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Summary. ADH, acting through cAMP, increases the potassium 
conductance of apical membranes of mouse medullary thick as- 
cending limbs of Henle. The present studies tested whether ex- 
posure of renal medullary apical membranes in vitro to the cata- 
lytic subunit of cAMP-dependent protein kinase resulted in an 
increase in potassium conductance. Apical membrane vesicles 
prepared from rabbit outer renal medulla demonstrated bume- 
tanide- and chloride-sensitive 22Na* uptake and barium-sensi- 
tive, voltage-dependent S6Rb- influx. When vesicles were loaded 
with purified catalytic subunit of cAMP-dependent protein ki- 
nase (150 mU/ml), I mM ATP, and 50 mM KCI, the barium- 
sensitive a6Rb t influx increased from 361 -+ 138 to 528 ~ 120 pM/ 
mg prot �9 30 sec (P < 0.01). This increase was inhibited 
completely when heat-stable protein kinase inhibitor (I /xg/ml) 
was also present in the vesicle solutions. The stimulation of 
86Rb* uptake by protein kinase required ATP rather than ADP. It 
also required opening of the vesicles by hypotonic shock, pre- 
sumably to allow the kinase free access to the cytoplasmic face 
of the membranes. We conclude that cAMP-dependent protein 
kinase-mediated phosphorylation of apical membranes from the 
renal medulla increases the potassium conductance of these 
membranes. This mechanism may account for the ADH-medi- 
ated increase in potassium conductance in the mouse mTALH. 
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Introduct ion 

K § is the p redominan t ,  and possibly  the sole, con- 
duct ive  species c ross ing  apical membranes  of  
mouse  medul la ry  thick ascending  limbs of  Henle  
( m T A L H )  [13]. This paper  provides  ev idence  that 
the ant idiuret ic  h o r m o n e  (ADH)-media ted  increase 
in apical K + c o n d u c t a n c e  o f  microper fused  
m T A L H  segments  [15] m a y  be referable to ATP-  
dependen t  phosphory la t ion  o f  apical membranes  by 
c A M P - d e p e n d e n t  protein kinase.  

* P r e s e n t  a d d r e s s :  Division of Nephrology, University of 
Texas Medical School, Houston, Texas, 

In isolated mouse  m T A L H  segments ,  A D H ,  
opera t ing via the adenyla te  cyc lase  cascade  [14], 
increases  the rate o f  net CI absorp t ion  [14], the 
spon taneous  transepithelial  voltage [14], and G, 
(mS cm-2),  the Ba2+-sensitive t ranscel lular  electri- 
cal c o n d u c t a n c e  [13, 23, 27]. There  is general agree- 
ment  that this increase in G~ includes an increase in 
g~] (mS cm 2), the CI-  c o n d u c t a n c e  o f  basolateral  
membranes  [23, 27], and that concomi tan t ly ,  Vb] 
(mV), the basolateral  m e m b r a n e  voltage,  is depolar-  
ized [13, 27]. 

At least two classes o f  explanat ions  have been 
set forth to a ccoun t  for  this A D H - d e p e n d e n t  in- 
crease  in g~]. Schla t ter  and Greger  [27] have argued 
that A D H  produces  a pr imary  increase in g~j. Alter- 
natively,  we have found that  luminal furosemide  
abolishes the A D H - d e p e n d e n t  increases in G~ and 
in g~] [23]. Accord ing ly ,  we have p roposed  that 
A D H  increases  intracellular  CI activi ty by increas- 
ing the funct ional  number  of  apical N a  + : K § : 2CI 
co t ranspor t  units, and that  this rise in intracellular 
CI-  activi ty p roduces  a s econda ry  increase in g~] 
[23]. Fu r the rmore ,  in the presence  o f  luminal furo- 
semide,  d ibutyry l -cycl ic  adenos ine  m o n o p h o s p h a t e  
(db-cAMP)  increases  the rate o f  net K + secret ion in 
isolated mouse  m T A L H  segments  [15]. Accord -  
ingly, we have p roposed  that,  in mouse  m T A L H  
segments ,  A D H  exerts  an admi t tance  effect on api- 
cal p lasma membranes ,  that  is, to increase the func- 
tional number  o f  both Na  + : K § : 2C1- co t ranspor t  
units and K § channels  [15, 22, 23]. 

