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A B STRACT We have used patch-clamp techniques to study the effects of arachi- 
donic acid (AA) on the acdvity of the 70-pS K + channel, the predominant  type of 
the two apical K § channels operating under physiological conditions in the thick 
ascending limb (TAL) of the rat kidney. Addition of 5-10 p.M AA blocked the ac- 
tivity of  the 70-pS K § channel in both cell-attached and inside-out patches. The in- 
hibitory effect of AA was specific, because application of 10 p.M linoleic acid, oleic 
acid, or palmitic acid failed to mimic the effect of AA. The effect of AA could not 
be blocked by pretreatment of the TAL tubules with either 5 p~M indomethacin 
(inhibitor of cyclooxygenase) or 4 vLM cinnamyl-3,4-dihydroxy~-cyanocinnamate 
(CDC) (inhibitor of  lipooxygenase). In contrast, addition of 5 p~M 17-octadecyn- 
oic acid (17-ODYA), an inhibitor of  P450 monooxygenases, abolished the effect of 
AA on the channel activity, indicating that the effect was mediated by cytochrome 
P450 metabolites of AA. Addition of 10 nM 20-hydroxyeicosatetraenoic acid (20- 
HETE), the main metabolite of the cytochrome P450 metabolic pathway in the 
medullary TAL, mimicked the inhibitory effect of 10 p~M AA. However, addition 
of 100 nM 19-HETE or 17-HETE had no significant effects and 100 nM 20-carboxy 
AA (20-COOH) reduced the channel activity by only 20%, indicating that the in- 
hibitory effect of  20-HETE was specific and responsible for the action of AA. Inhi- 
bition of the P450 metabolic pathway by either 5 p~M 17-ODYA or 12, 12-dibromo- 
dodec-11-enoic acid (DBDD) dramatically increased the channel activity by 280% 
in cell-attached patches. The stimulatory effect of 17-ODYA or DBDD was not ob- 
served in inside-out patches. The results strongly indicate that 20-HETE is a spe- 
cific inhibitor for the 70-pS K + channel and may play an important role in the reg- 
ulation of the K + channel activity in the TAL. 

I N T R O D U C T I O N  

Apical K + channels play an impor tan t  role in the reabsorpt ion of  NaC1 in the thick 
ascending l imb (TAL) by providing a route for recycling K § across the apical mem-  
brane,  a process that is essential for sustaining the normal  function of  the Na+/  
2C1-/K + cot ranspor ter  (Greger, 1985; Stanton and Giebisch, 1992; Molony, 
Reeves, and Andreoli,  1989; Hebe r t  and Andreoli,  1984). The  impor tance  of  the 
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K § recycling across the apical membrane  of  the TAL has been shown in experi- 
ments in which inhibition of  the apical K + conductance with Ba 2+ reduced the 
short circuit current  by 50% (Greger, and Schlatter, 1981) and removal of  luminal 
K + in the presence of Ba 2+ completely abolished the short circuit current,  indicat- 
ing that the Na § reabsorption was blocked. Similar results were also observed in the 
isolated perfused mouse TAL in which application of Ba 2+ and the removal of lumi- 
nal K + abolished net  C1- reabsorption (Heber t  and Andreoli, 1984). In addition, 
glyburide, which blocks the ATP-sensitive K + channel  in several tissues (Edwards 
and Weston, 1993), has a natriuretic effect (Clark, Humphrey,  Smith, and Ludens, 
1993). 

Three  types of K + channels, a Ca2+-activated "maxi" K + channel, an ATP-sensitive 
30-pS and an ATP-sensitive 70-pS K + channel, have been identified in the apical 
membrane  of  the mammalian TAL (Bleich, Schlatter, and Greger, 1990; Wang, 
White, Geibel, and Giebisch, 1990; Taniguchi and Guggino, 1989; Wang, 1994). 
However, there is a consensus that the Ca2+-activated "maxi" K + channel  is not  re- 
sponsible for the K + recycling, since the channel  open  probability is <1% under  
control conditions and the likelihood of  finding a functional "maxi" K + channel  is 
very low (<1%) in the native mammalian tissue. The "maxi" K + channel  may be im- 
portant  for the regulation of cell volume, because activity of the "maxi" K + channel  
is increased in response to cell swelling (Taniguchi and Guggino, 1989). Thus, it is 
most likely that the 70-pS K § channel  and the 30-pS + channel  are responsible for 
K + recycling across the apical membrane  of  TAL (Wang, 1994). 

