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ABSTRACT

	

I ncubat i on of t he mucosal sur f ace of t he t oad ur i nar y bl adder

wi t h t r ypsi n ( 1 mg/ ml ) i r r ever si bl y decr eased t he shor t - ci r cui t cur r ent t o 50%of

t he i ni t i al val ue . Thi s decr ease was accompani ed by a pr opor t i onat e decr ease i n

api cal Na per meabi l i t y, est i mat ed f r om t he change i n ami l or i de- sensi t i ve r esi s-

t ance i n depol ar i zed pr epar at i ons . I n cont r ast , t he par acel l ul ar r esi st ance was

unaf f ect ed by t r ypsi ni zat i on . Ami l or i de, a speci f i c bl ocker of t he api cal Na

channel s, pr event ed i nact i vat i on by t r ypsi n . I nhi bi t i on of Na t r anspor t by

subst i t ut i on of mucosal Na, however , had no ef f ect on t he r esponse t o t r ypsi n .

Tr ypsi ni zat i on of t he api cal membr ane was al so used t o st udy r egul at i on of Na

t r anspor t by ant i - di ur et i c hor mone ( ADH) and al dost er one . Pr i or exposur e of

t he api cal sur f ace t o t r ypsi n di d not r educe t he r esponse t o ADH, whi ch

i ndi cat es t hat t he ADH- i nduced Na channel s wer e i naccessi bl e t o t r ypsi n bef or e

addi t i on of t he hor mone. On t he ot her hand, st i mul at i on of shor t - ci r cui t cur r ent

by al dost er one or pyr uvat e ( added t o subst r at e- depl et ed, al dost er one- r epl et ed

bl adder s) was subst ant i al l y r educed by pr i or t r ypsi ni zat i on of t he api cal sur f ace.

Thus, t he i ncr ease i n api cal Na per meabi l i t y el i ci t ed by al dost er one or subst r at e

i nvol ves act i vat i on of Na channel s t hat ar e cont i nuousl y pr esent i n t he api cal

membr ane i n nonconduct i ve but t r ypsi n- sensi t i ve f or ms .

I NTRODUCTI ON

Tr ansepi t hel i al Na t r anspor t by t he t oad ur i nar y bl adder i s consi der ed t o be

a t wo- st ep pr ocess : accor di ng t o t hi s model , Na di f f uses passi vel y f r om t he

l umen acr oss t he api cal membr ane, vi a ami l or i de- i nhi bi t abl e Na channel s,

and i s act i vel y ext r uded i nt o t he i nt er st i t i al space by t he Na pump ( 1, 2) .

Many st udi es have i mpl i cat ed r egul at i on of api cal Na per meabi l i t y as a key
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st ep i n hor mone act i on on epi t hel i a . For i nst ance, hor mones t hat st i mul at e
t r ansepi t hel i al Na t r anspor t , such as al dost er one and ant i - di ur et i c hor mone
( ADH) , ' i ncr ease t he est i mat ed r at e of Na upt ake f r om t he l umen ( 2- 6) .

I n a r ecent st udy on t oad bl adder , Pal mer et al . ( 7) showed t hat r ai si ng t he
ser osal K act i vi t y depol ar i zes t he basol at er al membr ane, appar ent l y com-
pl et el y, t her eby al l owi ng est i mat i on of t he api cal Na per meabi l i t y f r om
t r ansepi t hel i al measur ement s . Thi s pr epar at i on was used t o st udy t he ef f ect s
of al dost er one, ADH, and pyr uvat e on I N. by anal ysi s of cur r ent - vol t age
r el at i ons and cur r ent f l uct uat i on ( 6, 8) . I n al l t hr ee cases, pr opor t i onat e
i ncr eases i n I N. and PNa wer e el i ci t ed. The al dost er one- and ADH- dependent
i ncr eases i n PNa wer e t he r esul t of equi val ent i ncr eases i n t he popul at i on of
Na- conduct i ng channel s wi t h no si gni f i cant ef f ect on t he si ngl e- channel
t r anspor t r at es ( 6, 8) . The f act t hat al dost er one and ADHhave si mi l ar ef f ect s
on PNa, bot h quant i t at i vel y and qual i t at i vel y, r ai ses t he possi bi l i t y t hat t he
t wo hor mones shar e t he f i nal st eps i n act i vat i ng Na channel s, i . e . , t he
hor mones r ecr ui t act i ve channel s f r om t he same pool of el ect r i cal l y si l ent
pr ecur sor s .