The  present  exper iments  were  designed to eval- 
uate the mechan i sm for  this ho rmone-med ia t ed  in- 
crease  in apical K + conduc tance .  Specifically, we 
tested the effects o f  A T P  and the catalyt ic  subunit  
of  c A M P - d e p e n d e n t  protein kinase on Ba2+-sensi - 
tive, bumetanide-  and ouabain- insensi t ive  ~6Rb+ in- 
flux into renal medul lary  vesicles loaded with KC1. 

The  results indicate that  loading the vesicles 
with A T P  and with the catalyt ic  subunit  of  cAMP-  
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dependent protein kinase produces a specific stimu- 
lation of conductive Ba2+-sensitive, bumetanide- 
and ouabain-insensitive 86Rb+ uptake into such ves- 
icles. Accordingly, we conclude that ATP-depen- 
dent phosphorylation of apical plasma membranes 
of mTALH segments by cAMP-dependent protein 
kinase may activate K + channels already present in 
those membranes. A preliminary report of these 
findings has been presented elsewhere [25]. 

Materials and Methods 

In prior studies,  we prepared membrane  vesicles from rat outer  
medulla using a modification [24] of  a method described by 
Jorgensen [161. Kinne et al. [17] recently described a method for 
making renal medullary vesicles from rabbit outer  medulla in 
which there was enr ichment  of  alkaline phosphatase  activity and 
de-enr ichment  of  (Na + + K*)-ATPase  activity. Thus  in the 
present  exper iments ,  we adopted the method of Kinne et al. [ 171 
to prepare membrane  vesicles from rabbit outer  medulla. 

The outer  strip of  medulla was dissected,  minced to a fine 
paste, suspended in 20 volumes o f  25(1 mM sucrose,  10 mM Tris, 
16 mM HEPES (pH 7.4) and homogenized for 11 strokes in a 
Teflon-glass homogenizer  at tached to a rotary drill turning at 800 
rpm. The resulting homogena te  was centrifuged at 2300 rpm for 
10 rain (Sorval SS-34 rotor). The pellet was discarded and the 
supernatant  fluid was centrifuged at 11,700 rpm for 20 rain. The 
supernatant  was retained and the fluffy white upper layer of  the 
pellet was gently removed and resuspended in the homogenizing 
buffer and spun again at 11,700 rpm for 20 rain. This step was 
repeated and the three supernatants  were combined and centri- 
fuged at 20,000 rpm for 40 rain. The resulting pellet was then 
suspended in approximately 1000/,1 of  buffer solution by draw- 
ing the vesicles back and forth through a 27-gauge needle. 

P R O C E D U R E  FOR L O A D I N G  VESICLES 

Vesicles were loaded with the appropriate salts, enzymes ,  and 
nucleotides by hypotonic shock.  300/*1 of vesicles suspended in 
250 mM sucrose  were diluted into 6 ml of  a solution containing l0 
mM KCI, 5 mM KF,  I mM MgCI> 1 p,M CaCI2, 10 mM Tris, 16 mM 
HEPES,  0,5 mM ouabain and 1 mM sodium ATP (pH 7.4). Vesi- 
cles so loaded served as the control vesicles for all experiments .  
The catalytic subuni t  (see below) of cAMP-dependent  protein 
kinase (150 mU/ml)  and/or  an inhibitor (see below) of cAMP- 
dependent  protein kinase (1 /*g/ml) were added when appropri- 
ate. Likewise, in some exper iments  (see Fig. 4), ADP was substi- 
tuted for ATP. The  suspens ion  was incubated on ice for [5 min 
before centrifugation at 48,000 x g for 40 rain. 

The pellets were resuspended  in a solution containing (in 
mm): 40 KCI, 10 KF,  I MgCI2, 0.001 CaCI> 0.5 ouabain,  10 Tris, 
16 HEPES,  200 sucrose  (no ATP or protein kinase) and centri- 
fuged at 48,000 • g for 40 min. This  step was repeated once.  The 
final pellet was resuspended to a volume of 300/zl. 

