacemaker" effect of the utilization of ATP for the 
transport of Na + and K + (Whittam, 1962; Elshove 
& van Rossum, 1963); no further reduction was 
caused by furosemide at 2 mM, although the oua- 
bain-insensitive respiration was reduced by 5 raM. 
This last observation suggests that the small effect 
of 2 mM furosemide on respiration was not due to a 
direct inhibition of electron transfer and, further- 
more, we have shown that this concentration has no 
effect on the ATP content of renal cortical slices 
(van Rossum et al., 1981). We therefore chose 2 mM 
as an appropriate concentration to study the effects 
of the diuretic on volume regulation. 

In the absence of ouabain, furosemide caused 
no reduction of the extrusion of intracellular water 
(Table 4) although there was some morphological 
indication of a slight swelling (Fig. 3i). In the pres- 
ence of ouabain there appeared to be a tendency for 
furosemide to reduce the extrusion of water after 60 
rain at 38~ in these experiments, but the variation 
between slices was large (Table 4). However, a 
study of the time-course of water extrusion in the 
presence of ouabain showed that 2 mM furosemide 
clearly reduced the rate at which water was lost 
between 15 and 30 rain and at the latter time there 
were significant differences between the net extru- 

sion of water, Na § and C1- with and without di- 
uretic (P < 0.01 in each case; Fig. 6). During the 
ensuing 30 rain, there was a continued, slow loss of 
water from the ceils with furosemide so that this,  
agent was apparently only partially effective as an 
inhibitor of the ouabain-resistant water loss. Mor- 
phological examination of the slices after 60 rain at 
38~ with ouabain plus furosemide showed that 
some 70% of the slice area had an appearance in the 
optical microscope that was generally similar to that 
of the slices in the chloride-free, NO;- medium (Fig. 
3j, 5h; of. Fig. 3c and 5b). Furosernide induced a 
substantial reduction in the number of cytoplasmic 
vesicles compared to the situation with ouabain 
alone (Table 2) and also induced closure of the bile 
canaliculi (Fig. 5h). A small proportion of the area 
of slices treated with ouabain plus furosemide 
showed a degree of morphological damage after 60 
rain at 38~ and this may have contributed to the 
continued loss of apparently intracellular (i.e. in- 
ulin-free) water at this time, to the extent that the 
membranes of the damaged cells may have become 
permeable to inulin. Such an effect clearly cannot 
account for the inhibition of water loss noted at 30 
rain. 

Certain types of C1- movement are affected by 
di-isothiocyano-diethyl stilbene (DIDS), which in- 
hibits C1-/HCO3 exchanges in red blood cells 
(Knauff, Fuhrmann, Rothstein & Rothstein, 1977), 
and by tributyl tin, which acts as a C1- ionophore 
(Selwyn, Dawson, Stockdale & Gains, 1970; Wieth 
& Tosteson, 1979). DIDS was examined at concen- 
trations of 0.2 and 1.0 mM in the presence and ab- 
sence of 2 mM ouabain, but had no effect on the net 
movements of intracellular water and ions. Tributyl 
tin (0.1, 0.2 and 1.0 raM) was likewise without ef- 
fect. 
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Fig. 6. Effect of furosemide on 
the ouabain-resistant extrusion 
of  (a) intracellular water  and 
(b) intracellular Na + and C1- 
from liver slices. Incubation 
was in C1 medium containing 
either 2 mM ouabain (O) or 2 
rnM ouabain plus 2 mM 
furosemide (O). The points 
represent  the content after 90 
min at I~ minus content  after 
further incubation at 38~ for 
the times indicated; n = 12 

Discussion 

Our results confirm that water extrusion from previ- 
ously swollen liver slices comprises ouabain-sensi- 
tive and ouabain-resistant portions. The former is 
presumably a consequence of the transport of Na + 
and K + as originally postulated by Leaf (1956), and 
our present work has attempted to elucidate the 
mechanism underlying the ouabain-resistant extru- 
sion of water. 