Arachidonic acid (AA) and its metabolites play an important  role in the regula- 
tion of  electrolyte and fluid transport  in the kidney (Hirt, Capdevila, Falck, Breyer, 
and Jacobson, 1989; Ling, Webster, and Eaton, 1992; Escalante, Erlij, Falck, and 
McGiff, 1991; Friedlander, Grimellec, Sraer, and Amiel, 1990; Zou, Imig, Ortiz de 
Montellano, Sui, Falck, and Roman, 1994; Pedrosa-Ribeiro, Dubay, Falck, and Man- 
del, 1994). It was demonstrated that AA decreased Rb + uptake in the isolated TAL 
and the cytochrome P450 metabolite, 20-hydroxyeicosatetraenoic acid (20-HETE), 
mimicked the effects of  AA, suggesting that the effects of  AA on Rb + uptake were 
mediated by cytochrome P450 metabolites of  AA. The  inhibitory effects of  P450 
metabolites on Rb + uptake were also observed after inhibition of Na+-K+-ATPase by 
ouabain, suggesting that the effect of the P450 metabolites on Rb + uptake was a re- 
sult of inhibition of  luminal entry. This view was fur ther  supported by experiments 
in which addition of  furosemide to block the cotransporter  largely abolished the ef- 
fects of  P450 metabolites on the Rb + uptake (Escalante et al., 1991). However, the 
mechanism by which P450 metabolites inhibit the cotransporter  is not  completely 
understood,  because a decrease in the activity of the cotransporter  can be achieved 
by ei ther its direct inhibition or by blockade of  the K + recycling. The present  ex- 
periments were designed to explore fur ther  the effect of AA and its P450 metabo- 
lites on the activity of the 70-pS K + channels in the apical membrane  of  the TAL. 

M E T H O D S  

Preparation of TAL 

Pathogen-free Sprague-Dawley rats (80-120 g) of either sex (Taconic Inc., Germantown, NY) were 
maintained on control rat chow. Animals were anesthetized with diethyl ether and then decapi- 
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tated. After being killed, bo th  kidneys were immediately removed and  1 mm thin coronal sections 
cut with a razor blade. The  cortical or medullary TAL tubules were dissected in HEPES-buffered 

Ringer solution conta ining (in millimolar): 135 NaC1; 5 KC1; 1.5 MgC12; 1.8 CaCl2; 5 glucose; and  
10 HEPES (pH 7.4 with NaOH) at 22~ and  the tubules were placed on  a cover glass coated with 
"Cell-Tak" (Collaborative Research Inc., Bedford, MA). The  TALs on  the cover glass were placed 
in a chamber  (1,200 I~1) moun ted  on  an inverted microscope (Nikon) and  superfused with 
HEPES-buffered Ringer solution. The tubules were cut open  with a sharpened  micropipette  to ex- 
pose the apical membrane .  The  temperature  of the chamber  were mainta ined at 37 -+ I~ by cir- 
culating warm water sur rounding  the chamber.  

Patch-Clamp Technique 

Patch-clamp exper iments  were described previously (Wang, Geibel, and  Giebisch, 1993; Wang 
and  Giebisch, 1991; Wang, Schwab, and  Giebisch, 1990). Briefly, patch-clamp pipettes were pulled 
from glass capillaries (Degan, Minneapolis,  MN) and  had  resistances of 4--6 M ~  when filled with 
140 mM KC1. Recordings were made with an Axon 200A patch-clamp amplifier and  single-channel 
currents  were low-pass filtered at 1 KHz using an eight-pole Bessel filter (No. 902LPF, Frequency 
Devices, Inc., Haverhill, MA). The recordings were digitized at a sampling rate of 44 KHz using a 
modified Sony PCM-501ES pulse code modula tor  and stored on  videotape (Sony SL-2700). For 
analysis, the data were transferred to an IBM-compatible 486 computer  (Gateway 2000) at  a rate 
of 5 kHz and  analyzed using the pClamp software system 6.0 (Axon Instruments,  Inc., Burlin- 
game, CA). 

Open ing  and  closing transitions were detected using 50% of the single-channel ampli tude as 
the threshold.  In the present  experiments,  we did not  try to de termine  the channel  n u m b e r  (N) 
and  channel  open  probability (Po), because it is very difficult to calculate the true channel  num- 
ber  in a patch with multiple channels.  To bypass this difficulty, we employed NPo as a measure- 
men t  for the channe l  activity. The NPo is a product  between the channel  n u m b e r  in the given 
patch and  the Po. An alteration of NPo could be achieved by changes in e i ther  N or Po. The  NPo 
was calculated from data samples of 60-s durat ion unde r  control  condit ions and  after reaching 
steady state as follows: 

NP o = E ( t  t + t2 + ...t,) (1) 

where &(x=l. 2....n) is the ratio between time observing open-channel  cur ren t  and  the total time of 
measurement  at each of the current  levels. The steady state was de te rmined  when the NPo was 
main ta ined  constantly for 60 s after the onset  of the action of a particular agent. However, if no  ef- 
fect of a given agent  was observed in 15 min, the NPo of the last minute  was calculated as the 
steady state. To calculate the total apparen t  channe l  n u m b e r  it was essential to de termine  the 
channe l  close line f rom each experiment .  If the channel  closed level was not  detected, 1 mM Ba 2+ 
was added at the end  of  experiments  to de termine  the base line. 