P R O C E D U R E  FOR M E A S U R I N G  S6Rb+ U P T A K E  

The conditions for ~'Rb + uptake were similar to those described 
by Burnham et al. [3]. Specifically, we assayed  Ba2+-sensitive 
~Rb + uptake, which was ouabain- and bumetanide-insensi t ive in 

vesicles loaded, as described above,  with I mM ATP. 100 ~1 of 
vesicles were eluted through a Dowex D5(}W ion exchange 
column (previously equilibrated with Tris and poured in a Pas- 
teur pipette) with 300/*1 of 300 mM sucrose,  20 mM Tris, 16 mM 
HEPES in order to remove the potass ium (or other cation) from 
the extravesicular  solution. Isotope uptake was initiated by add- 
ing 150 bd of the Dowex-treated vesicle suspens ion  to 50 /xl of  
isotope solution, resulting in final concentra t ions  of (in raM): 0.25 
~6RbCI ( 106 cpm/50/,1), 250 sucrose,  0.5 ouabain,  (I. I bumetanide ,  
10 Tris, 16 HEPES,  -+ 2 BaCI2. At specified intervals, 5(/ tzl 
aliquots of  the reaction mixture were transferred to a cold Do- 
wex column and the vesicles were eluted with 1 ml of  a cold 2511 
mM sucrose solution into counting vials. All assays  were carried 
out  in duplicate or  triplicate. The activity of  the e[uate was mea- 
sured on a liquid scintillation counter .  

22Na+ U P T A K E  

22Na+ uptake was measured  as described previously 117, 24J. 
Specifically, =Na  + uptake was determined in triplicate by a rapid 
filtration technique.  Vesicles containing 100 mM sucrose,  1 mM 
MgSO4, 21) mM tr iethanolamine (pH 7.4) were added to a -'-'Na" 
containing solution so that the final composi t ion of the reaction 
mixture was 100 mM sucrose,  55 mM KCI or K gluconate,  (I.5 mM 
22NaCI, I mM MgSO4, 20 mM triethanolamine,  I mM amiloride 
(pH 7.4). Transpor t  was terminated after 5 sec by the addition of 
1.5 ml of  a cold stop solution containing 150 mM KNO> 20 mM 
triethanolamine.  The diluted sample was immediately filtered 
through a 0.45/zm filter and washed with four additional aliquots 
of  cold stop. Activity of  the =Na  - retained on the filter was 
determined by liquid scintillation photometry.  

ASSAYS 

Protein was measured  by the method of Lowry et al. 1211. The 
plasma membrane  vesicles were assayed for alkaline phospha-  
tase and (Na + + K+)-ATPase activity. Alkaline phosphatase  was 
determined from the rate of  p-nitrophenol production using p- 
nitrophenol phospha te  as a substrate  (Sigma Technical  Bulletin 
No. 104). The  (Na + + K+)-ATPase activity was determined 
spectrophotometr ical ly using a regenerating coupled enzyme as- 
say [5]. 

M A T E R I A L S  

The catalytic subuni t  of  cAMP-dependent  protein kinase (PK- 
CSU),  generously  provided by Dr. E.J. Weinman,  was prepared 
from rabbit skeletal muscle using the procedure of Beavo et al. 
[2]. The protein kinase inhibitor (also provided by Dr. E.J. Wein- 
man) was prepared from rabbit skeletal muscle according to the 
procedure of Whi tehouse  and Walsh [31]. 22NaCI and 86RbCI 
were obtained from New England Nuclear.  All other  chemicals 
were of  the highest  grade available. 

Results 

The vesicles were prepared by a slight modification 
of the procedure of Kinne et al. [I7]. The enrich- 
ment in alkaline phosphatase of vesicles over the 
starting homogenate was 4.8 +_ 0.6 (SEM; n = 4; P < 
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Fig, 1, 22Na+ uptake into medullary vesicles was determined as 
described in Materials and Methods  in the presence and absence 
of 1 mM bumetanide .  The inwardly directed salt gradient was 
either KCI or K gluconate.  The results are expressed as mean 
values + SEM 

0.01), which is similar to that reported by Kinne et 
al. [17]. In our experiments, we did not observe de- 
enrichment of (Na + + K'  )-ATPase activity in renal 
medullary vesicles. Instead, the (Na + + K+) - 
ATPase activity of the medullary vesicles was indis- 
tinguishable from the activity in the starting homog- 
enate, that is, enriched 1.4 +- 0.3 times (n - 4; P = 
NS). 

