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Summary. Slices of rat kidney cortex were induced to swell by 
preincubation at I~ in an isotonic Ringer's solution, and their 
capacity to reverse swelling, by net extrusion of cellular water, 
was studied during subsequent incubation at 25~ The recovery 
from swelling was prevented by the respiratory inhibitor, anti- 
mycin A. On the other hand, extrusion of water was little af- 
fected by ouabain. The extrusion of water continuing in the pres- 
ence of ouabain (but not that in its absence) was significantly 
reduced when furosemide was added or when medium CI was 
replaced by NO~- or 1-. There was substantial variability in the 
morphological appearance of cells within the cortical slices. Dif- 
ferent segments of the nephron showed different structural 
changes during swelling and its reversal, the proximal tubules 
being most markedly affected. Proximal tubular cells of swollen 
slices showed disorganization of brush borders and expansion of 
their apical surfaces, and contained vesicles in their apical cyto- 
plasm. Upon recovery at 25~ the apical portions of these cells 
showed reversal of the expansion, but some apical vesicles re- 
mained. These vesicles were much more numerous'after recov- 
ery in the presence of ouabain, but they were much reduced in 
numbers, or totally absent, when recovery took place in the 
presence of furosemide or absence of CI , with or without oua- 
bain. The vesicles seen in the presence of ouabain alone ap- 
peared to fuse with each other and with infoldings of the basola- 
teral plasma membrane. Rather similar results were obtained 
with distal tubular cells in the slices. We suggest that volume 
regulation in the proximal and distal tubular cells proceeds by 
way of two mechanisms. The first consists of extrusion of water 
coupled to the ouabain-sensitive transport of Na + and K +. The 
other proceeds by way of an ouabain-resistant entry of water into 
apical cytoplasmic vesicles, following furosemide-sensitive 
movements of CI and Na+; the vesicles then expel their con- 
tents by exocytosis at the basolateral cell borders. 
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Introduction 

There is strong evidence that renal cortical tissue is 
able to control its cell volume in vitro by metabo- 
lism-dependent processes which are independent of 
the ouabain-sensitive transport of Na + and K + 
(Macknight, 1968; Whittembury & Proverbio, 1970; 
Kleinzeller, 1972). The evidence comes mainly 
from experiments in which slices of the tissue were 
incubated in isosmotic, saline media at 0 to I~ 
during which they took up water, Na + and C1 , and 
lost K +. Upon restoration of metabolic activity at 
25~ the changes of water, Na + and C1- were 
largely reversed, even when the medium contained 
sufficient ouabain to inhibit reaccumulation of K +. 
Mechanisms proposed to account for this reversal 
of swelling include an ouabain-resistant active 
transport of Na + (Proverbio et al., 1970; Whittem- 
bury & Proverbio, 1970) and a contractile system at 
the cell periphery (Rorive & Kleinzeller, 1972). 
However, experiments with a different experimen- 
tal design led Cooke (1978a,b) to argue against a 
separate, ouabain-insensitive mechanism for vol- 
ume regulation in kidney cortex. 

The kidney cortex contains many different ele- 
ments of the nephron, each of which has different 
transport and permeability properties. Even indi- 
vidual segments, such as the proximal and distal 
tubules, may be further subdivided according to his- 
tological and functional criteria (Valtin, 1977; 
Giebisch, 1978; Kriz, 1981). The responses of the 
several tubular elements to swelling at I~ and sub- 
sequent recovery at 25~ may not be identical and 
initial morphological studies of tissue slices have 
suggested that this is indeed the case (van Rossum 
et al., 1981). 

Slices of Fiver undergo similar changes of water 
and ionic content, with the restoration of volume by 
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Table 1. Composition of rat kidney cortex slices before and after preincubation for 90 rain at I~ a 

Water content (kg/l~g dry wt) Ions (mmol/kg dry wt) 

Total Intracellular Extracellular K- Ca 2§ 

Fresh tissue 3.44 • 0.06 - -  - -  297 • 8 13.6 • 1.5 
(17) (13) (11) 

90min at I~ 4.63 • 0.14 3.17 • 0.15 1.46 • 0.11 122 • 9 30.8 • 1.2 
(8) (8) (8) (8) (8) 

a "Fresh"  tissue was removed from the animal within 15 sec of death. Values are mean • standard 
errors of the mean (number of observations). Further details as in Fig. 1 and Materials and Methods. 

m e t a b o l i c  a c t i v i t y  b e i n g  p a r t i a l l y  r e s i s t a n t  to  o u a -  

b a i n .  M o r p h o l o g i c a l  s t u d i e s  h a v e  b e e n  i n t e r p r e t e d  

as  s u g g e s t i n g  t h a t  t h e  o u a b a i n - r e s i s t a n t  w a t e r  e x t r u -  

s i o n  f r o m  l i v e r  ce l l s  is d u e  to  a c c u m u l a t i o n  o f  w a t e r  

in  c y t o p l a s m i c  v e s i c l e s  w h i c h  e v e n t u a l l y  e x p e l  t h e i r  

c o n t e n t s  i n t o  t h e  b i l e  c a n a l i c u l i  b y  e x o c y t o s i s  

( R u s s o  e t  a l . ,  1977;  v a n  R o s s u m  & R u s s o ,  1981, 

1984).  T h e  o u a b a i n - s e n s i t i v e  f r a c t i o n  o f  w a t e r  ex -  

t r u s i o n  f r o m  h e p a t o c y t e s  p r e s u m a b l y  o c c u r s  in re-  

s p o n s e  t o  t h e  i o n  m o v e m e n t s  d r i v e n  b y  t h e  N a  +- 

a n d  K + - d e p e n d e n t  a d e n o s i n e  t r i p h o s p h a t a s e  

( N a , K - A T P a s e ;  L e a f ,  1956).  

T h i s  p a p e r  d e s c r i b e s  p h y s i o l o g i c a l  a n d  u l t r a -  

s t r u c t u r a l  s t u d i e s  o f  r e n a l  c o r t i c a l  s l i c e s  w h i c h  p r o -  

v i d e  e v i d e n c e  t h a t  v o l u m e  r e g u l a t i o n  in  t h i s  t i s s u e  

a l s o  i n v o l v e s  a t  l e a s t  t w o  d i f f e r e n t  s y s t e m s ,  a n a l o -  

g o u s  to  t h e  N a , K - A T P a s e - d e p e n d e n t  m e c h a n i s m  

a n d  t h e  v e s i c u l a r  m e c h a n i s m  p r o p o s e d  f o r  l ive r .  

Materials and Methods 

Male, albino rats of a Wistar strain (Zivic Miller, Allison Park, 
Pa.) were killed by decapitation and their kidneys rapidly re- 
moved and placed in ice-cold Ringer's solution. The kidneys 
were cut sagitally into two, the medullae removed and the corti- 
ces cut into slices (0.2 to 0.3 mm thick) with a razor blade guided 
by a glass slide. All slices were pooled in a beaker containing 30 
ml of the basic incubation medium (see below) at I~ and, after 
30 min, they were distributed in lots of approximately 100 mg wet 
wt into a series of either Erlenmeyer flasks (25 ml capacity) or 
Warburg manometric flasks (15 ml), each containing 3 ml of the 
medium under study, together with appropriate inhibitors. The 
manometer flasks contained 5 N NaOH in their center wells. The 
preincubation at I~ was then continued for a further 60 rain 
(making 90 rain in all), during the last 10 rain of which the ma- 
nometer flasks were attached to manometers and both they and 
the Erlenmeyer flasks were gassed with 02. After the 90 rain, 
some of the flasks were removed and their slices collected for 
analysis. The remaining flasks were stoppered and transferred to 
a shaking water bath for incubation at 25 or 38~ for the times 
indicated in Results. Oxygen consumption was determined by 
standard manometry (Umbreit et al., 1954). The basic incubation 
medium contained (mM): 136 Na +, 5.0 K +, 1.0 Mg 2+, 1.2 Ca z+, 
143 C1 , 1.0 SO]-, 2.0 phosphate, 10 Tris-(hydroxymethyl)amino 
methane (Tris), 10 acetate, 10 glucose and 0.5% (wt/vol) inulin. 
The pH was 7.4 and the solution was gassed with 02. In experi- 

ments with chloride-free media, the appropriate salts (nitrate, 
iodide or gluconate) of Na + and K* were used instead of NaCI 
and KCI; CaCI2 was replaced with Ca(NO~)'- in all cases and Tris 
was neutralized with acetic acid instead of HCI. in view of the 
chelating properties of gluconate, experiments with the gluco- 
nate medium were carried out with both 1.2 and 5.0 mM Ca '-+. 