Experimental Solutions and  Chemicals 

Arach idon ic  acid, oleic acid, a n d  i n d o m e t h a c i n  were p u r c h a s e d  f rom Sigma Chemica l  Co. 
(St. Louis, MO) and  linoleic acid and  16-hydroxyhexadecanoic acid (palmitic acid) were pur- 
chased from Cayman Chemical Co. (Ann Arbor,  MI). DBDD, 20-, 19-, 17-hydroxyeicosatetraenoic 
acid (HETE) and  20-carboxyl arachidonic acid were obtained from Dr. Falck (University of Texas 
Health Science Center,  Dallas, TX). 17-ODYA and CDC were obtained from Biomolecular Re- 
search Laboratories (Plymouth Meeting, PA). The  chemicals were dissolved in e thanol  (50%) and  
added directly to the bath to achieve the designed concentrat ion.  The  pipette solution was com- 
posed of 140 mM KCI, 1.8 mM MgCI~, 1 mM EGTA, and  10 mM HEPES (pH 7.4) and  the bath so- 
lution for inside-out patches conta ined 140 mM NaCI, 5 mM NaCI, 1.8 mM MgC12, 100 ~M 
MgATP, 1 mM EGTA, and  10 mM HEPES (pH 7.4). 
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Statistics 

D a t a  a r e  p r e s e n t e d  as  m e a n  -+ S E M  a n d  p a i r e d  t t e s t  w a s  u s e d  t o  d e t e r m i n e  t h e  s t a t i s t i ca l  s ign i f i -  

c a n c e .  �9 P < 0 .05 .  

R E S U L T S  

We have confirmed previous findings that two types of  K + channels, a 30-pS and a 
70-pS, coexist in the apical membrane  in both the medullary and the cortical thick 
ascending limb (TAL) under  physiological conditions (Wang, 1994). In 188 exper- 
iments (forming a GI'~ seal on the apical membrane) ,  we have observed the 70-pS 
K + channel  in 75 patches and the 30-pS K + channel  in 54 patches. However, the av- 
erage NPo of  the 70-pS K § channel  was 1.5 __- 0.2 whereas the average NPo of  the 30- 
pS K § channel  was 0.8 - 0.1. It is apparent  that the 70-pS K + channel  is mainly re- 
sponsible for the apical K + conductance.  Accordingly, in this study we have focused 
on exploring the regulatory mechanism of  the 70-pS K + channel  in the apical 
membrane  of  the TAL. Because the biophysical properties of  the apical K + chan- 
nels observed in the cortical TAL were identical to that in the medullary TAL, we 
have pooled the data. 

AA has been shown to inhibit the renal ATP-sensitive K § channel  in the cortical 
collecting duct  (Wang, Cassola, and Giebisch, 1992). In the present  experiments,  
we have examined whether  AA also blocked the activity of  the 70 pS K § channel.  
Fig. 1 shows a representative recording demonstrat ing the effect of 5 ~zM AA on the 
activity of  the 70-pS K § channel  in an inside-out patch. The activity of  the 70-pS K § 
channel  was completely and reversibly blocked by 10 ~M AA (Table I )and the ef- 
fects of AA were observed in both cell-attached and inside-out patches. Fig. 2 fur- 
ther  shows the dose response curve of  the effects of  AA on the channel  activity, 
showing that the concentrat ion of  AA required to block the channel  activity by 50% 
was ~ 3  ~M. 

It is well known that the properties of  the lipid membrane  could affect the func- 
tion of  membrane  proteins, such as ion channels, by alteration of  ei ther membrane  
fluidity or membrane  deformation energy (Kimelberg and Papahadjopoulos, 1974; 
Harris, 1985; Lundb~ek and Anderson, 1994). To determine whether  the effect of  
AA resulted from a change in the membrane  properties, we examined the effects of  
other  fatty acids on the activity of  the 70-pS K § channel  in inside-out patches and 
the results are summarized in Table II. Addition of  either 10 ~M linoleic acid or 

T A B L E  I 

Effect of  AA, 20-HETE and 17-ODYA/DBDD on the Channel Activity 

AA AA 20-HETE 20-HETE 17-ODYA/DBDD 

C o n c e n t r a t i o n  5 i.*M I0 la, M 5 nM 10 nM 5 I.~M 

Pe rcen t  o f  the con t ro l  7 + 2%* 0%* 6 -+ 1%* 1 -+ 1" 280 + 30%* 

N 22 18 6 7 8 

*Data  tha t  are  statistically s ignif icant  in c o m p a r i s o n  to the con t ro l  value. T h e  experi-  

men t s  with 17-ODYA/DBDD were  ca r r i ed  ou t  in cel l -at tached patches .  
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Fiovm~ 1. A single-channel recording made in an inside-out patch showing the effect of 5 ~M AA 
on the activity of the 70-pS K § channel in the TAL. The bath solution contained 140 mM NaC1, 5 
mM KC1, 1.8 mM MgCI2, 1 mM EGTA, 100 ~M MgATP and 10 mM HEPES (pH 7.4) and the pipette 
solution was composed of 140 mM KC1, 1.8 mM MgC12, 1 mM EGTA and 10 mM HEPES (pH 7.4). 
The upper panel of the figure shows the channel recording at slow time course and five parts of the 
traces indicated by a short bar and number are extended at fast time resolution in the lower panel. 
The channel closed states are indicated by Cand the cell membrane potential was 0 mV. 

oleic acid (cis unsa tura ted  fatty acids) o r  10 IxM palmitic acid (a sa turated fatty 
acid) failed to mimic  the inhibi tory effect  o f  AA, suggest ing that  the effect o f  AA o n  
the channe l  activity was a specific effect. 