The proportion of the total water extrusion 
from liver slices which is resistant to ouabain has 
been found to be somewhat variable (Russo et al., 
1977; van Rossum & Russo, 1981). In the present 
work, it ranged from 100% (Fig. 1) through 87% 
(Table 4) to 55% (Tables 1 and 3) of the extrusion 
noted in the absence of ouabain, when measured 
after 60 min at 38~ We have shown previously 
that, in the presence of ouabain, liver slices recov- 
ering from swelling contain large numbers of cyto- 
plasmic vesicles, particularly in the regions be- 
tween the nucleus and canaliculi (Russo et al., 
1977). The formation of these vesicles appears to be 
related to an inhibition of the Na +- and K+-depen - 
dent adenosine triphosphatase, rather than to the 
presence of ouabain itself, since identical vesicles 
have been observed in the absence of ouabain when 
incubation was conducted in a potassium-free (van 
Rossum & Russo, 1981) or sodium-free medium 
(this paper); in each of these cases an inhibition of 
the adenosine triphosphatase was indicated by an 
absence of K + accumulation and a reduction ofNa § 
extrusion. 

Since the binding of ouabain to the Na- and K- 
dependent adenosine triphosphatase can be inhib- 
ited by low temperatures, it is possible that a very 
early phase of the water loss in the presence of 
ouabain took place by way of the ouabain-sensitive 
mechanism while the cells were warming from 1 ~ to 
38~ before inhibition of the Na-K-transport sys- 
tem was complete. However, our results show that 
the bulk of the water extrusion took place after the 
first 15 rain at 38~ when K + accumulation was 
completely inhibited, and that there was no indica- 
tion of a loss of volume regulating ability even after 
60 rain (Fig. 1; see also van Rossum & Russo, 
1981). Further, the ouabain-resistant water extru- 
sion taking place in Fig. 4 occurred, upon addition 
of CI-, after the slices had been incubated for 15 
rain at 38~ in the presence of ouabain. Thus, at 
least the major part of the initial water extrusion, as 
well as the maintenance of low intracellular water 
contents after longer times, appears to be due to a 
ouabain-resistant system. 

We have proposed that the vesicles formed in 
the presence of ouabain are the vehicle for the oua- 
bain-resistant extrusion of water, the final step of 
which is an exocytotic expulsion into the canaliculi 
(Russo et al., 1977). In the present work we have 
obtained further evidence for a close association 
between the occurrence of the vesicles and the ex- 
trusion of water in the presence of ouabain; there 
was also an association with the state of the canalic- 
uli, although this was less consistent. Thus, condi- 
tions which totally inhibited water extrusion, such 
as incubation in chloride-free media containing oua- 



G.D.V. van Rossum and M.A. Russo: Volume Control in Liver Slices 75 

bain (with either NO~- or SO]- as principal anion) 
also resulted in the almost complete absence of the 
vesicles and often to closure, or obstruction by mi- 
crovilli, of the canaliculi, while subsequent restora- 
tion of C1- to the tissue (still in the presence of 
ouabain) induced water extrusion, vesicle forma- 
tion and opening of canaliculi. Conditions in which 
the ouabain-resistant extrusion of water was less 
completely inhibited (i.e. absence of Na + or pres- 
ence of furosemide) resulted in an intermediate re- 
duction in the number of vesicles detected. Thus, 
under these conditions there was a direct relation- 
ship between the presence of vesicles and the oc- 
currence of water extrusion in the presence of oua- 
bain. Yet there is another set of conditions in which 
inhibition of the ouabain-resistant water extrusion is 
associated with a large increase in the number of 
vesicles and with their wider distribution, namely 
upon treatment with cytochalasin B or, to a less 
marked extent, Ni z+ (van Rossum & Russo, 1981). 
These contrasting situations can be readily ex- 
plained if the conditions studied in the present work 
(i.e. C1- or Na+-free media, presence of furo- 
semide) act by preventing the passage of water from 
the swollen cytosol into the vesicles, so inhibiting 
vesicle formation, while cytochalasin B and Ni 2* 
act by preventing exocytosis of the water-laden ves- 
icles into the canaliculi without preventing their for- 
mation. 

