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tlyposmotic basolateral perturbations ( -  30 mosmol/kg) in cultured renal layers (A6) increased basoh|tcral membrane conduc- 
tance more than 2-fold within 10 mini tile increase wits partly due to upregulation of K ~ conductance, but other conductive 
pathways were also activated. The raise in apical membrane amiloride-sc,~sitive Nit' conductmlCe wits less pronounced: it 
appears Io be due to secondary effects. 

Very often epithelial cells are exposed to important 
changes in medium osmolalities. Transepithelial Na + 
transport is usually increased after incubation with 
hyposmotic media, whereas opposite effects are ex- 
erted by hyperosmotic bathing solutions [1]. Recently, 
it has been reported that exposure of A6 epithelia to 
basolateral hyposmotic media quickly (5 min) results in 
cell swelling [2] and increased transcellular Na + reab- 
sorption [3]. Data from noise analysis revealed that the 
increase in Na + transport was associated with activa- 
tion of apical Na + channels [3]. Effects at the basolat- 
eral membrane were not measured in these studies. In 
the present study, we examined the response of base- 
lateral membrane transl~ort properties on hypo~motic 
swelling using microelectrode impalement of the ep- 
ithelial cells and equivalent circuit analysis. These 
techniques can reliably be applied to A6 cell prepara- 
tions [4]. 

Conditions for growth and subculturing of A6 cells 
(American Type Culture Collection, Bethesda, USA), 
originally derived from the renal'distal tubular segment 
of Xenopus laevis were recently described [4]. Electri- 
cal analysis of the confluent layers was done 15-2{) 
days after plating on microporous filter membranes 
(MillicelI-HA, Millipore PIHA 030050). The monolay- 
ers were transferred with the supporting filter mem- 
brane to a modified Ussing-type chamber, short-cir- 
culled and impaled with microelectrodes as reported 
recently [4]. At the beginning of the experiments, both 
sides were separately and continuously superfused with 
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a solution containing fin mM)" NaCI, 70; KCI, 2.5; 
CaCi 2, 1; MgC! 2, 1; KH2PO 4, 1; NaHCO 3, 18; Hepes, 
5; sucrose, 30; pH was maintained at 7.4 with 5% CO 2. 
Osmolality of this solution was 200 mosmol/kg. Hypos- 
motic challenge was achieved by omission of sucrose 
from the basolateral standard perfusion solution. 
Short-circuit current and intracellular potential of the 
short-circuited monolayer are indicated by 1,~ and V,~. 
Apical and basolateral membrane conductances, g,, 
and g, ,  were calculated from standard equivalent cir- 
cuit analysis using the relationships 

g,, = ((3, -- G[ )/(  fR',,, fR,, ) (I) 

g,, : '~.G, - G~ ~/(I 'R'.- fR,,} (2) 

where G, and fR,, reflect transepithelial conductance 
and fractional apical resistance, respectively. Values 
with ' indicate measurements in tim presence of 10 -5 
M amiloride at the apical side. The apparent transfer- 
ence number for K +, t K, of the basolaterai membrane 
was obtained after blocking the apical membrane with 
10 -'s M amiloride, comparing the change in intra- 
cellular voltage (AV,~) to a short-term increase in base- 
lateral K + concentration from 3.5 (c l) to 20 mM (c 2) 
with the theoretical value predicted by the Nernst 
equation: 

tg = AV, 'c / (  R T / Z F  I.n c 2 / c  I ) = AV,'c1'43.9 mV (3) 

Basolateral K + conductance was derived from t K and 
g ,  using the relationship 

gK = tK'gh  (4) 

Basolateral membrane rectification properties were 
estimated from the relationship between !,¢ and V= at 
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Fig. I. Transepithelial and cellular parameters of an A6 epithelium 
during control and hyposmot;c media at the basolateral side. I~., G~, 
1,'~ and fR,, indicate short-circuit current, transepithelial conduc- 
tance, membrane potential at short-circuit and apical fractional 
resistance. Vertical bars indicate short-term application of I0 s M 

ami!,wide at the ;.q~ical side, 

different concentrations of apical amiloride [5]. Mean 
values are reported ± S.E. Significance of differences 
was calculated using paired Student's t-test, consider- 
ing P < 0.01 as significant. 