Having  d e m o n s t r a t e d  that  AA inhibi ted  the activity o f  the 70-pS K § channe l  in 
the TAL, we next  e x a m i n e d  whe the r  the act ion o f  AA was a d i rec t  effect o r  an  ef- 
fect  tha t  was med ia t ed  by its metaboli tes.  Thus,  the effect o f  AA on  the channe l  ac- 
tivity was fu r the r  e x a m i n e d  after  inhibi t ion o f  AA metabol ism.  AA can be  metabo-  
lized in the k idney by three  sets o f  enzymes,  l ipoxygenase,  cyclooxygenase,  a n d  cy- 
t o c h r o m e  P450 oxygenase  (McGiff, 1991). We first e x a m i n e d  the effect o f  AA on  
channe l  activity in the p resence  o f  4 IxM CDC (n = 4), an  inhibi tor  o f  l ipoxygenase 
(Fig. 3). Addi t ion  o f  CDC ha d  no  significant effect  on  the activity o f  the  70-pS K § 
channel .  Fu r the rmore ,  inhibi t ion o f  l ipoxygenase failed to b lock the effect o f  AA 
on  the c ha nne l  activity, because  5 lxM AA still decreased  the channe l  activity to the 
same ex ten t  in the p resence  o f  CDC (9 +-- 2% o f  the con t ro l  value, n = 4) as that  
observed wi thout  CDC (7 --- 2% o f  the con t ro l  value, n = 22), indica t ing that  the ef- 
fect  o f  AA was no t  med ia t ed  by l ipoxygenase -dependen t  metaboli tes.  Second,  the 
inhibi tory  effect  o f  AA on  the activity o f  the 70-pS K § channe l  was investigated in 
the p resence  o f  5 IxM indomethac in ,  an inhibi tor  o f  cyclooxygenase.  As in the case 
o f  the l ipoxygenase inhibitor ,  inhibi t ion o f  cyclooxygenase failed to block the in- 
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FIGURE 2. A dose- response  curve o f  the  ef- 

fect o f  AA on  c h a n n e l  activity in inside-out  

patches .  

hibitory effect of  AA. In the presence of  indomethacin,  5 IxM AA reduced the chan- 
nel activity to 7 + 2% of  the control value (n = 5), which is not  different from the 
value obtained without indomethacin.  Finally, we studied the effect of  AA on the 
channel activity in the presence of  5 IJ, M 17-ODYA, a potent  inhibitor of P450 mono- 
oxygenase. Fig. 4 is a typical recording made in an inside-out patch showing the ef- 
fect of AA after inhibition of  P450 monooxygenase (n = 7). It is apparent  that 17- 
ODYA had no significant effect on the activity of  the 70-pS K + channel  in inside-out 
patches. However, the effect of  AA on the channel  activity was completely abol- 
ished in the presence of  17-ODYA (Fig. 4), indicating that the effect of  AA on the 
activity of  the 70-pS K + channel  was mediated by cytochrome P450 metabolites. 
The observations that the effect of AA on channel  activity can be fully blocked by 
1 7 - O D Y A  in inside-out patches suggest that P-450 metabolic enzymes were present  
in the patch membrane.  It was demonstrated using electron microscopy that the 
patch is not  a bare bilayer and may contain some organelles and cytoskeleton (Ruk- 
nudin,  Song, and Sachs, 1991). Because the P-450 metabolic enzymes are bound  to 
the membrane  of  microsomes, it is conceivable that the microsomes may be at- 
tached to the apical membrane  of the TAL ceils. 

It was demonstrated that 20-HETE and 20-COOH were the main products of  the 
cytochrome-P450-dependent metabolic pathway in the medullary TALs in the rab- 
bit kidney (Escalante et al., 1991). We next  examined the effect of  20-HETE on the 
activity of  the 70-pS K + channel. Fig. 5 is a representative recording made in an in- 
side-out patch showing the effect of 20-HETE on channel  activity. It is apparent  
that addition of  5 nM 20-HETE mimicked the effect of AA, decreasing channel  aC- 

TABLE I I  

Effect of Fatty Acids on the Eicosanoids on the Activity of the 

70-pS K + Channel 

OA LA PA 19-HETE 20-COOH 17-HETE 

Concentration 10 IzM 10 IzM 10 IzM 100 nM 100 nM 100 nM 

Percent of the control 93-+5  92-+6  95 + 4  95 + 2  80--_3" 95-+2  

N 5 5 3 3 4 3 

*Data that are statistically significant in comparison to the control value. 
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FIGURE 3. A recording showing the effect of 5 p,M AA on the activity of the 70-pS K + channel in an 
inside-out patch in the presence of 4 IxM CDC. The cell membrane potential was 0 mV and the bath 
and pipette solutions were the same as described in Fig. 1. The top shows the channel recording at 
slow time course and three parts of the traces indicated by a short bar and number are extended at 
fast time resolution in the bottom. The right side of the figure shows the all-points amplitude histo- 
gram. The number and arrow indicate the maximum channel number and channel closed level, re- 
spectively. The channel closed-states are indicated by Cand the cell membrane potential was 0 mV. 

