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Amlloride has been shown to impair cell volume regulatory decrease in mnphiuma red cells. The present 
study has been performed to test for the influence of amiloride on volume regulatory decrease and electrical 
properties in isolated perfused mome straight proximal tubules. Replacement of 40 mmol/i NaC! with 30 
mmol/i mannitol in bath perfusate does not appreciably affect the cell volume or the potential differem.~e 
across the basolateral cell membrane. Reduction of osmolarity by omission of mannitol leads to cell swelling 
by 16.7 4-0.7~ (m- 7), followed by volume regulatory decrease to 107.2 4-1.2% (n = 7) of original cell 
volmne within 2 rain. 1 mmol/I amiloride (but not 0.1 retool/! amiloride) in the bath depolarizes the 
basolateral cell membrane from - 6 3 +  1 mV (n=TA) by +16+ 1 mV (n= 16), decreases file apimrent 
potassimm transference number from 0.69:1:0.02 ( n -  5) to 0.36 d: 0.05 ( s -  5), and significapfly imlmim 
volume regulatory decrease without appreciably modifying cell volume in i~otonic solutions. 1 mmol/I 
amilorlde in the ,'uminal pedusate leads to a slight hyperpolarb.ation of the basolaterai cell membrane but 
does not interfere with volume regulatory decrease. Reduction of bath osmolarity depolarizes the basolaterai 
cell membrane withln 30 $ by +7.84-0.8 mV ( n -  18) in the absence and by, +184- 2 mV ( n - 8 )  in the 
presence of amnoride. In the presence of reduced bath osmolarity and amHoride the potassium translerea~ 
number mnounts to 0.36 + 0.04 (n = 8). The hyperpolarization following luminal application of amiloride is 
most likely due to inhibition of Imninal sodium channels, whereas bath amiloride ~polarizes the basolateral 
cell membrane by reduction of basolateral potassium selectivity. As in amphiuma red cells amilori~ impairs 
volume regulatory decrmm¢ in proximal straight renal tubules. 

Introduction 

Previous studies in ou; laboratory have shown 
that exposure of proximal straight tubules of 
mouse kidney to hypotonic bath perfusates in. 
creases the bicarbonate selectivity and decreases 
the potassium selectivity of the basolateral cell 
membrane [1], while chloride conductance was 
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minimal in tubules exposed to either hypotonic or 
isotonic bath perfusates. Furthermore, cell volume 
regulatory decrease in perfused tubule segments is 
dependent on the presence of sodium and of bi- 
carbonate but is completely unaffected by 20 rain 
prepeffusion with chloride free perfusates on both 
sides of the epithelium [2]. Thus, volume regu- 
latory decrease in proximal straight tubules ap- 
parently involves some bica,'bonate-dependent 
process. 

The only cells reported so far involving bi- 
carbonate in volume regulatory decrease are 
amphiuma erythrocytes: In those cells volume reg- 
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ulatory decrease may be accomplished by parallel 
operation of K+/H + exchange and CI'/HCO3- 
exchange [3]. Volume regulatory decrease in those 
cells can be impaired by amilofide [3]. 

The present study has been designed to test for 
an influence of amiloride on volume regulatory 
decrease in straight proximM tubules. The results 
indeed show that volume regulatory decrease can 
be blocked by amiloride. 

Methods 

The experiments were performed on proximal 
straight tubules of SvAss mice ,'eighing 20-25 g. 
Segments of 0.2 to 0A mm length were dissected 
and perfused following principally the method of 
Burg et al. [4]. Modifications of the technique 
concerning track system, pipette arrangement, use 
of a dual channel perfusion pipette, and the elec- 
trical circuits for the registration of the potential 
difference across the basolateral cell membrane 
(PDbm) have been described in previous publica- 
tions [5,61. The luminal perfusion rate was greater 
than 10 nl/min. The bath was perfused continu- 
ously at a rate of 20 ml/min and thermostated 
with a dual channel feedback system (W. HampeI, 
Frarddurt, F.R.G.) at a temperature of 3g°C. The 
composition of the perfusates is given in Table I. 
The bath perfusates were constantly gassed with a 
mixture of 95% 02 and 5% CO 2. Amiloride was 
added to the solutions in the corresponding ex- 
periments at a concentration of I mmol/l and 0.1 
retool/l, respectively. 