22Na+ U P T A K E  S T U D I E S  

Since alkaline phospbatase activity is not a specific 
marker for apical membranes, we also examined the 
vesicles for a functional marker of apical membrane 
activity. Specifically, as in prior studies with rat 
renal medullary vesicles [24], we evaluated bume- 
tanide-sensitive 22Na+ uptake driven by an inwardly 
directed KCI gradient (see Materials and Methods). 
In rat renal medullary vesicles, such bumetanide- 
sensitive 22Na+ uptake depends on the simultaneous 
presence of both K + and C1- [24]. Likewise, the 
results presented in Fig. 1 show clearly that, in the 
rabbit renal medullary vesicles used in the present 
e x p e r i m e n t s ,  10 -3 M bumetanide inhibited 58% of 
22Na+ uptake driven by an inwardly directed KCI 
gradient. Moreover, this bumetanide-sensitive 
22Na+ uptake was eliminated completely when glu- 
conate replaced CI-. These results are closely com- 
parable to those of Kinne et al. [17] in rabbit medul- 
lary vesicles, to those obtained by us in rat 
medullary vesicles [24], and to the results of other 
workers in medullary vesicles from various species 
[6, 19]. 

These results indicate that the rabbit medullary 
vesicles used in the present studies contained, at a 
minimum, apical mTALH membranes. However, 
the data from (Na + + K+)-ATPase enrichment 
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Fig. 2, The time course  of ~'Rb* into medullary vesicles. 86Rb+ 
uptake driven by an outwardly directed KCI gradient was mea- 
sured as described in Materials and Methods  at each of the indi- 
cated times. Paired measu remen t s  of  S6Rb+ uptake at each of the 
indicated t imes were made with and without 2 m M B a  > in aque- 
ous media.  The results are expressed  as mean values • SEM 

listed above also show that the vesicles had about 
the same activity for this basolateral enzyme 
marker as the starting homogenate. Thus we con- 
sider that the vesicles used in the present experi- 
ments contained primarily apical mTALH mem- 
branes, but there also was present an admixture of 
basolateral membranes. The latter observation is 
consistent with our earlier findings with rat medul- 
lary vesicles [24], as well as with the observations 
of others on medullary vesicles from different mam- 
malian species [6, 16, 17, I9]. 

86Rb+ UPTAKE 

Apical membranes of TALH cells contain barium- 
sensitive K § channels as the principal conductive 
element [9, 10, 13]. To evaluate the presence of 
such a K § conductance in these vesicles, we stud- 
ied the time course o f  Ba2+-sensitive, ouabain- and 
bumetanide-insensitive 86Rb+ uptake into vesicles 
loaded with 50 mM KCI, 1 mM ATP (see Materials 
and Methods). The results presented in Fig. 2 show 
that approximately 40% of the total S6Rb+ uptake 
was inhibited by 2 mM BaCI2. This relatively pro- 
longed uptake phase is consistent with the results of 
Burnham et al. [3] and is typical of conductive K § 
transport when measured under these conditions 
[8]. 

The nature of the 86Rb+ uptake pathway was 
examined further by testing the ionic specificity of 
Ba2+-sensitive 86Rb+ uptake. Table I presents the 
results of experiments in which we compared 86Rb+ 
uptake at 30 sec into vesicles loaded with 1 mM ATP 
and with either KCI, NaCI or potassium isethionate. 
When Cl- was replaced by isethionate, both the to- 
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Table 1. Ionic requirements for 86Rb+ uptake into medullary 
membrane vesicles 

86Rb+ uptake 

(pM/mg protein �9 30 sec) 

Intravesicular 0 Ba 2+ 2 mM Ba 2- Ba>-sensitive 
salt uptake 

KC1 1659 -+ 119 934 -+ 50 725 -+ 77 
K isethionate 2756 _+ 190 1833 _+ 207 923 -+ 69 a 
NaC1 410 _+ 35 261 _+ 27 148 -+ 10" 

(n = 11) 

Vesicles were loaded as described in Materials and Methods with 
either 50 mM KCI, 50 mM K isethionate, or 50 mM NaCI. The 
barium-sensitive component is the mean paired difference be- 
tween values with and without 2 m M B a  2+. The results are ex- 
pressed as mean values _+ SEM. 
a (p < 0.001 v s .  KC1). 

tal 86Rb+ uptake and the Ba2+-sensitive 86Rb+ up- 
take increased. Thus 86Rb+ uptake did not depend 
on the simultaneous presence of K + and C1-. The 
results shown in Table 1 also indicate that, when the 
vesicles were loaded with NaCI rather than with 
KC1, both the 86Rb+ uptake and BaZ+-sensitive 
86Rb+ uptake were strikingly reduced. These results 
indicate that the a6Rb+ uptake pathway was specific 
for K + with respect to Na +. 