Slices were collected for analysis by tipping the flask con- 
tents onto a hardened filter paper (Whatman no. 54) held under 
suction on a sintered glass filter. After gentle blotting, the slices 
from each flask were divided into two groups and transferred to 
tared weighing bottles. One group of each pair was extracted 
with 10% (wt/vol) trichloroacetic acid and analyzed for insulin by 
a colorimetric method. The other group was dried overnight at 
110~ to determine water and dry wt, and the ions were then 
extracted with 0.1 N HNO3. Cations were determined by atomic 
absorption spectrometry and CI- by electrometric titration with 
Ag 2+. The method for CI- also responded to I- and the titration 
of extracts from slices incubated in media containing I- (see 
below) therefore gave a measure of residual CI- plus I-. Further 
details of the incubation and analytical methods are described by 
van Rossum (1972), van Rossum and Ernst (1978) and van Ros- 
sum et al. (1981). 

For the morphological studies, one slice was removed from 
each incubation vessel prior to tipping the contents onto the 
filter. The slices were fixed at 4~ with 2% (vol/vol) glutaralde- 
hyde in 0.1 M phosphate buffer (pH 7.3) containing CaCI2 (see 
also van Rossum et al., 1981). After post-fixation in 1% OsO4 in 
phosphate buffer, the slices were cut into small pieces, dehy- 
drated and embedded in Epon 812. For light microscopy, the 
embedded samples were sectioned with a glass knife and stained 
with azure II. For electron microscopy, they were sectioned with 
a diamond knife and stained with lead hydroxide (Russo et al., 
1976). To ensure a thorough study of the samples, at least three 
tissue blocks from each original tissue slice were sectioned and 
examined by light and electron microscopy. The areas chosen for 
presentation in the figures are considered to be representative of 
the most frequently observed morphological appearance of the 
tissue in each of the incubation conditions. 

Results 

WATER AND ELECTROLYTE MOVEMENTS 

Swelling at I~ and Recovery  at 25~ 

D u r i n g  p r e i n c u b a t i o n  a t  I~  s l i c e s  o f  k i d n e y  c o r t e x  

u n d e r w e n t  a c o n s i d e r a b l e  i n c r e a s e  o f  w a t e r  c o n t e n t  
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beyond that of fresh, unincubated tissue and this 
was accompanied by a loss of K + and gain of Ca > 
(Table l), Na + and CI- (not illustrated, but see for 
example Mudge, 1951). These changes were unaf- 
fected by the presence of the inhibitors ouabain (2 
raM), furosemide (l to 5 mM) and antimycin A (1 to 
20/xg/ml). The swelling and ionic movements were 
substantially reversed when the slices were subse- 
quently incubated at 25~ The extruded water was 
derived solely from the intracellular compartment, 
as estimated from the volume of distribution of in- 
ulin, and was completed in 15 rain (Fig. 1). During 
incubation at 25~ the intracellular K + content of 
the slices increased from 114 + 3 to 244 + I0 retool/ 
kg dry wt, a net change of +130 • 8 mmol/kg. At 
the same time, the intracellu/ar Na + decreased from 
326 • 16 to 63 -+ 18 mmol/kg dry wt, or a change of 
-263 • 16 mmol/kg, so that the net change of 
monovalent cations was -133 mmol/kg dry wt. At 
the same time, the CI- content changed by -171 + 
47 mmol/kg and the Ca 2+ by -17  • 2 mmol/kg dry 
wt. Each of the values quoted is the mean of seven 
observations. 

The net extrusion of intracellular water at 25~ 
and the associated changes of ionic current were 
reduced when cellular respiration was inhibited by 
antimycin A. In Fig. 2a, the net extrusion of water 
is plotted against the rate of respiration persisting in 
the presence of varying concentrations of antimycin 
(1 to 20/zg/ml). Little inhibition of water extrusion 
was seen unless the 02 consumption was reduced 
by more than 40%. By contrast, the inhibition of K + 
reaccumulation and the decline of slice ATP con- 
tent were more closely proportional to the inhibi- 
tion of respirations (Fig. 2a). The net extrusion of 
Na + (Fig. 2b) was more strongly inhibited by small 
degrees of respiratory inhibition than was water ex- 
trusion, but was less markedly affected than was K + 
uptake. For example, reduction of O2 consumption 
by 40%, to approximately 6 #l/rag p ro t e in -h r  -~ 
(the lowest rate before the marked inhibition of wa- 
ter extrusion ensued), led to l 1% inhibition of water 
extrusion, 52% inhibition of K + uptake and 32% 
inhibition of Na + extrusion. The intermediate posi- 
tion Na + in this regard is to be anticipated if it is 
supposed that Na + extrusion results partly in an 
overall 1 : l net exchange for K * and partly in a loss 
of water and Cl- (see above). The net extrusion of 
Na + in excess of the net K + accumulation is also 
shown in Fig. 2b; it is nearly equimolar with the CI- 
extruded and shows a relationship to the declining 
02 consumption which is similar to that shown by 
extrusion of water. 

Effect of Transport lnhibitors 

In agreement with other work (e.g. Macknight, 
1968; Kleinzeller, 1972), the loss of total and intra- 
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Fig. 1. Time-course of the extrusion of water from kidney cortex 
slices at 25~ after preincubation at I~ for 90 min. For preincu- 
bation at I~ the slices were initially incubated in two changes 
of 30 ml oflhe medium (see Materials and Methods, for composi- 
tion); after 30 rain at I~ they were divided into groups of 100 to 
150 nag wet wt, each of which was transferred to 3 ml medium in 
an Erlenmeyer flask (25 mt capacity). The flasks were gassed 
with Oz during the last 10 rain at I~ after which they were 
stoppered and transferred to a shaking water bath at 25~ At the 
end of preincubation, and again after each of the incubation 
times indicated, the slices from 2 to 3 flasks were recovered by 
tipping the flask contents onto a hardened filter paper (Whatman 
no. 54) which was held under suction. Extracellular water was 
estimated from the volume of distribution of inulin and intracel- 
lular water was determined as the difference between total and 
extracellular water. Each point represents the mean -+ standard 
error of the mean of seven observations. �9 Total water; �9 intra- 
cellular water; ~ e• water 

cellular water during the recovery at 25~ in nor- 
mal, Cl--containing medium was not significantly 
reduced by ouabain at any concentration tested be- 
tween 0.1 and 2.0 mM (e.g. Tables 2 and 3a), al- 
though K + accumulation was completely inhibited 
by 1 and 2 mM (third column, Table 3b). Experi- 
ments on the time course of these changes (not 
shown) indicate that a significant water extrusion 
occurred within 2.5 rain at 25~ and that this was 
little affected by ouabain. However, ouabain did 
completely inhibit K ~ uptake at this early stage; e.g. 
control slices took up 40 --- 8 mmol K+/kg dry wt in 
2�89 rain; while the uptake in the presence of ouabain 
was 1 + 11 mmol/kg. 