Before, during and after exposure to hypotonic 
solutions, photographs were taken at a magnifica- 
tion of 400 × using DIC (Nomarski) contrast 
(ICM 405 microscope, Zeiss, Oberkochen, F.R.G.) 
focussed on the center of the tubule. The negatives 
were enlarged 50-fold and mean outer radius (r) 
and cell height (h) were determined in each print 
of one cycle. The apparent cell volume per unit 
tubule length (V) was calculated from: 

measured by a high impedance electrometer (FD 
223, WPI, Science Trading, Frankfurt, F.R.G.) 
connected with the electrode via an Ag/AgCI half 
cell. The electrodes used for recording the poten- 
tial difference across the basolateral cell mem- 
brane were pulled from filament capillaries (1.5 
mm o.d., 1.0 nun i.d., Hilgenberg, Malsfeld, 
F.R.G.) with a Narishige PE 2 vertical puller 
which was adjusted to deliver el~trodes with a 
resist~mce between I00 and 200 MI2. They were 
filled with 1 mol/l KCI solution immediately be- 
fore use. For penetrating the membrane the elec- 
trodes were advanced rapidly by a piezoelect~ric 
stepper (M, Frankenberger, Germering, F.R.G.) 
mounted on a Leitz micromanipulator (E. Leitz, 
Wetzlar, F.R,G.). A recording was accepted only, 
when the penetration of the cell membrane re- 
suited in an instantaneous deflection of the read- 
ing, Furthermore, the potential difference across 
the celt membrane had to be more negative than 
- 5 0  mV and stable (+ 2 mV) for at least 1 rain. 
Withdrawal of the electrode was to be followed by 
an immediate return of the electrode reading to 
the baseline value (:i: 2 mY). The resistance of tbe 
electrodes was checked by short current pulses 
and had to be constant during the ~palement 
(+200g). The apparent transference number for 
potassium (tk), i.e. the apparent contribution of 
peritubular potassium conductance to the conduc- 
tance of both call membranes [6] has been calcu- 
lated from: 

tk = - dPD Ig(CI/£z)/61.5 

where dPD is the rapid change of the potential 
difference across the basolateral cell membrane 
upon increase of bath potassium concentration 
from 5 (Cl) to 20 mmol/l (C2). 

The data are expressed as axhhmetic means _+ 
S.E. Statistical analysis was made by paired t-test, 
where applicable, P < 0.05 was considered statisti. 
cal|y significant. 

V ~  ~ r [ r  2 - ( r  - h )  2] = ¢,(2 rh - h 2 ) 

The obtained vMues oze expressed in fracfons of 
the apparent volume (Vo) calculated for tubules 
prior to hypotonic swelling. The potential dif- 
ference across the basolateral cell membrane was 

Results 

During control conditions (solutions 1 and 6, 
Table I) the potential difference across the baso- 
lateral cell membrane (PDb~) is -63.44-1.3 mV 
(n - 24), No change of PDb~ is observed when 40 
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Fig. 1. Effect of 1 mmol/[ amiloride added to either the luminal or bath perfnsate on the potential difference across the basolateral 
cell membrane (PDbl) of isolated peffused straight proximal tubules (original tracing). The depolarizing voltage deHecdons at the 
begilming of the recording correspond to the input resistance of the electrode, the hyperpolarizin$ voltage deflectiom are due to 

current injections into the tub~ar lumen. 

mmol/l  NaC1 in solution ] are replaced by 80 
mmol/1 mannitol (solution 2, Table I). As shown 
in Figs. 1 and 2, 1 mmo!/l  amiloride in the beth 
perfusate depolarizes the basolateral cell mem- 
brane by + 1 5 . 9  =E 1.3 mV (n  = 16). 0.1 mmol/I 
amiloride in the bath does not significantly alter 
PDbl (+0.3 -I-0.3 mY, n = 5), 1 mmol/l  amiloride 
in luminal perfusate hyperpolarizes the basolateral 
cell membrane by - 3.3 + 0.3 mV (n  = 9). 