It was pertinent to evaluate the possibility that 
the pathway for 86Rb+ influx was conductive. To 
test this view, we measured relative intravesicular 
voltage with the voltage sensitive dye DiS-C3-(5) 
[32]. Figure 3 shows tracings from a representative 
experiment of the relative fluorescence intensities 
when identical aliquots of vesicles containing 100 
mM potassium were diluted into solutions contain- 
ing 2/XM DiS-C3-(5) and either 100 mM K + or zero 
K +, and either 2 mMBa 2+ or zero Ba 2+. The data 
indicate that Ba 2+ had little effect on the relative 
intravesicular voltage, as estimated by fluorescence 
intensity, when the potassium concentrations inside 
and outside the vesicles were equal. However, 
when the vesicles were diluted into a zero K + me- 
dium, the change in fluorescence intensity indicated 
that the vesicle interior hyperpolarized, and that 
this hyperpolarization was reversed by barium. Fi- 
nally, the addition of valinomycin resulted in hyper- 
polarization of these vesicles even in the presence 
of barium. Thus when taken together, the data in 
Table 1 and Fig. 3 indicate that, in these vesicles, 
Ba2+-sensitive, ouabain- and bumetanide-insensi- 
tive S6Rb+ influx driven by an outwardly directed 
K + gradient occurred via a conductive pathway that 
was highly selective for K + with respect to Na +, 
and did not require CI-. 
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Fig. 3. Intravesicular voltage determined by DiS-C3-(5) fluores- 
cence [32]. Vesicles containing 100 mM K gluconate were diluted 
into a solution of either 100 mm K gluconate (Kin = Kou0 or 100 
mM Na gluconate (Kin > Kout), with and without 2 mM BaCI2 and 
containing 2 p~M DiS-C3-(5) 

E F F E C T S  OF THE CATALYTIC S U B U N I T  OF 

c A M P - D E P E N D E N T  PROTEIN K I N A S E  

In earlier studies, we found that dibutyryl-cAMP 
augmented the rate of net K + secretion in isolated 
mouse mTALH segments exposed to 10 .4  M lumi- 
nal furosemide [15]. Moreover, in cultured chick 
kidney cells, ADH and forskolin activate apical K + 
channels [11]. Thus it can be argued that ADH, op- 
erating via cAMP, increases the functional number 
of K § channels in mTALH segments [13, 15]. Ac- 
cordingly, in the present experiments, we evaluated 
the possibility that the Ba2+-sensitive component of 
86Rb+ uptake might be modulated by cAMP-depen- 
dent protein kinase. 

Specifically, as in all experiments, the renal 
medullary vesicles were loaded by hypotonic shock 
with 1.0 mM Mg 2+ and with 1 mM ATP as described 
in Materials and Methods. Identical aliquots of vesi- 
cles were also loaded with 150 mU/ml of purified 
catalytic subunit of cAMP-dependent protein ki- 
nase (PK-CSU) and, in some instances, with 1/xg/ 
ml of purified protein kinase inhibitor (PKI). This 
experimental protocol permitted paired compari- 
sons among identical aliquots of vesicles loaded 
with three different groups of agents, that is: vesi- 
cles loaded only with 1 mM ATP, vesicles loaded 
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Table 2. Effects of  ATP and the catalytic subunit  of  cAMP-dependent  protein kinase on 86Rb- uptake 
by medul lary membrane  vesicles loaded with potass ium chloride 

69 

86Rb+ uptake A Ba2+-sensitive 
(pM/mg protein - 30 sec) uptake 

Condit ion 0 Ba 2+ 2 m M B a  2+ Ba-~--sensitive 
uptake 

ATP 1154 -+ 344 793 -'- 212 361 _+ 138 

ATP,  PK-CSU 1307 § 403 778 + 241 528 _+ 170 

ATP, PK-CSU, PKI 1068 -+ 299 748 -+ 209 319 -+ 90 
(n = 4) 