Fig. I shows a response of an A6 layer on reduction 
of osmolality in the basolateral perfusion solution. Ini- 
tially, the preparation was equilibrated with the stan- 
dard solution (200 mosmol/kg; control) at both sides. 
Under this condition, the /.,c was 10.7 / tA/cm z, it 
was near-completely blocked by 10 --~ M amiloride. 
Amiloride-inhibitable conductance, (G~-  Gt'), was 104 
~S/cm z, The characteristic fast increase in fR,, to 0.91, 
as~.~aciated with hyperpolarization of the cell from -42  
to -69  mV, indicates a reliable impalement [4]. From 
equivalent circuit analysis using the amiloride-sensitive 
conductance and the change in fR, we obtain apical 
and .~,;olateral membrane conductances of 160 
/ tS/cm: and 4(X) /.tS/cm z, respectively. Change to a 
lower osmolality (170 mosmol/kg) of the basolateral 
medium led promptly to notable increase in fR,, and 
hyperpoladzation of Vu. Steady values of V~: and fR a, 
approached within 10 min, were considerably different 
from the control levels. G, and !~, on the other hand, 
were only slightly affected compared with the values 

before hyposmotic challenge. Application of amiloride 
after this time shows that V,~. (i.e., the magnitude of ~ 
during amiloride, which reflects the effective electro- 
motive force at the basolateral membrane) remained 
unchanged compared with the control value, whereas 
fR', (i.e., fR, in the presence of amiloride) increased 
to 0.98. in the depicted experiment, amiloride-insensi- 
tive shunt conductance decreased slightly by 12%, but 
this response was not always observed. Using as above 
the values of amilorid,z-sensitive conductance, which 
increased despite constancy of G,, and fR,, for equiva- 
lent circuit analysis, it can be calculated that gb dou- 
bled to 806 #S/cm-', whereas g,, remained essentially 
unchanged until the test 10 rain after hyposmotic per- 
turbation. The gain in gb is the reason for the much 
smaller amiloride-induced change in I~c in hyposmotic 
than in control medium, since the changc in V,c rc- 
fleets the Ohmic R. l -drop across the basolateral 
membrane and i,,. remained almost at the control 
level. During the following 10 rain of perlusion with 
hyposmotic solution, fR,, and V,c decreased slightly 
from the maximal values. These changes together with 
increases in !~,. and amiloride-sensitive G, are consis- 
tent with activation of apical membrane conductance. 
Indeed, at the end of this period, g,, had increased to 
176/.tS/cm z, whcrcas gb was slightly reduced to 703 
/~S/cm z. The EMF of the basolatcral incmbrane, re- 
flected by V~., remained constant during the entire 
experimental period. 

Table I summarizes the observations for tram:- 
epithelial and transmembrane parameters from eight 
similar experiments, it is evident that the major change 
on pcrfusion with thc hyposmotic basolateral solution 
occurred during the first 10 min (early period) and 
mainly consisted of a remarkable and highly significant 
increase in gt,. Basolateral membrane conductance 
was, in relative terms, 2.4-fold higher in the hyposmotic 
than in the control medium. The gain is reflected by 
the rise of fR:,. it can be deduced from the temporal 

TABLE ! 

Effe('t of wdu('ed osmolality on eh'ctrical membrmw parameters in A6 

The periods 'early' and 'late' indicate IU respectively 20 rain after 
hyposmotic challenge by omission of 311 mmol/I  sucrose from the 
basolateral perfusion solution. Values are means + S.E. of eight A6 
layers. Values with ' indicate measurements in the presence of 10 -s 
M amiloride at the apical side. 

Control Early latte 
(2IX) mosmol/kg) (170 mosmol/kg) (1711 mosmol/kg) 

l~.(ixA/cm 2) 8.7 + 1.2 10.g + I.I 12.5 + 1.2 
Gt (~ .S /cm 2) 329 -+ 25 363 _+ 24 401 _+24 
fR,i 0.77_+ 0i)3 0.87 + 0.02 0.82-+ 11.02 
V~,-(mV) - 4 0  -+ 4 - 4 6  -+ 4 - 4 2  _+ 4 
V,,~ (mV) - 5 8  + 5 - 5 9  + 5 - 5 9  +_ 6 
ga (P'S/cm2) 127 _+ 18 156 -+ 16 190 -+ 19 
o Qz.~ ,.,,.2~ ~o,l * t t t  a'~'7 -+ 1 ±25 • ~ ~ . . .  • ~ . .  



evolution of changes in fR,, and ~c that the major 
fraction of increase in gl, was complete within 8-1[) 
min after hyposmotic challenge. Similar time course 
(11 min) has been reported for the gain in cellular 
volume after reduction of basal osmolality [2]. During 
the following 10 min (late period), g=, decreased slightly 
from the maximal level, but remained considerably 
elevated above the control. Increase in gt, at un- 
changed EMF of the basolateral membrane (reflected 
by constancy of V.,~) explains the hyperpolarization of 
V.~,., which oc:urred during the early and late obserea- 
tion period despite increase in i.~ c. In view of the stable 
effective emf of the basolateral membrane, a fraction 
of the gain in gh must be due to activation of K + 
channels, since the negative value of V~'c can only be 
explained by K +. 