Furosemide, which has been found to inhibit 
water extrusion from previously swollen slices of 
guinea pig kidney cortex (POrez-Gonz~lez de la 
Manna et al., 1980), had no effect on water extru- 
sion from rat slices in the absence of ouabain (Table 
2; cf. van Rossum et al., 1981). However, inhibition 
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Fig. 2. Relation of (a) net extrusion of water, accumulation of K + and the content of ATP and (b) of Na * and CI- extrusion, to differing 
rates of respiration induced by antimycin A. General procedures as for Fig. 1, except that after 30 rain at I~ the slices were transferred 
to Warburg manometric flasks containing 3 ml of incubation medium with appropriate concentrations of antimycin A (1 to 20/xg/ml), for 
completion of incubation at I~ The medium in all flasks contained 0.5% (vol/vol) ethanol, the solvent for antimycin. The center wells 
of the flasks contained 0.2 ml 5 y KOH. Readings of 02 consumption at 25~ were taken at 10-rain intervals, after an initial 10-min 
equilibration period, using standard techniques (Umbreit et al., 1954). The net movements of water and ions, and the ATP contents are 
grouped according to the rate of respiration of the same sample of slices (cf. van Rossum, 1972). To facilitate comparisons, the net 
extrusions of water and ions are shown as positive values, in this figure. The points are the mean • standard error of the mean. (a) 
- - @ - - A T P  content after 60 min at 25~ (n = 4); e - -~2- -e  net loss of water during 60 min at 25~ (n = 8); - - ( 3 - -  net reaccumulation of 
K* during 60 rain at 25~ (n = 8). (b) - - O - -  net loss of Na + (n = 8); - - Q - -  net loss of CI (n = 8); - - [ ] - -  net loss of Na * minus net 
accumulation of K + 

Table 2. Effect of furosemide in the presence and absence of ouabain on the change of water content 
of kidney cortex slices during incubation at 25~ ~ 

Furosemide Total water Intracellular 
(mM) water 

b 4.60 --+ 0.11 2.89 --+ 0.14 
Content after 
90 rain at I~ 
Then net change after 
60 rain at 25~ 

Control 

Ouabain (2 raM) 

0 -1.30 • 0.15 -1.27 - 0.09 
2 -1.19 • 0.09 -1.32 • 0.10 
5 -1.21 • 0.06 -1.34 • 0.16 
0 -1.14 • 0.13 -1.09 • 0.07 
2 -0.81 • 0.11 -0.86 • 0.12 
5 -0.66 • 0.14 ~ -0.78 • 0.10 ~ 

a Slices were incubated for 90 rain at I~ in Tris-buffered Ringer's solution, followed by 60 min at 25~ 
The values at I~ represent the content of water, those at 25~ represent the subsequent net changes of 
water content during the experimental incubation at 25~ Ouabain and/or furosemide were added to 
the preincubation medium after the first 30 rain at I~ Further details as in Fig. 1. Results are mean • 
standard error of the mean of eight observations; water expressed as kg/kg dry wt. 
b Mean of four values with no inhibitor and four values in the presence of 2 mM ouabain plus 5 mM 
furosemide. The inhibitors had no effect at I~ 
c Significantly different from value without furosemide, P = 0.02 by Student's t-test. 

w a s  s e e n  in t h e  p r e s e n c e  o f  o u a b a i n ;  a c o n c e n t r a -  

t i o n  o f  5 mrvt f u r o s e m i d e  r e d u c e d  t h e  e x t r u s i o n  o f  

i n t r a c e l l u l a r  w a t e r  b y  a p p r o x i m a t e l y  30% (P  = 0.02;  

T a b l e  2). T h i s  c o n c e n t r a t i o n  o f  f u r o s e m i d e  will  

h a v e  c a u s e d  a 2 0 %  r e d u c t i o n  o f  t h e  r a t e  o f  r e s p i r a -  

t i o n  o f  t h e  s l i c e s  ( v a n  R o s s u m  e t  a l . ,  1981), b u t  t h e  

f i nd ing  t h a t  it  f a i l ed  to  i n h i b i t  K § u p t a k e  (not shown) 
o r  w a t e r  e x t r u s i o n  in  t h e  a b s e n c e  o f  o u a b a i n  (T ab l e  

2) s u g g e s t s  t h a t  a m o r e  s p e c i f i c  e f f e c t  w a s  r e s p o n s i -  

b l e  f o r  t h e  i n h i b i t i o n  o f  w a t e r  l o s s  in t h e  p r e s e n c e  o f  

o u a b a i n .  T h e  d i f f e r e n t  e f f e c t s  o f  f u r o s e m i d e  in t h e  

p r e s e n c e  a n d  a b s e n c e  o f  o u a b a i n  s u g g e s t  t h a t  t w o  
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Table 3. Effect of medium C1- and its replacement  by other anions on the net movemen t s  of  (a) 
lntracellular water  and (b) intracellular ions a 

Ca) lntracellular  water  (kg/kg dry wt) 
Incubat ion Principal  anion of the medium: 

CI- NO2 I- Gluconate  

Content  after 
90 min at I~ 

Then  net change after 
60 min at 25~ 

Control 

Ouabain (2 mM) 

2.85 • 0.09 3.02 • 0.11 3.11 • 0,15 1.93 • 0.06* 
(16) (14) (8) (10) 

- 1 . 3 6  • 0.11 -1 .01 • 0.12 - 1 . 1 7  • 0.14 - 0 . 3 9  • 0.14" 
(21) (22) (13) (13) 
- 1 . 3 7  • 0.07 -0 .62  • 0 .07 '  -0 .91 • 0.19" -0 .47  • 0.10" 
(24) (23) (14) (15) 

* Significantly different from value in C1 medium,  P < 0.01. 

(b) Net changes  of  intracellular ions (mmol/kg dry wt) 
Incubation for Principal Na" C I  K + (n) 
60 min at 25~ anion 

Control CI - 3 3 6  • 20 - 1 9 4  • 19 145 • 17 (21) 
NOs  - 3 1 7 - +  20 - l l  • 3 105 • 12 (22) 
I- -281 • 21 -146  -+ 24* 90 • 14 (13) 
Gluconate  -151 • 15 - 8  • 3 105 • 10 (13) 

Ouabain (2 raN) 
CI- - 1 9 9  • 15 -164  • 12 4 • 4 (24) 
NO 3 -155  • 18 - 1 4  • 4 - 1 7  • 6 (23) 
I- -133  • 29 -112  • 21" 14 • 10 (14) 
Gluconate  - 4 7  • 16 - 1 2  • 3 0 • 5 (15) 

* Iodide plus residual CI- (see Materials and Methods).  
a In (a), values shown after preincubation for 90 rain at l~ are the intracellular water  contents  per kg 
dry wt, while values shown at 25~ are the subsequent  net changes.  In (b)0 only the net changes  at 25~ 
are shown.  Values represent  mean  • s tandard error of  the mean (number  of  observations).  

different processes are involved in the recovery of 
cellular volume at 25~ one inhibited by furo- 
semide and one insensitive to furosemide but inhib- 
ited by ouabain. When furosemide is the only inhibi- 
tor present, the capacity of the latter system is 
apparently sufficient to compensate for the absence 
of the furosemide-sensitive activity. 

Swelling and Recovery in CI -Free Media 

The partial inhibition by furosemide suggested that 
a CI- transport system, or a Na+-Cl - co-transport, 
played a role in cellular volume regulation in the 
presence of ouabain, in much the same way as we 
have proposed for liver (van Rossum & Russo, 
1984). Accordingly, we examined the effect of re- 
placing CI- in the incubation medium by other an- 
ions. 

During preincubation at I~ the intracellular 
water (Table 3a), Na + and K + contents (not shown) 

attained were virtually identical in media containing 
CI-, NO3 or I as the principal anion. The content 
of I- plus residual C1 in slices incubated in the I- 
medium was similar to the CI- content of slices in 
C1- medium. On the other hand, the swelling of 
cells (Table 3a) and entry of Na + was much reduced 
in the gluconate medium, presumably because the 
plasma membranes were impermeable to the gluco- 
nate anion. Upon subsequent incubation at 25~ in 
the absence of ouabain, the extrusion of water (Ta- 
ble 3a) and Na + (Table 3b) was practically unaf- 
fected by replacement of CI- by NO~ or I-, al- 
though K + reaccumulation was somewhat less than 
in C1- medium (Table 3b). In the presence of oua- 
bain, the extrusion of water was significantly less in 
the NOi and I- media than in CI- medium. The 
water extrusion which persisted in the chloride-free 
media with ouabain was accompanied by a net loss 
of Na + and, in I- medium, by a loss of I- plus 
residual C1- (Table 3b). As in the experiments with 
furosemide, the different effects of removing C1- 
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Table 4, Effect of  ouabain and the replacement  of  medium CI- by NO;  on intracellular water and ions 
at 38~ a 

Incubation Principal Intracellular Intracellular ions 
anion of  water (mmol/kg dry wt) 
medium (kg/kg dry wt) 

Na" K ;  

Content  after 
90 rain at I~ 

Then  net  change after 
60 rain at 38~ 

Control 

Ouabain (2 m ~ )  

CI- 2.95 -+ 0.20 503 • 49 141 • 10 
NO2 3.09 • 0,16 557 + 46 139 • 8 

CI- -1 .05  • 0.19 -257  + 32 90 • 7 
NOy - 0 . 5 0  + 0.14 -202  -+ 37 126 + 16 
CI- - 0 . 7 6  -+ 0,21 -138  -2-_ 36 - 3 7  • 8 
NO2 -0 .15  • 0.12 - 2 2  • 27 - 3 3  • 8 

Values shown after preincubation for 90 min at I~ are the intracellular contents  of  the swollen slices, 
while values shown at 38~ represent  the  net  change in contents  during 60-min recovery from swelling. 
The values are the  mean  • s tandard error of  the mean  of 12 observat ions at l~ and t8 values at 38~ 

from media with and without ouabain suggest that 
at least two mechanisms are involved in volume 
regulation. An ouabain-insensitive mechanism re- 
quires C1- for full activity while a second system, 
not requiring CI-, is sufficiently active in the ab- 
sence of ouabain for water extrusion not to be af- 
fected by omission of Cl-. In addition, it may be 
necessary to invoke a third mechanism to account 
for the water extrusion persisting in the presence of 
ouabain and absence of C1-. 