A = 167 -+ 47 
(P < 0.01) 

A = 209 + 86 
(P < 0.05) 

Vesicles were loaded by hypotonic  shock,  as described in Materials and Methods and in Results,  with 
either I mM ATP,  ATP and the catalytic subuni t  of  cAMP-dependent  protein kinase (PK-CSU) or 
ATP, PK and heat-stable protein kinase inhibitor (PKI). The intravesicular salt was KCI. The results 
are expressed  as mean  values _+ SEM. 

with 1 mM ATP plus the catalytic subunit of cAMP- 
dependent protein kinase, and vesicles containing 1 
mM ATP, PK-CSU, and purified protein kinase in- 
hibitor. In all instances, the vesicles were also 
loaded with 10 mM KF to inhibit protein phospha- 
rases [1], and with 1 mM MgC12 and 0.001 mM CaC12 
(see Materials and Methods). Finally, as indicated 
in Materials and Methods, the external solutions 
uniformly contained 0.5 mM ouabain and 0.I mM 
bumetanide. 

Table 2 shows the effects of the catalytic sub- 
unit of cAMP-dependent protein kinase and of the 
protein kinase inhibitor on the two components of 
86Rb+ uptake into vesicles containing 50 mM K +. 
Loading the vesicles with PK-CSU resulted in a 
46% increase in the BaZ+-sensitive component of 
86Rb+ uptake, that is, from 361 _+ 138 pM/mg protein 
�9 30 sec to 528 --+ 170 pM/mg protein �9 30 sec (P < 
0.01). However, PK-CSU had no effect on the 
Ba2+-insensitive component of 86Rb+ uptake. The 
results presented in Table 2 also indicate clearly 
that this enhancement of Ba2+-sensitive 86Rb+ up- 
take by PK-CSU could be blocked entirely by PKI 
and that the latter agent had no statistically discern- 
ible effect on the Ba2+-insensitive component of 
86Rb+ uptake. 

Figure 4 illustrates the results of paired experi- 
ments in which we tested nucleotide specificity for 
the enhancement of Ba2+-sensitive 86Rb+ uptake by 
PK-CSU. The vesicles were loaded under three dif- 
ferent sets of conditions: 1 mM ATP; 1 mM ATP 
plus PK-CSU; or 1 mM ADP plus PK-CSU. The 
results presented in Fig. 4 show clearly, in agree- 
ment with the results in Table 2, that PK-CSU pro- 
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Hg. 4. Effects of  ATP,  ADP and PK-CSU on stimulation of 
86Rb- uptake driven by an outwardly directed KC1 gradient. 
Identical aliquots of  vesicles were loaded as described in Mate- 
rials and Methods  with either 1 mM ATP,  1 mM ATP plus PK- 
CSU or l mM A D P  plus PK-CSU.  The  lines connect  values for 
individual exper iments  

duced about a 35% increase in Ba2+-sensitive S6Rb+ 
uptake in vesicles loaded with 1 mM ATP. How- 
ever, PK-CSU did not augment Ba2+-sensitive 
86Rb+ influx in vesicles containing 1 mM ADP in- 
stead of 1 mM ATP. 

As noted earlier, the vesicles used in these ex- 
periments are primarily apical membranes with an 
admixture of basolateral membranes�9 Thus we 
wished to exclude the possibility that the increase in 
86Rb+ uptake in vesicles loaded with ATP and PK- 
CSU (Table 2) occurred because these agents af- 
fected C1- conductance, or activated a KC1 symport 
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Table 3. Effects of  ATP and the catalytic subunit  of  cAMP-dependent  protein kinase on S6Rb* uptake 
by medullary vesicles loaded with potass ium isethionate 

S6Rb+ uptake ABaZ*-sensitive 
(pM/mg protein �9 30 sec) uptake 

Condit ion 0 Ba 2+ 2 m M B a  2+ Ba2+-sensitive 
uptake 

ATP 2026 -+ 276 1052 -+ 98 974 _+ 188 

ATP,  PK-CSU 2223 -+ 208 1051 -+ 66 1172 _+ 149 

ATP,  PK-CSU,  PKI  2051 -+ 233 1036 -+ 88 1015 -+ 151 
(n = 7) 

A = 198 -+ 62 
(P < 0.01) 

A = 157 +- 27 
(P < 0.01) 

The exper iments  were carried out  as described in Table 2, except  that the vesicles contained potass ium 
isethionate rather  than KC1. The results are expressed  as mean  values _+ SEM. 