As illustrated in Figs. 3 and 4, an increase of 
bath potassium concentration from 5 to 20 mmol/t  
(solution 4, Table I) depolarizes the basolateral 

cell membrane by +25.5 + 0.9 mV (n = 5) in the 
absence and by +13.2 ± 1.9 mV (n  = 5) in the 
prescace of 1 mmol/l  amilodde in the bath. The 
respective transference numbers for potassium (tk) 
amount to 0.69 + 0.02 and 0.36 + 0.05, respec- 
tively. Decrease of peritubular osmolarity by 80 
mosmol/I by omission of mannitol (solution 3, 
Table I) depolarizes the basolateral cell membrane 
within 30 s by +7.8 + 0.8 mV (n = 18) in the 
absence and by +17.9 ± 1.7 mV (n = 8) in the 
presence of 1 retool/1 amiloride in the bath per- 
fusate. In the presence of reduced bath osmolarity 
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Fig. 2. Effect of 1 mmol/I amiloride added to either the luminl (A) or bath (B) pcrfusate on the potential difference across the 

basolateral cell membrane (PDbz) of isolated perfused straight proximal tubules. Each line represents one tubule. 



TABLE I 

COMPARISON OF SOLUTIONS USED 

All solutions were equilibrated with 570 CO 2 and :)5% 0 2. 

Solution Composition (retool/l) 

Bath 

1 2 3 4 5 

Lumen 

6 

NaCt 110 
KCI 5 
H.--HCOa 20 
C.aCI z 1.3 
MgCI: 1 
N a 2 H P O  4 2 
Sodium 

acetate 10 
Giucos¢ 5 
Mannilol - 
Mosmol/l 308 

70 70 55 55 120 
5 5 20 20 5 

20 20 20 20 20 
1.3 1.3 1.3 1.3 1.3 
1 1 1 1 1 

2 2 2 2 2 

10 10 10 10 - 
5 5 5 5 - 

80 - 80 - 5 
308 228 308 228 "308 
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Fig, 3. Effect of bath potassium concentration altered from 5 
to 20 ramol/q on the potential difference across the. basolateral 
cell membrane (PDb0 of isolated pcrfuse, d straight proximal 
tubules in the presence and in the absence of I mmol/1 
amiloride (original tracing). The dq)olarizing voltage deflec- 
tions at the beginning of the recording correspond to the input 
resistance of the electrode, the hyperpolarizing voltage deflec- 

tions a~e due to current injections into the tubular lumen. 

B a t h  P o t a s s i u m  C o ¢ ¢ e n t m t i o n  [ m m o l / I )  

Fig. 4. Effect of bath potassium concentration ahered from 5 to 20 mmol/I on the potential difference across the basolateral cell 
membrane (PDb=) of isolated perfuseat straight proximal tubules in the absence (left panel) and in the presence of 1 mmol/l amiloride 

at isotonic conditions (middle panel) and hypotonic conditions (right panel). Each line represents one tubule. 
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cell volume (100.9 :t: 0.8~, n = 10) but severely 
impairs volume regulatory decrease: In t he  pres- 
ence of 1 mmol/1 amiloride, cell volume is still 
116.8 ± 2.6~ (n = 10) of original cell volume 2 
min following exposure to hypotonic bath per- 
fusates (Fig. 5). Volume regulatory decrease is not 
affected significantly by 0.1 retool/! amiloride in 
the bath (Fig. 5), or amiloride in the lumen (Fig. 
6). 

Discussion 

Fig. 5. [~fect of hypotonic solutions on ceD volume in isolated 
perfuse~ proximal tubule segments in the absence of amiloride 
(open c~rcles, n = 7), in the presence of I mmolfl amilonde 
(closed circles, n =10) or of 0.t mmol/l amiloride (closed 

triangles, n = 11) in the bath (mean values+ S.E.). 

and amiloride, increase of extracellular potassium 
concentration from 5 to 20 mmol/l depolarizes 
the cell membrane by +13.4 :!: 1.5 mV (n = 8). 
Accordingly, the apparent transference number 
for potassium (tk) amounts to 0,36 :!: 0.04 (n -- 8). 

Decrease of peritubular osmolarity by 80 
mosmol/1 by omission of mannitol (solution 3, 
Table I) leads to a swelling of the tubule epi- 
thelium by 16.7 :i: 0.7% (n--7) followed by cell 
volume regulatory decrease to 107.2:1:1.29~ of 
original cell volume within 2 rain (Fig. 5). 
Amilofide (1 mmol/1) does not significantly alter 
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Fig. 6. Effect of hypotonic solutions on cell volur,:e i .  isolated 
perfused proximal tubule segments in the absence of amiloride 
(open circles, n = 7) and in the presence of 1 nunol/! amiloride 

(closed circles, n = 7) in the lumen (mean values ± S.E.). 