I n t hi s paper , we descr i be i r r ever si bl e decr eases i n I N. i nduced by t r ypsi n-
i zi ng t he api cal sur f ace . Thi s ef f ect was pr event ed i f ami l or i de was added t o
t he mucosal sol ut i on bef or e exposur e t o t he enzyme . The abi l i t y of t r ypsi n t o
bl ock Na channel s i r r ever si bl y was used t o st udy hor mone ef f ect s : 50%
i nhi bi t i on of t he basel i ne cur r ent had no ef f ect on t he r esponse t o ADH. I n
cont r ast , pr et r eat ment wi t h t r ypsi n r educed t he basel i ne cur r ent and t he
r esponse t o al dost er one or pyr uvat e pr opor t i onat el y . These r esul t s i mpl y t he
exi st ence of t wo spat i al l y di st i nct pr ecur sor s of t he Na channel s under di f f er -
ent i al cont r ol by ADH and al dost er one .

MATERI ALS AND METHODS

Toads ( Buf o mar i nus, Domi ni can Republ i c or i gi n) wer e obt ai ned f r om Nat i onal
Reagent s ( Br i dgepor t , CT) and kept par t i al l y submer ged i n t ap wat er f or at l east 3
d bef or e use . The ani mal s wer e doubl e- pi t hed and and t he ur i nar y bl adder s wer e
exci sed and mount ed as f l at sheet s i n a doubl e chamber . Wi t h one hemi bl adder
mount ed acr oss such a doubl e chamber , one quar t er ser ved as t he t est ed t i ssue and
t he ot her as cont r ol . The exposed cr oss- sect i onal ar ea was 2 cm2 / quar t er - bl adder . The
hemi bl adder s wer e suppor t ed by nyl on mesh f r om t he ser osal si de and si l i con gr ease
was used t o mi ni mi ze edge damage . The mucosal and ser osal compar t ment s had
vol umes of 13 and 4. 5 ml , r espect i vel y, and wer e st i r r ed by aer at i on . A hydr ost at i c
pr essur e di f f er ence of 5 cm H2O was used t o hol d t he bl adder agai nst t he mesh .
El ect r i cal connect i ons wer e made t hr ough agar br i dges t o Ag/ AgCl ( cur r ent ) or
cal omel ( vol t age) el ect r odes . Shor t - ci r cui t cur r ent and t r ansepi t hel i al r esi st ance ( I , , c
and R) wer e measur ed as descr i bed pr evi ousl y ( 9) . Subst i t ut i ons of t he mucosal
Ri nger ' s wer e done by per f usi ng t he mucosal compar t ment wi t h t he new sol ut i on f or
5 mi n at a r at e of 30 ml / mi n . Thi s exchange pr ocedur e ensur es compl et e r epl acement

1 Abbr evi at i ons used i n t hi s paper : ADH, ant i - di ur et i c hor mone ( i n t hi s st udy, vasopr essi n was
used) ; DSA, di azosul f ani l i c aci d; I , e , shor t - ci r cui t cur r ent ; I . . . shor t - ci r cui t cur r ent at t i me zer o ;

PN. , api cal sodi um per meabi l i t y ; R, t r ansepi t hel i al el ect r i cal r esi st ance ; RN. , sodi um- speci f i c
( ami l or i de- sensi t i ve) r esi st ance ; R. , par acel l ul ar ( shunt ) r esi st ance ; TAME, p- t ol uenesul f onyl -
L- ar gi ni ne met hyl est er .
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wi t h t he subst i t ut e sol ut i on and was not accompani ed by any si gni f i cant per t ur bat i on
i n I . , or R. At hi gher f l ow r at es, however , Ie t ended t o i ncr ease and R t o decr ease,
pr esumabl y because of mechani cal st r et ch ef f ect s .

The ser osal sol ut i ons consi st ed ei t her of st andar d NaCl Ri nger ' s cont ai ni ng ( i n
mK: 110 NaCl , 1 CaC12, 0. 5 MgC12, 3. 5 K- phosphat e ( adj ust ed t o pH 7. 5) , and 5
pyr uvat e ( unl ess ot her wi se i ndi cat ed) , or hi gh- K sucr ose Ri nger ' s i n whi ch al l of t he
NaCl was r epl aced by 85 mMKCl pl us 50 mMsucr ose ( 7) . The mucosal sol ut i ons
consi st ed ei t her of NaCl Ri nger ' s ( composi t i on as descr i bed above) or Na- f r ee Ri nger ' s
i n whi ch NaCl was r epl aced by 110 mMKCI , or Na2SO4 Ri nger ' s cont ai ni ng ( i n
mK: 18 . 2 Na2SO4, 36 . 3 K2S04, 1 Ca gl uconat e, and 5 K- phosphat e ( pH 7 . 5) . The
Na act i vi t y i n Na2S04 Ri nger ' s i s 20 mM.