Table 4. Effect of  vesicle-loading procedure on the stimulation 
of 86Rb+ uptake by PK-CSU 

Ba>-sens i t ive  S6Rb+ uptake 
(pM/mg protein - 30 sec) 

Loading condition 

Isotonic Hypotonic  

ATP 586 -+ 50 441 -+ 54 
ATP + PK-CSU 628 -+ 41 669 -+ 52 

A 42 + 23 228 + 23 
(P = NS) (P < 0.005) 

[n = 3] 

Identical aliquots of  vesicles were exposed  to ATP and the cata- 
lytic subunit  of  cAMP-dependen t  protein kinase using either a 
hypotonic solution (see Materials and Methods)  or an isotonic 
solution (230 mM sucrose  added to the hypotonic solutions). The 
intravesicular  salt was KCI. All subsequent  steps and the trans- 
port assay  were identical, as described in the text.  The results 
are expressed  as mean  values -+ SEM. 

process, in basolateral vesicles present in the prepa- 
ration. 

Accordingly, we evaluated the effects of ATP, 
PK-CSU and PKI on 86Rb+ uptake into vesicles 
containing potassium isethionate rather than KC1. 
The results of these experiments, presented in Ta- 
ble 3, show clearly that, with vesicles containing 
potassium isethionate, the catalytic subunit of 
cAMP-dependent protein kinase augmented specifi- 
cally the Ba2+-sensitive component of 86Rb+ uptake 
and that this enhancement was blocked by PKI. 
Moreover, an unpaired comparison of the results 
presented in Tables 2 and 3 indicates that the magni- 

tude of the increase in 86Rb+ uptake produced by 
PK-CSU was nearly the same when vesicles con- 
tained either KC1 (Table 2, 167 -+ 47 pM/mg protein 
' 30 sec) or potassium isethionate (Table 3,198 -+ 62 
pM/mg protein �9 30 sec). 

E F F E C T  OF V E S I C L E  L O A D I N G  P R O C E D U R E  

Hypotonic shock provides a way of opening and 
resealing vesicles, so that moieties present in aque- 
ous media can be incorporated into the intravesicu- 
lar space [30]. The catalytic subunit of cAMP-de- 
pendent protein kinase operates on the cytoplasmic 
face of membranes [7, 26, 30]. Thus we compared 
the effects of PK-CSU on 86Rb+ uptake in vesicles 
where the vesicle-loading procedure was carried 
out either under hypotonic conditions, as described 
in Materials and Methods, or when the vesicle-load- 
ing solution also contained sufficient sucrose (230 
raM) to make the loading solution isotonic to the 
vesicular interior. 

The results of these experiments are shown in 
Table 4. When the vesicle-loading solutions were 
hypotonic, PK-CSU enhanced 86Rb+ uptake by 228 
_+ 23 pM/mg proteins �9 30 sec, a result in close quan- 
titative agreement with the results presented in Ta- 
bles 2 and 3. The results in Table 4 also show that, 
when the vesicle-loading solutions were isotonic, 
PK-CSU had no significant effect on 86Rb+ uptake. 
These results are consistent with the view that the 
vesicles were impermeable to ATP and/or the cata- 
lytic subunit of cAMP-dependent protein kinase, 
and that opening of vesicles was required for incor- 
poration of these agents. Thus the site, or sites, 
affected by PK-CSU were inside oriented in these 
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vesicles, that is, it is probable that the vesicles were 
right-side out. 