tivity to 6 -+ 1% o f  the  c o n t r o l  value  (n = 6). T h e  i nh ib i t o ry  effect  o f  20-HETE was 
revers ib le  a n d  wash-out  r e s t o r e d  the  c h a n n e l  activity. I n s p e c t i o n  o f  Figs. 1 a n d  5 
shows tha t  the  onse t  o f  20-HETE ac t ion  was s ignif icant ly  fas ter  (75 + 10 s) t han  
tha t  o f  AA (360 -+ 50 s). T h e  view tha t  20-HETE may  m e d i a t e  the  effect  o f  AA was 
f u r t h e r  s u p p o r t e d  by obse rv ing  the  i nh ib i t o ry  effect  o f  20-HETE in the  p r e s e n c e  o f  
i nh ib i t o r s  o f  P450 m o n o o x y g e n a s e  (Fig. 6). I t  is a p p a r e n t  t ha t  the  effect  o f  20- 
HETE o n  c h a n n e l  activity is n o t  d i f f e r en t  with DBDD o r  17-ODYA o r  w i thou t  the  
inh ib i to r s .  T h e  effect  o f  20-HETE on  the  c h a n n e l  activity was also obse rved  in cell- 
a t t a c h e d  pa t ches  with a s imi la r  t ime  cour se  (da ta  n o t  shown) .  Fig. 7 is a dose-  
r e s p o n s e  curve  fo r  t he  ef fec t  o f  20-HETE o n  c h a n n e l  activity; the  e s t i m a t e d / Q  for  
20-HETE is 2.5 nM. In  cont ras t ,  a p p l i c a t i o n  o f  5 nM 2 0 - C O O H  h a d  n o  effect  o n  the  
activity o f  the  70-pS K + c h a n n e l  (da ta  n o t  shown) ,  a n d  a h i g h e r  c o n c e n t r a t i o n  (100 
nM) d e c r e a s e d  the  c h a n n e l  activity by on ly  20 -+ 3% (Tab le  II) .  Hav ing  e s t ab l i shed  
tha t  20-HETE was the  m a i n  m e d i a t o r  for  A A - i n d u c e d  i n h i b i t i o n  o f  the  70-pS K + in 
the  TAL, we e x a m i n e d  the  effects o f  19-HETE a n d  17-HETE to d e t e r m i n e  the  spec- 
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FIGURE 4. A recording showing the effect of 5 tiM AA on the activity of the 70-pS K + channel in an 
inside-out patch in the presence of 5 tzM 17-ODYA. The cell membrane potential was 0 mV and the 
bath and pipette solutions were the same as described in Fig. 1. The top shows the channel record- 
ing at slow time course and three parts of the traces indicated by a short bar and number are ex- 
tended at fast time resolution in the bottom. The channel closed states are indicated by C and the 
cell membrane potential was 0 mV. 

ificity o f  the  effect  o f  20-HETE. Tab le  II summa r i z e s  the  resul ts  f r om t h r e e  exper i -  
ments .  In  con t r a s t  to 20-HETE, n e i t h e r  100 nM 19-HETE n o r  17-HETE h a d  any sig- 
n i f i can t  effect  o n  the  activity o f  the  70-pS K + c h a n n e l ,  i n d i c a t i n g  tha t  the  effect  o f  
20-HETE is h igh ly  specif ic  a n d  tha t  the  a g e n t  is a m a i n  m e d i a t o r  for  the  AA ac t ion .  

A l t h o u g h  we have d e m o n s t r a t e d  tha t  the  c y t o c h r o m e  P450 m e t a b o l i t e  o f  AA, 20- 
HETE,  inh ib i t s  the  70-pS K + c h a n n e l  in the  TAL, its ro le  in the  r e g u l a t i o n  o f  the  
apica l  K + c h a n n e l s  u n d e r  phys io log ica l  c ond i t i ons  is n o t  known.  Fig. 8 is a r ep re -  
senta t ive  r e c o r d i n g  m a d e  in a ce l l -a t t ached  pa t ch  o u t  o f  five e x p e r i m e n t s  to show 
the  effects o f  i n h i b i t i n g  the  P450 m e t a b o l i c  pathway.  Before  a d d i t i o n  o f  17-ODYA, 
on ly  o n e  c h a n n e l  c u r r e n t  level was observed;  a d d i t i o n  o f  5 p,M 17-ODYA drama t i -  
cally i n c r e a s e d  the  c h a n n e l  activity. Several  i nh ib i to r s  o f  P450 m e t a b o l i s m  are  
k n o w n  to have an  effect  o n  c h a n n e l  activity t h r o u g h  a d i r ec t  ac t ion  n o t  r e l a t e d  to 
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FIGURE 5. A recording showing the effect of 5 nM 20-HETE on the activity of the 70-pS K § chan- 
nel in an inside-out patch. The cell membrane potential was 0 mV and the bath and pipette solu- 
tions were the same as described in Fig. 1. The top of the figure shows the channel recording at slow 
time course and three parts of the traces indicated by a short bar and number are extended at fast 
time resolution in the bottom. The right side of the figure shows the all-points amplitude histogram 
and arrow indicates the channel closed level. The channel closed-states are indicated by C and the 
cell membrane potential was 0 mV. 