To ensur e t hat var i at i ons i n t he ef f ect s of t r ypsi n on I , . ~ or Rwer e not a consequence
of changes i n t he composi t i ons of t he mucosal sol ut i ons, pr ot eol yt i c pot ency of t r ypsi n
was assayed by measur i ng t he hydr ol ysi s of p- t ol uenesul f onyl - L- ar gi ni ne met hyl est er
( TAME) as descr i bed i n r ef er ence 10. The r eact i on mi xt ur e consi st ed ei t her of 40
mMTr i s, 10 mMCaC12, and 1 mMTAME, or one of t he above- descr i bed mucosal
sol ut i ons ( i . e . , NaCl Ri nger ' s, Na- f r ee Ri nger ' s, or Na2SO4 Ri nger ' s) pl us 1 mM
TAME. I n t he pr esence of 0. 15 l Ag/ ml enzyme t he absor pt i on changes wer e l i near f or
at l east 3 mi n.

St at i st i cs
Al l dat a ar e expr essed as mean t SEMand t he pr obabi l i t i es wer e cal cul at ed usi ng
t he pai r ed t t est .

Mat er i al s

Tr ypsi n ( t hr i ce- cr yst al l i zed, 180- 220 TAME U/ mg) was obt ai ned f r omWor t hi ngt on
Bi ochemi cal Cor p . , Fr eehol d, NJ . Soybean t r ypsi n i nhi bi t or ( t ype I - S) , TAME HCl ,
and d- al dost er one wer e obt ai ned f r om Si gma Chemi cal Co . , St . Loui s, MO. Vaso-
pr essi n ( 20 pr essor uni t s/ ml ) was obt ai ned f r om Par ke, Davi s, & Co . , Det r oi t , MI ,
and l yophi l i zed peni ci l l i n- st r ept omyci n mi xt ur e was obt ai ned f r om Gi bco Labor at o-
r i es, Gr and I sl and, NY. Al l convent i onal r eagent s wer e of anal yt i cal gr ade .

RESULTS

Tr ypsi n Ef f ect s on I 8c and R

The act i on of t r ypsi n was assessed by addi ng t he enzyme ( f i nal concent r at i on

= 1 mg/ ml ) t o t he mucosal medi a of pai r s of quar t er - bl adder s ; one of each

pai r was pr et r eat ed wi t h soybean t r ypsi n i nhi bi t or ( f i nal concent r at i on = 0. 5
mg/ ml ) . The enzyme evoked a monot oni c decr ease i n I r t o 50% of t he

pr et r eat ment val ue at 40 mi n ( Fi g. 1) . The quar t er - bl adder s pr ot ect ed by
t r ypsi n i nhi bi t or exhi bi t ed no si gni f i cant change i n Ic f or up t o 75 mi n.
Addi t i on of t he t r ypsi n i nhi bi t or ( 0 . 5 mg/ ml ) t o t he mucosal medi a of t he
exper i ment al quar t er - bl adder s at 40 mi n pr event ed any f ur t her f al l i n l ay and
was at t ended by a l i mi t ed r ever sal i n t he r esponse ( i . e . , a r ebound t o 60%of
t he pr et r eat ment cont r ol at 80 mi n) . The f ur t her addi t i on of ami l or i de ( 80
, uM) t o t he mucosal medi a at 80 mi n compl et el y i nhi bi t ed t he r esi dual I .C

( dat a not shown) . Thi s f i ndi ng i mpl i es t hat t he conduct i ng Na channel s
r et ai ned t he ami l or i de- bi ndi ng si t e . I n t hese exper i ment s t he mucosal and
ser osal compar t ment s cont ai ned i dent i cal sol ut i ons . Thus, t he decr ease i n I e ~
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must i ndi cat e a cor r espondi ng decr ease i n Na f l ux acr oss t he epi t hel i al cel l s,
pr esumabl y caused by pr ot eol yt i c di gest i on of a component of t he mucosal

Na channel s . The sl ow par t i al r ecover y obser ved af t er bl ocki ng t he enzyme
wi t h t he t r ypsi n i nhi bi t or may r ef l ect an act i vat i on pr ocess t r i gger ed by t he

decr eased Na upt ake f r om t he mucosal si de ( 11, 12) .
Tabl e I summar i zes t he ef f ect s of exposur e t o mucosal t r ypsi n f or 1 h on

and R: t he enzyme decr eased I , , by 50 f 2%, accompani ed by a smal l but
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FI GURE 1 .