In the gluconate medium with 1.2 mM Ca 2+, the 
net loss of intracellular water at 25~ was substan- 
tially less than in other media (Table 3a), although 
an accumulation of K + and extrusion of Na + per- 
sisted (Table 3b). Ouabain inhibited these ionic 
movements but had no effect on the water loss, 
indicating that Na,K-ATPase was not responsible 
for volume control in the gluconate medium. In 
these experiments, the Ca 2+ content of the slices at 
the end of the incubation was slightly reduced in the 
gluconate medium from 11.0 + 0.3 mmol/kg dry wt 
in the C1- medium to 7.7 + 0.6 mmol/kg with gluco- 
hate. Slices incubated in the gluconate medium with 
5 mM Ca z+ showed a final Ca 2+ content of 14.4 + 0.7 
mmol/kg dry wt, but neither in the presence nor 
absence of ouabain was the net extrusion of water 
significantly different from that observed in medium 
containing only 1.2 mM Ca 2+. 

Volume Regulation at 38~ 

The recovery of water and ionic composition, after 
prior swelling, was similar at 38~ to that shown 
above at 25~ (Table 4), despite the lower ATP con- 

tent of the slices (van Rossum & Ernst, 1978). Re- 
placement of CI by NO3 had a greater effect at 
38~ reducing water extrusion by 50% in the ab- 
sence of ouabain and permitting no significant ex- 
trusion in its presence (Table 4). The net move- 
ments of Na + at 38~ are those anticipated from the 
effects of the different treatments on the move- 
ments of H20 and K + (Table 4). 

Morphological Responses 

The appearance of cortical slices in response to in- 
cubation under any of the conditions described 
above showed some variability from slice to slice, 
between different nephronal segments within a sin- 
gle slice and even between adjacent cells within the 
same section of a tubule. Because of this, the mor- 
phological descriptions given below deal mainly 
with the major changes observed in large fields of 
cells which appear to be relevant to an understand- 
ing of the degree of swelling and mechanism of vol- 
ume control. Many of the illustrations are therefore 
of light micrographs or low-power electron micro- 
graphs which give overviews of general structural 
features of large numbers of tubules. Most attention 
is paid to the proximal tubules, as these are the 
major component of the cortical slices and so con- 
tribute most to the water and ionic contents seen in 
the tissue assays. But the different morphological 
responses of other nephronal components in the 
same slices to the same treatment are also noted, as 
they illustrate the potential for diversity between 
adjacent cells. Moreover, the various water-extrud- 
ing mechanisms which seem, from our physiologi- 
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cal results (above), to contribute to volume regula- 
tion in whole slices may possibly involve different 
types of cells. 

Following recovery from swelling, during incu- 
bation at 25~ for 60 min, at least 70% of the slice 
volume consisted of cells that stained well with 
azure II and exhibited organized structure in the 
light microscope. Up to 30% consisted of damaged 
cells which stained poorly with azure II and often 
appeared to have lost cytoplasmic components. The 
great majority of the latter (20 to 25% of slice vol- 
ume) were situated at the slice periphery and had 
clearly been damaged during preparation and han- 
dling of the tissue. The disposition of the remaining 
damaged cells (5 to i0% of slice volume) lends no 
support to the frequent assumption that slices of 
renal cortex are hypoxic in their central regions 
(Mandel, 1982) for they were scattered randomly 
among the viable cells of all regions and nephronal 
segments. Moreover, some morphological features 
known to be particularly sensitive to mild hypoxia 
in vivo (Mercorella et al., 1983) were seen to be in 
excellent condition in the slices; these are the foot 
processes of the glomerular podocytes and glo- 
merular endothelial ceils (not shown). The descrip- 
tions given below refer only to the cells which re- 
tained a well-organized appearance. For purposes 
of comparison we include an electron micrograph of 
a proximal tubule from a kidney that was fixed by 
peffusion in vitro (Fig. 7), as this provides the most 
rigorous standard against which to judge the condi- 
tion of incubated tissues. 

Swelling at I~ 

The normal distinction between the segments of the 
nephron seen in the light microscope was well main- 
tained after 90 rain at I~ The proximal tubules 
were the segments most markedly affected by 
swelling. They were characterized by marked ex- 
pansion of the apical regions of the cells, accompa- 
nied by distortion of the microvillar border and by 
closure of almost all tubular lumina (Fig. 3). This 
appearance was reflected at the ultrastructural level 
by large apical protrusions which contained a highly 
diluted or vacuous ground substance, as judged by 
low electron density (Fig. 8). The apical regions be- 
low the level of the tight junctions exhibited charac- 
teristic, clear, rounded vesicles of various sizes, 
which were visible with both the light and electron 
microscopes (Figs. 3 and 8). Although fewer in 
number, a variety of vesicles and larger vacuoles 
are seen in freshly mixed, unincubated proximal tu- 
bular cells (Fig. 7; see also Maunsbach, 1966). The 
mitochondria varied from orthodox to condensed 

forms (Figs. 8 and 9) instead of all being in the or- 
thodox configuration, as in the fresh tissue (Fig. 7). 
In contrast to the high-amplitude swelling of the 
apical cytoplasm, the basal regions of the same cells 
generally maintained their normal morphological 
organizations, although often showing moderate 
swelling and a variable degree of distortion of baso- 
lateral membrane folds (Figs. 8 and 9). 

The general structure of the glomeruli was well 
maintained, with many unswollen elements. How- 
ever, the glomerular epithelial ceils showed a uni- 
form degree of swelling, with light ground sub- 
stance and condensed mitochondria, despite the 
maintenance of foot processes (see above). The 
loops of Henle, distal convoluted tubules and col- 
lecting tubules (not shown) all contained cells in 
varying degrees of swelling. A few markedly swol- 
len cells protruded into the lumina of some of the 
distal tubules; nevertheless, the lumina were almost 
always open. Distal tubular cells contained clear 
vesicles in their basal regions (Fig. 10). 

Recovery at 25~ 

The next extrusion of water at 25~ was reflected in 
a reversal of swelling, as judged by light microscopy 
(Fig. 4) and by general recovery of normal ultra- 
structural architecture (Figs. 11- [ 3; compare Fig. 7). 
However, there was some tubular and cellular vari- 
ability. Proximal tubules showed a high proportion 
of cells with dense cytoplasm (Figs. 4 and 11) while 
most mitochondria had reverted to orthodox and 
intermediate forms (Figs. 12 and 13). The apical ex- 
pansions characteristic of the swollen cells after 
preincubation at I~ (cf. Fig. 3 with Fig. 4, and Fig. 
8 with Fig. 11) were no longer apparent and mi- 
crovillar organization was re-established although 
the tubular lumina remained closed. Some clear, 
rounded vesicles remained in the apical regions 
of the proximal epithelial cells, but they were 
smaller and fewer in number than at I~ (Figs. 4 
and ! 1). 