The present observations show that amiloride 
from the luminal cell side hyperpolarizes the 
basolaterai cell membrane and that amiloride from 
the basolateral cell membrane depolarizes the 
basolateral cell membrane and markedly impairs 
regulatory volume decrease. 

The slight hyperpolarization of the besolateral 
cell membrane following appfication of amiloridc 
to the luminal cell membrane is best explained by 
inhibition of sodium channels in the luminal cell 
membrane [7,8,9], leading to reduced circular cur- 
rent across the basolateral cell membrane [10]. 

The depolarization of the basolateral cell mem- 
brane following addition of amiloride to the bath 
is readily explained by the reduction of potassium 
selectivity, reflected by the decrease of the ap- 
parent trans~rence number for potassium. A de- 
crease of potassium selectivity could result from a 
decrease of basolateral potassium conductance or 
an increase of some other conductive pathway. 

Amiloride is known to inhibit the sodium/ 
hydrogen ion exchanger [7,11]. A sodium/ 
hydrogen ion exchanger has been reported to oc- 
cur in the basolateral cell membrane of amphibian 
proximal tubules [12]. As long as such a system 
operates in basolateral cell membranes of mare- 
marian pro,,omal tubules and its inhibition leads to 
intracelhlar acidification, a decrease of potassium 
conductance could be explained by intraceUular 
acidification, since potassium conductance in 
proximal tubules has been shown to depend on 
intracellular pH [13,14]. A similar effect of 
amiloride has been observed in amphibian distal 
tubule [15]. ~Mternatively, amilorid¢ could reduce 
potassium conductance by a more direct inter- 
ference with the potassium channels, although such 
an effect has not been described so far. This 



would explain the rapid, reversible depolarization 
of the cell membrane following application of 
amiloride. Other effects ascribed to amiloride do 
probably not explain the observed depolarization: 
Inhibition of Na+/K+-ATPase [16,17] by 
amiloride would, similar to ouabain [6], lead to a 
slow, gradual decline of cell membrane potential 
to much lower va!,_,e~, with slow recovery. Inhibi- 
tion of a- and fl-receptors [18] is not relevant 
since no hormones were present in the bath. 
Amiloride sensitive voltage gated calcium chan- 
nels [19] are not likely to be present in proximal 
renal tubules at resting cell membrane potential 
and increase of intracellular calcium activity, e.g. 
by inhibition of the sodium/calcium exchanger, 
would not affect the potassium channels in mouse 
proximal tubules, since the channels appear to be 
rather insensitive to alterations of intraccllular 
calcium activity [20]. 

The mechanism accounting for inhibition of 
volume regulatory decrease by amiloride is again 
not entirely clear: One possible mechanism is the 
inhibition of potassium conductance by amiloride, 
as suggested in a most recent study on 
pheochromocytome cultured cells [21]: In a previ- 
ous study we have shown that barium, which 
blocks potassium conductance completely and de- 
polarizes the cell membrane to some -30  mV 
[20], similarly impairs volume regulatory decrease 
[2]. Furthermore, cells swell following increase of 
bath potassium concentration and ate unable to 
volume regulate at 30 or 40 mmol/l bath potas- 
sium concentration. However, if the cell mem- 
brane is depolarized to -40 mV by enhanceraent 
of bath potassium concentration to 20 mmol/1, 
volume regulatory decrease is virtually unaffected 
(unpublished observations). Amiloride reduces 
potassium conductance only to half and de- 
polarizes the cell membrane only to slightly less 
than -50 inV. Thus, inhibition of potassium con- 
ductance and the respective depolarization of the 
basolateral cell membrane may not suffice to ex- 
plain the marked impairment of volume regu- 
latory decrease. 

In conclusion, amiloride from the lumen hyper- 
polarizes the basolateral cell membrane in mouse 
straight proximal renal tubules probably by in- 
hibiting sodium channels in the luminal cell mem- 
brane. Amilofide from the basolateral side de- 

polarizes the cell membrane by reducing the baso- 
lateral cell membcane potassium conductance. 
Amiloride impairs volume regulatory decrease by 
reducing the potassium conductance or by inter- 
ference with some other volume regulatory mecha- 
nism. 
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