the inhibi t ion o f  the enzymes  (McManus,  Serhan,  Jackson,  and  Strange,  1994; 
Sakuta a nd  Yoneda,  1994). T he  fact tha t  addi t ion  o f  17-ODYA to the bath  had  n o  
effect  on  the channe l  activity in inside-out patches  (Fig. 4), indicates that  its effect 
in the cel l-at tached conf igura t ions  is no t  a direct  one.  However ,  it is conceivable  
tha t  the inhibi tor  migh t  exer t  its act ion in cell-at tached patches  by a m e c h a n i s m  
o the r  than  inhibi t ion o f  P450 metabol ism in cell-at tached patches.  To  exclude  this 
possibility, we e x a m i n e d  the effect on  the channe l  activity o f  a n o t h e r  structurally 
unre la t ed  inhibi tor  o f  P450 monooxygenase ,  DBDD in three  separate exper iments .  
Fig. 9 shows that  addi t ion  o f  DBDD also s t imulated the activity o f  the 70-pS K + 
c ha nne l  in cell a t tached patches.  In e ight  exper iments ,  inhibi t ion o f  the P450 met-  
abolic pathway o f  AA with e i ther  17-ODYA or  DBDD increased the channe l  activity 
by 280 + 30% (Table I), indicat ing that  20-HETE is p resen t  in the TAL cells and  in- 
volved in the regula t ion  o f  the activity o f  the apical K + conduc tance .  
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D I S C U S S I O N  

The TAL absorbs 20-25% of  the filtered Na + and is essential for the urinary con- 
centration mechanism (Greger, 1985; Stanton and Giebisch, 1992). The active 
NaC1 reabsorption in TAL occurs by two separate steps. First, Na + and C1- enter 
the cell across the apical membrane through a Na/2C1/K cotransporter energized 
by a favorable Na + and C1- gradient. Second, Na + is pumped out of  the cell across 
the basolateral membrane via Na-K-ATPase; C1- diffuses from the cell to the peritu- 
bular side through a C1- channel  or a KC1 symporter (Greger, 1985; Hebert and 
Andreoli,  1984; Molony, Reeves, and Andreoli,  1989). Apical K + channels are re- 
sponsible for recycling K § across the apical membrane in the TAL, a process that is 
essential for maintaining the normal function of  the N a / 2 C I / K  cotransporter and, 
accordingly, for the reabsorption of  Na +. First, recycling K + across the luminal 
membrane is partially responsible for the lumen positive transepithelial potential, 
which is the driving force for the paracellular reabsorption of  Na +. Second, K + leav- 
ing the cell across the apical membrane hyperpolarizes the apical as well as basolat- 
eral membrane and thus provides an important driving force for C1- to diffuse to 
the peritubular side. Finally, recycling K + is important for providing an adequate 
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FIGURE 7. A dose response curve of the ef- 
fect of 20-HETE on channel activity in inside- 
out patches. 
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FXGUItE 8. A channel recording showing the effect of 5 I~M 17-ODYA on the activity of the 70-pS 
K + channel in a cell-attached patch. The upper panel of the figure shows the channel recording at 
slow time course and two parts of the traces indicated by a short bar and number are extended at 
fast time resolution in the lower panel. The channel closed-states are indicated by C and the cell 
membrane potential was 0 mV. 

supp ly  o f  K + to the  c o t r a n s p o r t e r ,  because  the  l umina l  N a  + a n d  CI-  c o n c e n t r a t i o n s  
a r e  at  leas t  o n e  o r d e r  o f  m a g n i t u d e  h i g h e r  t han  the  l u m i n a l  K + c o n c e n t r a t i o n  
(Greger ,  1985; S t an ton  a n d  Giebisch ,  1992). Thus ,  the  r e g u l a t i o n  o f  the  activity o f  
ap ica l  K § c h a n n e l s  is an  i m p o r t a n t  s tep  in the  overal l  r e g u l a t i o n  o f  NaC1 r e a b s o r p -  
t ion  in the  TAL. 

In  the  p r e s e n t  s tudy we have d e m o n s t r a t e d  tha t  AA t h r o u g h  its P450 me tabo l i t e s  
is involved  in t he  m o d u l a t i o n  o f  the  activity o f  the  70-pS K + c h a n n e l  in the  TAL. 
O u r  u n p u b l i s h e d  observa t ions  d e m o n s t r a t e d  tha t  AA also b l o c k e d  the  activity o f  
the  30-pS K + channe l .  T h r e e  poss ib le  m e c h a n i s m s  m i g h t  e xp l a in  the  effects o f  AA 
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FIGURE 9. A channel recording showing the effect of 5 I~M DBDD on the activity of the 70-pS K + 
channel in a cell-attached patch. The upper panel of the figure shows the channel recording at slow 
time course and two parts of the traces indicated by a short bar and number are extended at fast 
time resolution in the middle. The channel closed-states are indicated by C and the cell membrane 
potential was 0 mV. The lower panel of the figure shows the all-points amplitude histogram and ar- 
row indicates the channel closed level. 