All types of glomerular endothelial cells, even 
deep in the slices, had an appearance approximating 
that in fresh kidney cortex; this was also true of the 
epithelial cells, which had been markedly swollen at 
I~ (not shown). Most distal (Fig. t4) and collecting 
tubules (not shown) recovered their normal size and 
appearance and their mitochondria were in the or- 
thodox configuration. Cells that showed a less com- 
plete recovery contained mitochondria in interme- 
diately condensed forms (Fig. 12, right-hand cell), 
The clear vesicles seen in the basal regions of distal 
tubules at I~ were no longer visible after further 
incubation at 25~ (Fig. 14). 
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Effect of Transport Inhibitors 

Slices incubated at I~ with ouabain (2 mM) and 
furosemide (5 mM), separately or together, ap- 
peared qualitatively similar to the swollen slices de- 
scribed above (el. Figs. 3 and 8). After further incu- 
bation at 25~ in the presence of ouabain, slices 
showed a morphological recovery from swelling 
(Fig. 5) which, in accord with the analytical results 
(Tables 2 and 3; Fig. 2), was generally similar to that 
of control slices at 25~ (of. Fig. 4). An important 
difference was that the slices with ouabain showed 
many cytoplasmic vesicles that were prominent 
even by light microscopy (Fig. 5). This was espe- 
cially so in the proximal tubular cells, the apical 
regions of which contained an abundance of vesi- 
cles of various sizes, which were bounded by mem- 
branes and had clear contents (Fig. 15). These were 
similar to those seen in the apical regions of control 
cells (without ouabain) but were much more numer- 
ous and more widely distributed within the cyto- 
plasm (compare Figs. 4 and 5; see also Fig. 15). In 
addition, the basal regions of these cells contained 
large vesicles as well as large, clear intercellular 
spaces between the infoldings of the plasma mem- 
branes (Figs. 5 and 15); both the vesicles and the 

spaces were more obvious than in the control slices 
seen in Figs. 4 and l l. Many images showed in- 
stances of the fusion of cytoplasmic vesicles with 
each other and also with foldings of the basolateral 
surface, suggesting that their contents opened to the 
intercellular spaces (Fig. 15, arrows and arrow- 
heads). 

Distal and collecting tubules incubated with 
ouabain also showed a number of vesicles, mainly 
in the apical regions (Fig. 16). Vesicles were not 
observed in glomerular cells. 

Furosemide (2 and 5 mM) with and without oua- 
bain caused no gross differences in the general ap- 
pearance of the slices (not shown). Cells of proxi- 
mal (Fig. 17) and distal tubules (Fig. 17, inset) 
incubated with ouabain plus furosemide had well- 
organized basal infoldings and apical microvilli, to- 
gether with orthodox mitochondria. However, a 
less than full recovery of cytoplasmic density sug- 
gests that volume recovery in proximal cells was 
incomplete when both inhibitors were present to- 
gether (Fig. 17). A further important difference 
from both control and, particularly, ouabain-treated 
slices was that there were only a few clear vesicles 
in both apical and basal regions when furosemide 
was included in the medium. The absence of vesi- 

Figs. 3-6 (facing page). Light micrographs of plastic sections ( 1/xm thick) of kidney cortex slices incubated under various conditions, 
Sections were stained with azure 11. 

Fig. 3. Slice incubated for 90 min at I~ A number of proximal tubules are shown, There is general swelling of these segments, 
especially shown by large protrusions of the apical parts of the tubular cells. There is an increase in the number of vesicles localized 
mainly beneath the apical border. While marked swelling of apical regions was a common feature, neighboring proximal tubules (e.g. 
those at upper and lower left) appeared less affected. A somewhat swollen distal tubule is seen in the extreme lower left-hand 
corner. An electron micrograph of this tissue is seen in Fig. 8. 480x 

Fig. 4. Incubated for 90 min at I~ followed by recovery from swelling during 60 min at 25~ This micrograph shows proximal tubules, 
and two distal tubules (arrows). The cells have largely recovered from swelling, as indicated especially by the density of the cytoplasm 
and the absence of apical protrusions. Few apical vesicles are present. The lumina of the proximal tubules are occupied by apparently 
homogeneous areas which are seen in the electron microscope to be well-organized brush borders. A corresponding electron micro- 
graph is seen in Fig. I1. 480x 

Fig. 5. Incubated for 90 min at I~ followed by 60 rain at 25~ in the presence of 2 mM ouabain throughout. Proximal tubules with a 
small part of a glomerulus (upper left). There is a generally good recovery of cellular volume and appearance from the changes 
occurring during swelling at l~ The most prominent finding is the presence in all tubules of large numbers of small- to medium-sized 
vesicles, mainly in the apical regions. Homogeneous areas of brush border are present, as described for Fig. 4. In addition, basolateral 
spaces are visible. The inter-tubular spaces are normal, a further indication of reversal of tissue swelling. A detail of such tubules is 
shown in Fig. 15. 480x 

Fig. 6. Incubated in NO3 Ringer's solution for 90 rain at I~ followed by 60 min at 25~ in the presence of 2raM ouabain throughout. 
Some of the cells within a given tubule appeared to be generally recovered from the changes at I~ (similarly to the recovered cells of 
Fig. 4) while other cells, particularly in their apical regions, showed a high degree of swelling, often resulting in distortion of the 
microvillar borders. An electron micrograph of such tubules is shown in Fig. 18. Despite the presence of ouabain, apical vesicles and 
enlarged basolateral spaces are not present. 480x 
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cles was most obvious in proximal tubular cells 
(Fig. 17; ~f. Fig. 15), but was also noted in distal 
(Fig. 17, inset) and collecting tubules (not shown). 

Chloride-Free Media 

Slices incubated without ouabain in the C1 -free 
media, whether containing NO~- or I as replace- 
ment anion, showed a good morphological recovery 
from swelling, although there was some expansion 
of the basolateral vesicles and intercellular spaces 
in many areas of proximal and distal tubules (not 
illustrated). The vesicles in the apical portions of 
the cells were, by contrast, reduced in numbers 
compared to slices in CI- medium without ouabain 
(not illustrated). 

In the NO3 medium, the cells of proximal and 
distal tubules showed two types of appearance in 
the presence of ouabain: (a) Swollen cells with light 
ground substance which almost completely lacked 
the large, apical vesicles characteristic of ouabain 
treatment in CI- medium (Figs. 6 and 18). The high 
degree of swelling in the apical region compromised 
the organization of the microvillar border of proxi- 
mal cells of this group. In these swollen cells, the 
mitochondria were in the condensed configuration. 
(b) Other cells in the same tubules exhibited a dense 
ground substance and showed reasonably good re- 
covery from swelling. These did contain some of 
the large, apical cytoplasmic vesicles but the vesi- 
cles were very few in number (Fig. 18). Mitochon- 
dria were mainly in the orthodox form. 

The proximal and distal tubular cells of slices 
incubated in I- medium containing ouabain also 
completely lacked the apical vesicles (Fig. 19). The 
swelling of the cells was rather less extensive, and 
the inter-tubular spaces were more expanded in I- 
medium than in NO2 medium. 

When gluconate was the anion used to replace 
CI-, the general structural recovery was similar to 
that in the I- medium, with no vesicles either in the 
apical or basolateral regions of the proximal tubular 

cells (Fig. 20). However, the basolateral intercellu- 
lar spaces were dilated and the cells showed a dense 
ground substance. The latter probably indicates 
shrinking due to the presence of the nonpenetrating 
anion, gluconate. 

Recovery at 38~ 

Slices incubated at 38~ without ouabain showed a 
much more variable recovery of structure than the 
recovery described above at 25~ and there was a 
larger proportion of damaged cells. For these rea- 
sons, we did not carry out as thorough a study of 
morphological changes upon rewarming at 38~ as 
we did at 25~ Nevertheless, the recovered cells at 
the higher temperature were of great interest in dis- 
playing large numbers of vesicles in their apical re- 
gions, particularly in the proximal tubules, whether 
or not ouabain was present. These vesicles were 
similar to the apical vesicles seen at 25~ but they 
were more abundant and wider in their distribution 
at 38~ in the absence of ouabain (Fig. 21), and were 
more numerous still in the presence of ouabain (Fig. 
22). Many of the vesicles appeared to fuse, often 
forming long chains with an apparently common in- 
ternal space, while both single vesicles and the ter- 
minal vesicles of chains fused with the plasma mem- 
brane bordering the intercellular spaces of the 
basolateral surface (Figs. 21 and 22). The incidence 
of fusions was much increased in the presence of 
ouabain and the basolateral intercellular spaces 
were themselves much dilated (Fig. 22). 