Fig. 2 ilhtstratcs the influence of a 10 min lasting 
reduction in osmolality on basolateral K ~ conductance 
in an additional set of A6. Basolateral K ÷ conductance 
was calculated l'mm gt, and tile apparent transference 
numbers for K ~ (from Eqns. 3 ai;d 4). The three tested 
A6 layers showed a significant it~crease in gK" Mean 
value of total basolateral conductance, g~,, either dur- 
ing standard (200 mosmol/kg) or lower (170 
mosmol/kg) osmolality were 802 +_ 261 and 1887 + 766 
~S/em z, respectively. Only part of this gain was due to 
the increase in gK. Average values of gK were 205 + 64 
and 391 + 96 /zS/cm z during standard, respectively 
hyposmotic perfusion. 

The permeability patterns of the basolateral conduc- 
tive pathway during hyposmotic conditions (170 
mosmol/kg) are different from those at higher osmo- 
lality. This is illustrated by representative i /V plots 
for the same A6 layer during control and hyposmotic 
conditions in Fig. 3. Apical perfusion with stepwise 
increasing concentrations of amiloride was used to 
gradually decrease !,,:. Under control conditions, the 
relationship between corresponding values of !~ and 
V,~ displayed the linear slope reported previously, which 
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would be consistent with the presence of inward rectifi- 
cation in K÷-selectivc channels [6]. After a switch to 
the hyposmotic medium, the slope changed and the 
I/V relationship became slightly concave. The present 
data cannot reveal whether previously existing chan- 
nels are modified or whether new K+-channels with 
different characteristics and/or  other ionic pathways 
were opened. The increase in K ÷ conductance to- 
gether with outward rectification of gb would agree 
with previous observations that cell swelling results 
mainly in the appearance of voltage-insensitive K ÷- 
channels [7,8]. A similar conclusion has been made for 
A6 preparations, in which cell swelling was presumably 
induced by permeabilization of the apical membrane 
[9]. Our data demonstrate that the main part of in- 
crease in gh was due to another ionic leak conduc- 
tance. Interestingly, in preliminary experiments, this 
leak conductance disappeared in the presence of the 
Ci--channel blocker, NPPB. Accordingly, the increase 
in g~, could play a role in mediating the loss of KC! 
during a regulatory volume decrease. Patch clamp 
analysis indicate that MDCK cells respond to a hypos- 
motie swelling by an early activation of highly selective 
potassium conductances and a delayed activation of 
anionic conduetances with outward rectification pat- 
tern [10]. Their data agree very well with the changes 
of membrane potential measured during regulatc0ry 
volume decrease (RVD) [11]. Since we never observed 
a quick transient hyperpolarization, we might speculate 
that both K ÷ and other leak conductances arise at the 
same time. Since increase in cell height was larger than 
expected for an ideal osmometer [2], RVD appears to 
be non-existing in the A6 preparatio;;. However as 
noted by Crowe and Wills [2], the RVD might be 
masked by the increase in I~,: as a result of stimulated 
Na + transport. Swelling was remarkably reduced dur- 
ing inhibition of the Na ÷ transport with amiloride [2]. 

The onset of increase in g,, was not so clear and 
pronounced as that of gb and ensued continously 

eO0- 

~, 400- 

u) 
:L 

~, 2o0 

-60 

'"'~'A,. 

"~ ..... 170 mosm/kg 
E ' " "& .  

mosm/kg 

-40 = 

1;0 200 0 7 14 

Osmolallty (mosrn/kg} I,= (pA/crn|) 

Fig. 2. Effect of reduced basolateral osmolality on basolateral K 4 conductance, gK, iu three A0 layers. 

Fig. 3. !/V relationships of the basolateral membrane of an A6 layer induced by stepwise increasing concentratio.s of amiloride at the apical 
side. Open triangles and continuous iine refer to control (200 mosmol/kg) conditions. Filled triangles and dashed line represent the hYix)smolic 

(I 70 mosmol/kg) basolateral medium. 
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during the time (20 min) of observation. The magni- 
tude of iacrease in g., after 10 rain (l.2-fold higher) 
was considerably smaller than the change in gb. The 
maximal increase in l~c (after 20 min) agrees very well 
with values reported by Crowe and Wills [2]. In relative 
terms, ga increased to the same extent as the !~, 
which indicates that the observed stimulation of trans- 
port was essentially dependent  on the apical mem- 
brane response. This is not surprising, since the apical 
membrane was the main resistive barrier under  both 
conditions. Although increase in gb should affect the 
driving force fo~" apical Na + entry, the hyperpolariza- 
tion by 6 mV might be too small for detectable re- 
sponses. The mechanism underlying the increase in g,, 
is not clear. As noted previously by Crowe and Wills 
[2], the difference between time courses of change in 
cell volume and g,, excludes a direct mechanical influ- 
ence of cellular volume. Since the permeability change 
of the basolateral membrane is not limited to K +, 
intracellular electrolyte composition could be affected. 
This might influence actual ion concentrations in the 
nucleoplasm and lead to activation of genes [12-16] 
and thus g,,. Up- and downregulation of g,,, as pro- 
posed by Wills [3], in response to basolateral osmolality 
variations might be an excellent mechanism to protect 
the aquatic toad, Xenopus against desiccation without 
direct interference of hormones. 
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