and  its metaboli tes.  First, AA could  alter the m e m b r a n e  fluidity and,  consequent ly ,  
the func t ion  o f  the K + channe l  (Grimellec,  1992). Second,  AA may change  the 
func t ion  o f  the K + channe l  by al ter ing the m e m b r a n e  de fo rma t ion  energy  (Lund-  
baek and  Andersen ,  1994). Finally, the AA metabol i tes  may e i ther  directly affect the 
channe l  activity or  indirectly modu la t e  the K + channe l  t h r o u g h  media t ion  o f  the 
m e m b r a n e  del imi ted  signal t ransduc t ion  pathways (Ordway, Walsh, and  Singer, 
1989; Ordway,  Singer, and  Walsh, Jr., 1991). Changes  in the m e m b r a n e  fluidity 
modify  the func t ion  o f  several m e m b r a n e  prote ins  such as Na+-K+-ATPase in the 
k idney (Kimelberg a nd  Papahadjopoulos ,  1974; Harris,  1985). However,  it is un- 
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likely that the effects of P450 metabolites of AA on the activity of the 70-pS K § chan- 
nel were a result of changes in the membrane fluidity, because the effect of AA was 
not mimicked by c/s unsaturated fatty acids, such as oleic acid (OA) and linoleic 
acid. It has been demonstrated that 10 IxM OA-induced perturbation of cell mem- 
brane lipid order is very similar to that induced by 5 p~M AA in T lymphocytes 
(Richierl, Mescher, and Kleinfeld, 1990). However, addition of 10 ~M OA has no 
effect on channel activity whereas 5 p,M AA almost completely blocked the channel 
activity. Furthermore, if the effects of AA were mediated by alterations of the mem- 
brane fluidity, saturated and unsaturated fatty acids should have opposite effects 
(Grimellec, 1992). However, we found that neither palmitic acid (saturated fatty 
acid) nor linoleic or oleic acid had significant effects on the channel activity. Re- 
garding the second possibility, Lundbrek and Andersen(1994) have recently dem- 
onstrated that lysophospholipids altered gramicidin channel function by altering 
the membrane deformation energy. Several lines of evidence argue against this 
mechanism being responsible for the effect of exposure to AA. First, a relatively 
high concentration (micromolar) of lipids is required to change the membrane de- 
formation energy. In contrast, the effect of AA was produced by as little as 5 nM 20- 
HETE. Second, the effect of AA can be blocked by inhibition of the cytochrome 
P450 metabolic pathway. Finally, although the size and structure of 20-HETE are 
very similar to those of 19-HETE, addition of 19-HETE failed to mimic the effect of 
20-HETE. Thus, our results strongly suggest that the effects of AA and its metabo- 
lites on the channel activity were not induced by alteration of membrane deforma- 
tion energy. 

AA plays an important role in the regulation of activity of ion channels in a vari- 
ety of tissues (Kim and Duff, 1990; Kim, Lewis, Craziadei, Neer, Bar-Sagi, and 
Clapham, 1989; Kovalchuk, Miller, Sarantis, and Attwell, 1994; Ling et al., 1992; 
Piomelli, Volterra, Dale, Siegelbaum, Kandel, Schwartz, and Belardetti, 1987; Vil- 
larroel, 1993). AA exerts its effects by either direct or indirect action through medi- 
ation of its metabolites. For instance, AA has been shown to inhibit directly the ac- 
tivity of the apical K + channel in the cortical collecting duct (Wang et al., 1992), 
the outward-rectifying C1- channel in the airway epithelial cells (Anderson and 
Welsh, 1990) and the ATP-sensitive K § channel in isolated cardiac cells (Kim and 
Duff, 1990). On the other hand, lipoxygenase-dependent metabolites of AA regu- 
late Na § channels in A6 cells, a cell line that has properties of CCD (Cantiello, Pat- 
enaude, Codina, Birnbaumer, and Ausiello, 1990). In cells other than renal tissue, 
AA-induced activation of the G-protein-coupled muscarinic gated K + channels in 
myocytes is mediated by 5-1ipoxygenase metabolites (Kim et al., 1989). Lipoxygen- 
ase metabolites of AA play an important role in the modulation of activity of the se- 
rotonin (5-HT)-gated channel and are responsible for mediating presynaptic inhi- 
bition of Aplysia sensory neuron (Piomelli et al., 1987). Our data indicate that the 
inhibitory effect of AA on the activity of the 70-pS K + channel in the TAL was not 
attributable to AA per se, because the effect was completely abolished by 17-ODYA, 
an inhibitor of cytochrome P450 monooxygenase (Zou, Ma, Sui, Oritiz de Montel- 
lano, Clark, Masters, and Roman, 1994). In the rabbit kidney, the main metabolic 
pathway of AA in the TAL is cytochrome P450-dependent with 20-HETE and 20- 
COOH being the main metabolites (Carroll, Sala, Dunn, McGiff, and Murphy, 
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1991; Escalante et al., 1991). The  P450 monooxygenase is also responsible for AA 
metabolism in the TAL of the rat kidney and 20-HETE is the main metabolite 
(Wang, unpublished observation). Two lines of  evidence suggested that 20-HETE 
was a key mediator  for the action of AA. First, 20-HETE can mimic the inhibitory ef- 
fect of  AA on the channel  activity. Second, 20-HETE blocked the channel  activity 
after inhibition of  P450 monooxygenase with 17-ODYA. 