Discussion 

Our results confirm that the recovery of kidney cor- 
tex from a period of isosmotic swelling induced by 
incubation at I~ is due to an extrusion of intracel- 
lular water, Na + and C1- which is dependent on 
respiration and is little affected by ouabain (Mudge, 
1951; Macknight, 1968; Whittembury & Proverbio, 

Fig. 7 (facing page, top). Electron micrograph of proximal tubular cell in fresh, unincubated renal cortex fixed in situ by perfusion of 
fixative. These are the cells most frequently found in cortical slices and are the cells showing the greatest morphological changes during 
swelling at I~ and its reversal; this micrograph is therefore included as a standard against which to compare the appearance of the 
incubated tissue. Note the well-preserved brush border, seen in longitudinal section, orthodox configuration of the mitochondria and 
the presence of very small and few pinocytotic vesicles. 8,000x 

Fig. 8 (facing page, bottom). Incubated for 90 min at I~ Electron micrograph showing detail of proximal tubules from the slice of 
Fig. 3. The most prominent finding in most proximal tubules was marked swelling of the apical cytoplasm. As shown by the tubule on 
the right, intact regions of brush border are often compressed by the apical expansions and a number of vesicles of different sizes are 
seen, mainly near the luminal borders or within the apical protrusions. Nuclei and a few organelles are generally present within the 
diluted ground substance of the apical expansions. Mitochondria are in the orthodox or intermediate forms. The portion of the tubule 
on the left is less swollen, although apical vesicles are apparent (cf. Fig. 3). 5,400x 
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1970; Kleinzeller, 1972). However, our morphologi- 
cal observations show that the picture of ion and 
water movements in whole slices disguises some 
differences in the behavior of individual segments 
of the nephron. Even adjacent cells within the same 
segment showed contrasting appearances on occa- 
sion, possibly due to progressive alterations at dif- 
ferent rates during the course of incubation (cf. 
Ginn et al., 1968). This contrasts markedly with the 
much more uniform appearance of hepatocytes 
within liver slices undergoing swelling and recovery 
(Russo et al., 1977). 

A number of other experimental protocols have 
also been used to examine the effects of ouabain on 
volume regulation by renal cortical slices. Accord- 
ing to one (Macknight & Leaf, 1977), an initial 
"equilibration" period at 25~ permits reversal of 
the swelling that took place during the preparation 
and initial hypoxic rinsing of the slices. Subsequent 
swelling of the slices at 0.5~ and recovery at 25~ 
showed a marked ouabain-resistance of water ex- 
trusion, as in our experiments. Cooke (1978a), on 
the other hand, used only direct incubation at 25~ 
(corresponding to the "equilibration" period, 
above). He found that the reversal of the swelling 
which had arisen during preparation was markedly 
inhibited by ouabain and that an ouabain-resistant 
portion of the reversal could be accounted for by a 
loss of cellular K + without invoking a separate, oua- 
bain-resistant transport system. Clearly, this latter 
situation differs from that of our cold preincubated 
slices, the K + content of which was already minimal 
and showed no further decrease during incubation 
at 25~ with ouabain (Table 3b). 

MORPHOLOGICAL DAMAGE 

In work with kidney slices, a potentially trouble- 
some factor is cellular damage. Since cells showing 
histological indications of damage (e.g. failure to be 

stained by azure II, in our experiment) are presum- 
ably unable to maintain normal ionic gradients, a 
change in the proportion of damaged to viable cells 
in response to varying incubation conditions can 
lead to changes in intracellular (i.e. inulin-free) wa- 
ter and ionic content of the whole slices which do 
not reflect the condition of the viable cells. In our 
experiments this does not appear to be a major 
source of error, for the percentage of severely dam- 
aged cells after 60 min at 25~ did not differ mark- 
edly between the various treatments investigated. ' 
Renal cortical slices nevertheless show a larger 
fraction (approx. 30%) of badly damaged cells at the 
slice periphery than liver slices do (approx. 10%; 
Russo et al., 1977). It should be emphasized that the 
present findings relate exclusively to the experi- 
mental protocol in which the slices are preincubated 
directly at I~ the proportion of damaged cells and 
the nature of the damage may well be different 
when the slices are treated differently (e.g. after an 
initial "equilibration" period at 25~ see above). 

The cause of the morphological damage to cells 
scattered in deeper regions of the slices after incu- 
bation at 25~ in our experiments is apparently not 
hypoxia, for the damaged cells are not concentrated 
at the slice center. Cooke (1979) has shown that 
renal cortical slices of the same thickness as ours 
show no reduction of 02 consumption at 25~ when 
the pO2 of the medium is reduced to 40% of the 
control level, indicating that the cells are ade- 
quately oxygenated when the medium is gassed 
with 100% O2, as in our experiments. A further indi- 
cation that hypoxia of the cells is not a serious prob- 
lem in our studies is the finding that the 02 con- 
sumption of the slices must be reduced by as much 
as 40%, by an inhibitor of electron transfer, before 
any inhibition of water extrusion is seen (Fig. 2). 
Moreover, the glomerular endothelial cells and me- 
sangial foot processes, which are known to be espe- 
cially susceptible to hypoxic damage (Mercorella et 

Fig. 9 (facing page, top/eft). Detail of proximal tubule after 90 min at I~ Note partial disorder of the basal infoldings. In the upper 
cell, mitochondria are in intermediate or condensed forms and are associated with a number of vesicles which are probably derived 
from endoplasmic reticulum and infoldings of plasma membrane. In lower cells, mitochondria are in the orthodox configuration and the 
basolateral folds are more organized. 15,000• 

Fig. 10 (facing page, top right). Detail of distal tubule after 90 min at I~ Mitochondria are in intermediate or condensed forms, with 
well-preserved granules indicative of well-maintained activity. The mitochondria are interspersed with vesicles. 21,000x 

Fig. 11 (facing page, bottom). Low magnification electron micrograph of a slice incubated for 90 min at I~ followed by 60 rain at 
25~ The tubule shown represents the most frequent picture of recovery of proximal tubules. Many of the cells show very good 
recovery of all components, including brush border and the apical region. This last contains small vesicles but very few large vesicles. 
The mitochondria are in orthodox or intermediate configurations. Some of the ceils show only partial recovery from swelling, as 
indicated especially by persistent mitochondrial swelling and dilated basolateral spaces. 2,000• 
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al., 1983), maintain an excellent appearance. The 
damage thus appears to be due to a more random 
cause. One likelihood is that it depends on the age 
of the individual cells. 

A greater proportion of cortical cells are subject 
to damage, and there is a greater morphological 
variability within slices, after incubation at 38~ 
than at 25~ and the much lower ATP levels at the 
higher temperature (van Rossum & Ernst, 1978) 
suggest that hypoxia may be a more important fac- 
tor in this case (Balaban et al., 1980; Mandel, 1982). 
These findings indicate that caution should be exer- 
cised in interpretation of physiological data ob- 
tained from kidney slices at 38~ 

In general, it is clear that renal cortical slices 
are a less satisfactory model for correlating physio- 
logical and morphological indications of volume 
regulation than are liver slices, both because of the 
greater histological arid functional heterogeneity of 
the former and their greater susceptibility to dam- 
age. Nevertheless, the fact that cortical slices have 
been widely used for the study of cellular volume 
regulation makes it important to examine the rela- 
tionship between their structure and function during 
volume-regulating activity. 

SWELLING AT I~ 

Preincubation of the renal cortical slices in the cold 
led to swelling of most types of cells, although the 
various portions of the nephron differed somewhat 
in their response. Proximal tubules were the most, 
and glomeruli the least affected by swelling. Within 
each segment, individual ceils showed markedly 
different degrees of swelling, but in no case did the 
swelling go beyond stage 3 of the classification by 
Ginn et al. (1968). Kidney cells are thus more resis- 
tant to swelling than liver cells, since the latter be- 
come uniformly swollen and show characteristics of 
stage 4 and stage 5 swelling (Russo et al., 1977). 