	

The ef f ect of t r ypsi n on 1, - . Pai r s of quar t er - bl adder s wer e equi l i -
br at ed i n NaCl Ri nger ' s ( bot h mucosal and ser osal ) unt i l I , e r eached near - st eady
val ues ( 2- 4 h) . Soybean t r ypsi n i nhi bi t or ( 0 . 5 mg/ ml ) was added t o t he mucosal
si de of one quar t er - bl adder and 5 mi n l at er ( t = 0) t r ypsi n ( 1 mg/ ml ) was added
t o t he mucosal medi a of bot h quar t er - bl adder s . At 40 mi n, soybean t r ypsi n
i nhi bi t or ( 0 . 5 mg/ ml ) was added t o t he exper i ment al quar t er - hemi bl adder .
Bot h t he enzyme and i nhi bi t or wer e added f r om 100- f ol d- concent r at ed sol ut i ons
i n NaCl Ri nger ' s . L, was measur ed ever y 5- 10 mi n ( and mai nt ai ned open-
ci r cui t ed bet ween measur ement s) and t he f r act i onal change I , : / I , , , i s pl ot t ed vs .
t i me. The ver t i cal bar s ar e t he st andar d er r or s of t he means . n = 7 pai r s of
quar t er - bl adder s . I , , , was 20 . 5 t 3. 0 and 21 . 7 t 3. 5 pA/ cm2 i n t he t r ypsi ni zed
and cont r ol bl adder s, r espect i vel y .

si gni f i cant i ncr ease i n mean r esi st ance ( P < 0 . 001) . The cont r ol quar t er -

bl adder s di d not show any si gni f i cant changes f r om t he i ni t i al val ues ( P >

0. 1) . Fr om t i me t o t i me, quar t er - bl adder s pr oved t o be al most compl et el y

r esi st ant t o t r ypsi n- medi at ed i nhi bi t i on of I , c ( - I i n seven t oad bl adder s) .

These bl adder s wer e not used i n any of t he r epor t ed exper i ment s . I n some of
t hese exper i ment s r ever si bi l i t y of t he changes i n I , c was assessed ei t her by

bl ocki ng t r ypsi n act i on wi t h soybean t r ypsi n i nhi bi t or ( n = 10) or by subst i -
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t ut i ng wi t h enzyme- f r ee mucosal sol ut i ons ( n = 12) . The r ebound i ncr ease i n
l ac was about t he same, r egar dl ess of t he met hod used t o st op t he enzyme
r eact i on . For t he combi ned gr oups ( n = 22) , t he r at i o l ac / 1 ' , i ncr eased f r om
0 . 52 t 0 . 02 t o 0 . 62 f 0 . 06 at t he end of 1 h af t er t er mi nat i on of t r ypsi ni zat i on .

I n cont r ast t o t he mar ked decr ease i n I ec , t he change i n Rwi t h t r ypsi ni zat i on
was l i mi t ed . Si nce t he t ot al r esi st ance i s made up of at l east t hr ee component s,
t he api cal membr ane, t he basol at er al membr ane, and t he par acel l ul ar pat h-
way, t he change i n R may be smal l because onl y one of t hese component s, t he
api cal si t e, may be subj ect t o pr ot eol yt i c at t ack . To di st i ngui sh bet ween ef f ect s
on t he api cal , basol at er al , and par acel l ul ar r esi st ances, we measur ed I sc / 1so
and R/ Ro i n t r ypsi ni zed, K- depol ar i zed bl adder s . The hi gh ser osal K i n t hi s
pr epar at i on causes l ar ge decr eases i n t he basol at er al r esi st ance ; under t hese

( A) NaCl Ri nger ' s

Tr ypsi ni zed 28. 8±3. 0 1 . 25: 0. 09 0. 5±0. 02 1 . 1±0. 02 36
Cont r ol 28. 4±3. 5 1 . 34±0. 09 1 . 0±0. 03 0. 95: 0. 03 36

( B) K- sucr ose

Ri nger ' s I N,

TABLE I

EFFECTS OF TRYPSI N ON I AND R

I ni t i al val ues

	

Fr act i onal change

	

Number
of bl ad-

Ro I . A. , R/ Ro der s

I ni t i al val ues

	

Fr act i onal change

RN. Ra I N. / I Nao	 RN . I RNa a	 RsI R q.