20-HETE has been shown to inhibit the Na+-K+-ATPase in the proximal tubules 
(Schwartzman, Ferreri, Carroll, Songu-Mize, and McGiff, 1985) and the Na+/ 
2C1-/K + cotransport  in the rabbit TAL (Escalante et al., 1991). Recently, it was 
demonstrated that 20-HETE plays a key role in the autoregulation of  renal blood 
flow (Zou, Imig, Kaldunski, Ortiz de Montellano, Sui, and Roman, 1994). Our  re- 
sults also indicated that the effect of  20-HETE was specific, since addition of 100 
nM 19-HETE, 17-HETE and 20-COOH failed to mimic the effects of  20-HETE. The 
inhibitory effects of  20-COOH on the Na+/2C1- /K + cotransporter  were as potent  
as those of  20-HETE in the rabbit TAL (Escalante et al., 1991). However, in the 
present  study the inhibitory effect of  20-COOH on the activity of  the 70-pS K + 
channel  was much less significant than that of  20-HETE. Addition of  100 nM 20- 
COOH decreased the channel  activity by only 20% whereas 10 nM 20-HETE com- 
pletely blocked the channel  activity. Because it was also observed that 20-COOH 
was not  a major product  of  the P450-dependent  metabolic pathway in the rat TAL 
(Wang, unpublished observations), the discrepancy may result from a species dif- 
ference. Taken together,  our  results strongly suggest that 20-HETE is an important  
mediator  of  the AA effect on the apical K + channels. The mechanism by which 20- 
HETE exerts its effects is not  understood.  20-HETE-induced inhibition of  channel  
activity is not  a fast block, since the main characteristic of  a fast channel  blockade is 
a decrease of  the apparent  channel  current  amplitude (Hille, 1992), which is not  
observed in the 20-HETE-induced blockade. On the other  hand, it is still not  clear 
whether  20-HETE-induced inhibition is a simple slow blockade. The mechanism of  
20-HETE-induced blockade needs to be fur ther  explored. 

The physiological role of  P450 metabolites in the regulation of the activity of  the 
apical K + channels is still not  understood.  However, it is of  interest that inhibition 
of  the P450 metabolic pathway stimulated the activity of  the 70-pS K + channel,  indi- 
cating that the channel  activity was suppressed by P450 metabolites such as 20- 
HETE under  physiological conditions and that the channel  activity could be ma- 
nipulated by the control  of  20-HETE production.  Interestingly, it was also observed 
that the channel  activity in inside-out patches upon excision (NPo = 2.6 +_ 0.4) was 
significantly higher  than that in cell-attached patches (NPo = 1.5 - 0.2), suggesting 
that channel  activity was suppressed in cell-attached patches (data not  shown). It is 
known that the rate-limited step for the product ion of  20-HETE is the AA release, 
which is regulated by several second messengers and hormones  (Bonventre and 
Nemenoff,  1991). For instance, stimulation of  phospholipase C, D, and phospholi- 
pase A2 enhances the release of AA. In addition, increase in intracellular Ca 2+ and 
the activity of protein kinase C stimulates the release of  AA (Cockcroft, Nielson, 
and Stutchfield, 1991). Hormones  such as vasopressin may increase the release of 
AA by stimulation of V1 receptor  (Abramow, Beauwean, and Cogan, 1987). Angio- 
tensin II (AII) has been shown to increase the release of AA and its metabolites in 
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the proximal tubules of  rat kidney (Douglas and Hopfer,  1994). AII receptors have 
also been  identified in the TAL (Mujais, Kauffman, and Kaz, 1986). Thus it is con- 
ceivable that stimulation of  the AII receptor  in the TAL may lead to an increase in 
AA release. AII and vasopressin have been shown to have significant effects on ion 
transport in the TAL (Heber t  and Andreoli, 1984; Capasso, Unwin, Ciani, De Santo, 
De Tommaso,  Russo, and Giebisch, 1994). Although only stimulatory effect of  AII 
on Na + and HCO3- transport  have been demonstrated by Capasso et al. (1994) AII 
may still have an inhibitory effect on ion transport  in the TAL. For instance, it has 
been  shown that effects o f  AII on Na + and HCO~ transport  in the proximal tubule 
are biphasic (Wang and Chan, 1991). Indeed,  our  unpublished results show that 
AII at pM concentrat ion blocked the activity of  the 70-pS K + channel. 

Since recycling K + across the apical membrane  is one important  step for the salt 
reabsorption in the TAL and 20-HETE is involved in determining the set-point for 
the activity of  the 70-pS K + channel,  20-HETE could be an important  e lement  of  
the signal transduction pathways for mediating the effects of  hormones,  such as 
vasopressin and AII, on ion transport  in the TAL. 
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