It has been shown that the tubular lumina of 

kidney cortex rapidly collapse after cessation of 
blood flow and that the lumina in cortical slices are 
all in the occluded state (e.g. Bojesen & Leyssac, 
1965). The micrographs of the present paper sup- 
port this. As a consequence, the apical borders of 
the cells probably become inaccessible to the me- 
dium even before the onset of the preincubation at 
I~ so that any swelling due to water entering 
across the apical border would have occurred from 
fluid present in the lumina prior to incubation. The 
bulk of the water and ion exchanges taking place 
during the cold incubation must then have occurred 
across the basolateral borders of the cells. It is pos- 
sible that the specifically apical distribution of the 
large vesicles in the swollen slices (e.g. Fig. 3) may 
indicate that they arise from early swelling during 
the collapse of the lumina; however, we have made 
no observations of the time-course of the morpho- 
logical changes during swelling which would pro- 
vide direct evidence on this point. 

RECOVERY AT 25~ 

The restoration of conditions favorable to metabolic 
activity at 25~ resulted in a net extrusion of intra- 
cellular water accompanied by reduction in cellular 
size and a recovery of ultrastructure which shows 
that the great majority of ceils were viable. The 
ground substance became denser and mitochondria 
returned to orthodox conformations. The size and 
number of the apical vesicles was substantially re- 
duced, implying that some of the lost water was 
derived from their contents. However, many apical 
vesicles remained (Figs. 4 and 1 I), especially those 
of smaller size, and the numbers persisting were 
markedly greater when recovery was allowed to 
proceed at the higher temperature of 38~ (Fig. 21). 

The proposal of a volume-regulating mecha- 
nism which is independent of the Na § and K +- 
transporting system is based largely on the consid- 
erable resistance of the water extrusion to ouabain 

Fig. 12 (facing page, top left). Detail of a slice incubated for 90 min at l~ followed by 60 rain at 25~ Well-recovered cells from a 
proximal (left) and distal (right) tubule are shown. The basolateral infoldings are well recovered. The mitochondria are mainly in the 
orthodox form in the proximal tubule and intermediate in the distal tubule cells, although different forms are also seen in each tubule. 
12,000x 

Fig. 13 (facing page, top right). Detail of mitochondria from proximal tubule after incubation for 90 rain at l~ and 60 rain at 25~ The 
mitochondria have recovered well from swelling and the interspersed vesicles seen at I~ (Figs. 9 and 10) are reduced in numbers. 
16,000x 

Fig. 14 (facing page, bottom). Low magnification electron micrograpb of distal segments of nephron from a slice incubated for 90 min 
at I~ and 60 rain at 25~ These tubules have recovered well from swelling at I~ and are similar in appearance to fresh, unincubated 
tissue. 6,800• 
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(e.g. Macknight & Leaf,  1977). It has been shown 
that ouabain does not bind to or inhibit the Na,K- 
ATPase in the cold, although a fairly rapid binding 
occurs at 25~ (Schwartz et al., 1975; Hootman & 
Ernst, 1981). The failure of binding at I~ seems 
unlikely to account for the ouabain resistance of 
water extrusion in our experiments,  for even after 
only 2�89 rain at 25~ no K + uptake was seen, while 
water extrusion was well advanced. Furthermore,  
there was no tendency for the intracellular water 
content to start to increase again at longer incuba- 
tion times, as would be expected if ouabain had a 
delayed action on the mechanism of volume regula- 
tion. Our work also provides an extra indication of 
the considerable independence of the volume regu- 
lation mechanism from the Na,K-ATPase  in that 
K + accumulation, presumably a measure of the ac- 
tivity of the ATPase,  is much more sensitive to the 
limitation of cellular energy supply, by the action of 
antimycin A, than is water extrusion. 

RELATIONSHIP OF VESICLE FORMATION 

TO WATER EXTRUSION 

The apical vesicles seen in many of the types of 
cells were markedly affected when incubation at 
25~ was carried out under conditions which were 
expected to alter ion-transporting activities, al- 
though there was no immediately obvious correla- 
tion with the ability of the cells to extrude water. 
Thus, in the presence of ouabain, the net extrusion 
of water was little affected (Tables 2 and 3) and 
apical vesicles increased in number and average 
size (Figs. 5 and 15). Incubation with furosemide or 
in Cl--free medium also had little effect on water 
extrusion at 25~ in the absence of ouabain yet the 
number of  vesicles was drastically reduced. In con- 
trast, incubation in these same conditions, but with 
ouabain, caused an inhibition of water extrusion 
(Tables 2 and 3) while still reducing the number of 
vesicles (Figs. 17-20). 

We suggest that these contrasting relationships 
between vesicle formation and water extrusion can 

be explained if at least two different mechanisms 
are responsible for water extrusion, one of which 
involves the vesicles (indicated schematically in 
Fig. 23). First, our observations on apical vesicles, 
especially in the proximal tubules, suggest that the 
vesicles may form a vehicle for water extrusion 
which is similar in mechanism, although opposite in 
cellular orientation, to the vesicular mechanism we 
have proposed for ouabain-resistant volume regula- 
tion in liver slices (Russo et al., 1977; van Rossum 
& Russo, 1981, 1984). Secondly,  following the pro- 
posal of Leaf  (1956) and our earlier conclusions 
with liver slices, we propose that part of the water 
extrusion is driven by the Na +- and K+-dependent 
adenosine triphosphatase at the basolateral mem- 
brane, the water probably traversing the mem- 
branes by way of an aqueous channel. 

The crucial observations on which we base the 
proposed vesicular mechanism are: i) The extrusion 
of water  at 25~ in the presence of ouabain is signifi- 
cantly inhibited by furosemide or by substitution of 
NO3 or I for CI- (Tables 2 and 3), and these same 
conditions drastically reduce the number of apical 
vesicles (compare Figs. 5 and 6 and Figs. 15-19). 
This suggests that the vesicles may be formed by 
entry of water from the cytosol in response to a 
furosemide-sensitive movement  of C1 and Na + 
across the vesicular membrane,  ii) Vesicles are seen 
to fuse with the basolateral plasma membranes at 
25~ and at 38~ especially in the presence of oua- 
bain (Figs. 15, 21 and 22), suggesting that expulsion 
of the vesicular contents to the intercellular fluid 
may be the final step of water extrusion, iii) The 
number of  vesicles seen in the cytoplasm is greatly 
increased when ouabain is present (compare Figs. 
5 and 6, and Figs. I1 and 15). This suggests an in- 
crease of  vesicular activity when water extrusion 
coupled to the Na,K-ATPase  is inhibited; however,  
this can only form a link in our argument if it can be 
shown that Na ,K-ATPase  does, in fact, act as the 
driving force for one mechanism of water extrusion 
(see below), iv) The increased number of vesicles in 
control slices at 38~ is associated with an in- 

Fig. 15 (facing page, top). Proximal tubule after incubation for 90 min at I~ and 60 min at 25~ in the presence of 2 mM ouabain. 
Despite partial recovery from swelling and ultrastructural changes, two obvious feature are: i) a large number of apical vesicles: ii) the 
basolateral spaces are dilated, partially distorting the infoldings of the plasma membrane. Vesicles are frequently seen to fuse with each 
other (arrowheads) and with the lateral spaces (arrows). Mitochondria are in orthodox configurations. 8,500• 

Fig. 16 (,facing page, bottom). Distal tubule of slice incubated for 90 min at l~ and 60 min at 25~ in the presence of 2 mM ouabain. 
Many vesicles are present, although fewer than in the proximal tubules (@ Fig. 15). The vesicles are found throughout the cytoplasm, 
including the apical region. The basolateral parts of the cells are well recovered from swelling and contain few vesicles, 2,800• 
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Fig. 17. Proximal tubule of slice incubated for 90 rain at I~ and 60 rain at 25~ in the presence of 2 mM ouabain plus 2 mM furosemide. 
Apart from the region of structural damage (top right), the cells show a recovery of organization from the i.ncubation at I~ and are 
devoid of vesicles. Indications of swelling remain in that the ground substance is electronlucent and some mitochondria are in swollen 
forms. The Inset shows a detail of well-recovered mitochondria from a distal tubule of the same slice of cortex. These mitochondria are 
in the orthodox configuration; between them are seen a few, very small vesicles. Main figure 1,600x; Inset 26,500x 

creased inhibition of water  extrusion in chloride- 
free medium (Table 4), i.e. with an increased depen- 
dence of  the cell on the chloride-dependent system 
of volume control. These four lines of evidence 
show that the apparent ly  variable relationship be- 
tween water  extrusion and vesicle formation can be 
accounted for by the proposed vesicular mecha- 
nism. It is of  interest that similar vesicles have been 
observed in isolated tubules of  renal cortex,  espe- 
cially in the presence of  ouabain (Rabinowitz,  Gar- 
cia-Cafiero, Russo & van Rossum,  in preparat ion) .  