Discussion 

At least three lines of evidence indicate that ADH, 
operating through the adenylate cyclase cascade, 
may increase the K + conductance of apical mem- 
branes in certain regions of the nephron. First, in 
isolated mouse mTALH segments, db-cAMP in- 
creases the rate of net K + secretion in cells that are 
uniformly hyperpolarized to about -70 mV by ap- 
plication of 10 -4 M luminal furosemide [15]. Second, 
in cultured chick kidney cells, Guggino et al. [11] 
have found that ADH or forskolin increases the 
fractional open time of Ca2+-activated, Ba2+-sensi - 
tive K + channels in apical membranes. Finally, 
Klaerke et al. [18] have reported that the activity of 
K + channels purified from renal medullary vesicles 
and incorporated into liposomes is apparently in- 
creased by phosphorylation with cAMP-dependent 
protein kinase. Moreover, cAMP-dependent phos- 
phorylation also increases K + conductance in a va- 
riety of other tissues [4, 20]. Thus in the experi- 
ments reported in this paper, we evaluated the 
effects of ATP and the catalytic subunit of cAMP- 
dependent protein kinase on K + conductance in re- 
nal medullary vesicles. Based on the present 
results, the following conclusions are pertinent. 

First, Ba2+-sensitive, ouabain- and bumetanide- 
i n s e n s i t i v e  86Rb+ uptake into the renal medullary 
vesicles increased when K isethionate replaced KC1 
as the intravesicular salt, and was virtually abol- 
ished when NaC1 replaced KC1 as the intravesicular 
salt (Table 1). Moreover, the results with the volt- 
age-sensitive dye DiS-C3-(5) indicate that an out- 
wardly directed K + gradient hyperpolarized the 
vesicle interior, that Ba 2+ reversed this hyperpolar- 
ization and that, under these circumstances, valino- 
mycin again hyperpolarized the vesicle interior 
(Fig. 3). We conclude from these data that, in these 
renal medullary vesicles, Ba2+-sensitive 86Rb+ up- 
take at 30 sec provides a reasonable index to con- 
ductive K + transport. 

As indicated in Results, the renal medullary 
vesicles were primarily from apical membranes 
(Fig. 1). Thus we infer that Ba2+-sensitive S6Rb+ 
uptake occurred primarily in apical membranes. 
However, as noted in Results, the renal medullary 
membranes also contained an admixture of baso- 
lateral membranes. And basolateral membranes in 
intact mTALH segments have a K + conductance 
[29]. Accordingly, it is possible that a portion of the 
B a 2 + - s e n s i t i v e  86Rb+ uptake observed in the present 

experiments may also involve basolateral mem- 
brane vesicles. 

Second, the results presented in Table 2 indi- 
cate clearly that, in the presence of 1 mM M g  2+ and 
1 /xM C a  2+, c o n d u c t i v e  BaZ+-sens i t i ve  86Rb+ inf lux 

driven by a KCI gradient was enhanced by nearly 
50% by ATP and the catalytic subunit of cAMP- 
dependent protein kinase. However, the latter two 
agents did not affect Ba2+-sensitive 86Rb+ uptake 
when the vesicles were not exposed to hypotonic 
shock (Table 4). Since cAMP-dependent protein ki- 
nase operates on the cytoplasmic face of mem- 
branes [7, 26, 30], we conclude from the results in 
Tables 2-4 and Fig. 4 that the renal medullary vesi- 
cles were chiefly right-side out, and that phosphory- 
lation of the cytoplasmic surface of these vesicles 
by ATP and the catalytic subunit of cAMP-depen- 
dent protein kinase increased the conductance of 
K + channels present in these vesicles. These K § 
channels may represent primarily apical membrane 
K + channels. However, cAMP-dependent events 
enhance basolateral K § conductance in toad urinary 
bladder [4]. Likewise, the present data do not ex- 
clude the possibility that ATP and the catalytic sub- 
unit of cAMP-dependent protein kinase also af- 
fected K* conductance in basolateral membrane 
vesicles. 

The present experiments provide no informa- 
tion about whether such phosphorylation involved 
K + channels directly, or sites vicinal to K + chan- 
nels. But taken together, the results presented in 
this paper are consistent with the view that the 
mechanism by which ADH increases the functional 
number of K § channels in apical membranes of the 
mouse mTALH [13, 23], and possibly other renal 
epithelia [11], involves activation of K + channels 
already present in apical membranes by phosphory- 
lation of apical membrane sites via cAMP-depen- 
dent protein kinase. This type of mechanism would 
therefore differ fundamentally from the actions of 
ADH in enhancing the osmotic water permeability 
of amphibian epithelia and mammalian collecting 
ducts by promoting the insertion of water-perme- 
able membrane units into apical membranes [12, 
281. 
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