The precise origin of the vesicles appearing in 
the presence of ouabain is still under investigation, 
but work done to date shows that they arise as a 
large number of small vesicles, visible after 5 min 
incubation at 38~ in the presence of ouabain, 
which increase in size during the course of incuba- 
tion (van Rossum & Russo, 1981). Since their con- 
tents are largely electron-transparent, the increase 
in size apparently arises largely from an increased 
water content. It seems likely that such an entry of 
water into a membrane-bound vesicle would follow 
a flux of solute. The almost complete dependence of 
vesicle formation on the presence of C1- indicates 
an important role for this anion in such a process 
while the less marked effects of Na + and furo- 
semide suggest that a cotransport of Na + and C1- 
may also occur. This last conclusion is less clearly 
supported by our results but cannot be excluded by 
them. For example, C1- extrusion from the slices 
was blocked when medium Na + was replaced by 
Li +. That furosemide, a common inhibitor of many 
Na + and C1- cotransport processes (Frizzell et al., 
1979) did not inhibit the water extrusion totally may 
be because it failed to attain a high enough concen- 
tration inside the cells; the use of higher concentra- 
tions than 2 mM was precluded by the likely compli- 
cating effects of its inhibition of energy metabolism. 

While the major findings of our ion-substitution 
experiments, as outlined above, appear to be fairly 
clear-cut, there are some aspects of the experiments 
which remain less obviously explicable. One of 
these is the persistence of a net loss of water (about 
25% of the total loss) from slices incubated with 
ouabain in the Li + medium. This is associated with 
small net losses of Na + and K +, but not of C1 so 
that it is not clear how electrical neutrality is main- 
tained. This system is in some ways reminiscent of 
the water movements accompanying cotransport of 
K + and Na + seen in a number of cell types (e.g. 
Geck et al., 1980; Bakker-Grunwald, 1981). How- 
ever, the latter is associated with a net movement of 
Cl-, in contrast to our results (see Table 3), and is 
sensitive to furosemide whereas in our experi- 
ments (Table 4) the loss of K + was not prevented by 
2 or 5 mM furosemide. A further problem in explain- 
ing this same loss of water is that it occurred in the 
Na+-free medium, with ouabain, where net extru- 
sion of C1- was absent, yet did not take place in the 
C1--free medium with ouabain (Table 1). No expla- 
nation for this can yet be offered. 

Another unexpected finding was that the extru- 
sion of water in the absence of ouabain was reduced 
when CI- in the medium was replaced by SO42- (Ta- 
ble 2b). This may arise because the mechanism of 
water extrusion postulated by Leaf (1956), i.e. that 
dependent on the coupled, active transport of K + 
and Na +, requires the outward movement of an an- 
ion. While SO4- may be able to support swelling at 
I~ by passing through the plasma membranes, it 
may not be able to pass as rapidly through the re- 
formed membrane at 38~ with the result that the 
rate of water extrusion would be reduced below that 
seen with C1- or NO3. 

The formation of vesicles in the presence of 
ouabain is not only found in liver tissue. An early 
observation was that of Garfield and Daniel (1977) 
who noted two types of vesicles in myometrial tis- 
sue recovering from swelling. One type was of small 
vesicles closely associated with the plasma mem- 
branes while the other was of larger, cytoplasmic 
vesicles apparently similar to those we have noted 
in the liver. Garfield and Daniel suggested that the 
former type might be involved in the expulsion of 
water from the cells by exocytosis. We have ob- 
served the larger vesicles, similar to those in the 
liver, in slice preparations of Morris hepatoma 
3924A (Russo et al., 1976), of renal cortex (van Ros- 
sum et al., 1983) and of avian salt gland (van Ros- 
sum & Russo, unpublished observations) during in- 
cubation in the presence of ouabain. It seems 
possible that a similar vesicular mechanism may 
contribute to the regulation of volume in a number 
of different types of cells. 
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