Cooke (1978a,b) has provided evidence that the 
Na ,K-ATPase  plays an important  role in the extru- 
sion, f rom kidney cells, of  the water  that enters 
them during slicing and the first few minutes of  an- 
aerobic incubation, but the evidence that it plays a 
role in extrusion of the water  after the longer period 
of  swelling imposed in our experiments  is rather 
indirect. Indeed,  a role for it appears ,  at first sight, 
to be excluded by the failure of  ouabain to cause a 
significant inhibition of water  extrusion in the con- 
trol medium (Tables 2, 3; see  also Macknight,  1969; 
Kleinzeller,  1972) and by the greater  sensitivity of  
K § uptake than of water  extrusion to the partial 

inhibition of  respiration (Fig. 4). However ,  these 
observat ions are not conclusive,  for it is possible 
that inhibition of the Na ,K-ATPase-dependen t  sys- 
tem is compensa ted  lbr  by increased activity of  an 
alternative system, such as the vesicular mecha- 
nism proposed above.  It is clear f rom our results 
that there must  be a volume-regulating mechanism 
in addition to the furosemide- and chloride-sensitive 
system, for inhibition of the latter in the absence of 
ouabain prevents  vesicle formation without affect- 
ing net extrusion of water.  The most  likely candi- 
date for this role would be one driven by the oua- 
bain-sensitive Na ,K-ATPase .  Finally, it may be 
noted that in some of our experiments  (e.g. Table 4) 
there was a tendency for ouabain to reduce the ex- 
trusion of water,  even though the effect was not 
statistically significant. In sum, we feel justified 
in proposing the existence of the two mechanisms 
for volume regulation that are depicted in Fig. 
23. 

The large, electron lucent intercellular spaces 
between infoldings of  the basal membranes  must 
contain water  and their occurrence  varied with the 
incubation conditions in a way which suggested that 



Fig. 18. Low-power  electron micrograph of  cortical slice after incubation for 90 min at I~ followed by 60 min at 25~ in NO~- medium 
containing 2 mM ouabain. The central portion of  this micrograph illustrales a proximal tubule and a portion of another is seen at top 
right. Ultrastructure shows some partial recovery but many of the proximal cells remain quite swollen (e.g. light ground substance cf. 
Fig. 6). By contrast  with the situation in the presence of  ouabain and CI- at 25~ very few cytoplasmic vesicles are to be seen (cf. Figs. 
15 and 16). The brush border is generally better organized than in the comparable tubules of Fig. 6, although in some areas it is 
displaced by the expanded apical cytosol. Mitochondria are in condensed or intermediate forms, except in the structurally disorganized 
cells where they are swollen. In the lower part of  the micrograph are parts of two distal tubules in which structural recovery is well 
advanced but no vesicles of  the type normally seen with ouabain are present. Lumina of the blood vessels between tubules are dilated. 
2,900 x 



Fig. 19. Tissue incubated for 90 min at I~ and 60 min at 25~ in 1- medium containing 2 mM ouabain.  The micrograph illustrates 
proximal tubules  and a small part of  a distal tubule (arrows). The cells show a very good, general  recovery and are devoid of the 
vesicles normally associa ted with incubation in the presence of ouabain and C1- (@ Figs. 15 and 16). There  is a general  increase in the 
electron densi ty  of  all s t ructures ,  compared to that seen in CI or NO2 media; this could arise either because  the cells are somewha t  
shrunken  or, more  likely, f rom the intrinsic electron density of  I-.  1,600• 
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Fig. 20. Tissue incubated for 90 min at I~ and 60 min at 25~ in gluconate medium containing 2 mM ouabain. The upper portion of the 
micrograph shows a proximal tubule, while the lower and right-hand segments are parts of two distal tubules (pars recta). The proximal 
tubule shows a fairly good recovery but appears to be shrunken, probably as a result of the osmotic effect of the nonpenetrating anion, 
gluconate. No vesicles are present, but the basolateral spaces are dilated and the infoldings partially disorganized. The distal tubules 
appear to be less electron dense and generally less affected than the proximal tubule. 3,800x 

they may be a consequence of the activity of the 
proposed vesicular mechanism of transport. Thus, 
at 25~ they were most in evidence in the presence 
of ouabain (Figs. 5 and 15), but were greatly dimin- 
ished in size and numbers in the further presence of 
furosemide (Fig. 17) and when CI- was replaced by 
NOi (Fig. 18). At 38~ they were abundant in the 
absence, and increased further in the presence of 
ouabain (Figs. 21 and 22), and the results with chlo- 
ride substitution (Table 4) indicate that substantial 
activity of the vesicular mechanism occurs at 38~ 
even in the absence of ouabain. One possibility is 
that the intercellular spaces arose from an accumu- 
lation of water that had been extruded by exocyto- 
sis into the basolateral infoldings of the cells. How- 
ever, the situation is by no means clearcut, for basal 
intercellular spaces were observed when the CI- 
was replaced by I- or gluconate (Figs. 19 and 20) 
rather than by NO~-. 

Our results also show clearly that some water 
extrusion is able to continue when both of the above 
systems should be inhibited, i.e. upon incubation in 
the presence of ouabain either together with furo- 
semide or in the absence of C1- (Tables 2 and 3). We 

have no indication of the mechanism of such a third 
component of water extrusion, at present. It seems 
at least possible that it may be present mainly in 
those nephronal segments, principally the glo- 
meruli, loops of Henle and collecting tubules, which 
show little vesicle formation and yet recover their 
structure well at 25~ Further experiments suggest 
that this third mechanism is not inhibited by cyto- 
chalasins, whereas the vesicular mechanism is 
blocked (van Rossum, Russo & Ernst, in prepara- 
tion). 

These results with kidney may be compared 
with our previous work with liver slices (Russo et 
al., 1977; van Rossum & Russo, 1981, 1984). In the 
latter, the existence of an ouabain-sensitive mecha- 
nism of volume regulation is much clearer, and to- 
gether with the ouabain-resistant vesicular system it 
can account for practically all the water-extruding 
capacity. An apparent contrast between the tissues 
is that the exocytotic expulsion of vesicular water 
from liver cells appears to take place at the canalic- 
ular (i.e. apical) cell membrane, whereas in the kid- 
ney cells it appears to occur at the basolateral mem- 
brane. Nevertheless, there is a striking similarity 



]Fig. 21. Part of proximal tubule after incubation for 90 min at I~ followed by 60 min at 38~ A large number of vesicles of many sizes 
are present, mainly localized at the apical region. The appearance is similar to that of slices incubated with ouabain at 25~ (cf. Fig. 15) 
except for the larger number of vesicles at 38~ Many vesicular profiles show fusion with neighboring vesicles and with the basolateral 
plasma membrane bordering focal expansions of the intercellular spaces (arrows). 8,000x 

Fig. 22. Detail of proximal tubule after incubation for 90 min at I~ and 60 min at 38~ in the presence of 2 mM ouabain. Vesicles pack 
the apical cytoplasm and in many places fuse with one another to form chains (arrows). 3,800x 
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Fig. 23. Schematic diagram of the two mechanisms proposed for 
the extrusion of water, Na + and CI from cells of proximal and 
distal tubules. In the left-hand apical portion of the epithelial cell 
is shown the ouabain-resistant entry of ions and water into apical 
vesicles, followed by fusion of vesicles with the basolateral 
plasma membrane. In the right-hand, basal portion is indicated 
the ouabain-sensitive extrusion of water. For further details, see 
text 

between  the results we  have obtained with these 
two t issues which tends to reinforce the suggested 
importance of  a vesicular mechanism for water ex- 
trusion as being one  way  in which cells are able to 
regulate their vo lume.  
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