29. 0±4. 8 1 . 61±0. 27 3. 12±1 . 04 0. 4: 0. 04 2 . 7±0 . 3 0. 9±0 . 06 8

789

( A) The exper i ment al pr ot ocol i s as shown i n Fi g . 1 . The cont r ol quar t er - bl adder s r ecei ved ei t her t r ypsi n
( 1 mg/ ml ) pl us soybean t r ypsi n i nhi bi t or ( 0 . 5 mg/ ml ) ( n = 15 pai r s) or had no addi t i ons t o t he mucosal
medi a ( n = 21 pai r s) . The ef f ect s wer e measur ed 1 h af t er i ncubat i on wi t h t he enzyme.
( B) Quar t er - bl adder s wer e i ncubat ed i n Na2S04 Ri nger ' s ( mucosal ) and K- sucr ose Ri nger ' s ( ser osal ) . The
ef f ect s of t r ypsi n of I and R wer e assayed f or 1 h. The Na- speci f i c val ues of t hese par amet er s wer e
eval uat ed by addi ng ami l or i de ( 80 pM) t o t he mucosal medi umbef or e and 1 h af t er t he addi t i on of t r ypsi n
( 1 mg/ ml ) . The uni t s wer e : I k = uA/ cm2 ; R= KO. cm2 .

condi t i ons t he sodi um- speci f i c api cal r esi st ance ( RN. ) can be est i mat ed f r om
t he di f f er ence bet ween R and Ra ( 7) . Thus, Ra was measur ed bef or e and af t er
t r ypsi ni zat i on by bl ocki ng Na channel s wi t h 80 1uM ami l or i de. I n t hese
depol ar i zed bl adder s, 1 h of i ncubat i on wi t h t r ypsi n caused a 2 . 7 ± 0 . 3- f ol d
i ncr ease i n RN. / RN. , , and had no si gni f i cant ef f ect ( P > 0 . 1) on R. / R.. ( Tabl e
I , par t B) . Thi s r esul t i ndi cat es t hat pr ot eol yt i c di gest i on af f ect ed I ac by
decr easi ng PNa, pr obabl y because of i nact i vat i on of Na channel s, and t hat t he
par acel l ul ar shunt does not open under t hese exper i ment al condi t i ons . Thi s
i nf er ence i s based on t he quant i t at i ve r el at i onshi p bet ween t he r eci pr ocal of
RN. / RN. , , and I ec/ 1, , , bot h of whi ch ar e - 0 . 4 ( Tabl e I , par t B) .

The use of a ser osal l y depol ar i zed pr epar at i on t o eval uat e ef f ect s of r eagent s
such as t r ypsi n on api cal conduct i vi t y depends on t he expect at i on t hat ser osal
depol ar i zat i on wi l l not i n i t sel f al t er t he pr oper t i es of t he api cal boundar y .
That t hi s i s i ndeed t he case i s i ndi cat ed by t he f i ndi ngs t hat t he magni t udes
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and t i me cour ses of t he I . , r esponses t o hor mones ( al dost er one, ADH) ,
met abol i c subst r at es ( gl ucose, pyr uvat e) , and t he api cal r eagent ( ami l or i de)
under depol ar i zi ng condi t i ons ar e al l i ndi st i ngui shabl e f r om t hose obt ai ned
wi t h st andar d NaCl Ri nger ' s sol ut i on ( 6, 7, 8) .

Ef f ect s of Ami l or i de and Na f r ee Medi a

The speci f i ci t y of t he pr ot eol yt i c at t ack on t he Na channel pr ot ei n( s) was
assessed by eval uat i ng t he degr ee of pr ot ect i on af f or ded by pr et r eat ment wi t h
ami l or i de . Two pr ot ocol s wer e used : i n t he f i r st , one of each pai r of quar t er -
bl adder s was exposed t o 30 j , M ami l or i de, and 2 mi n l at er bot h quar t er -
bl adder s r ecei ved 1 mg/ ml t r ypsi n ( Fi g . 2) . When I . , r eached a new st eady
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Ti me ( mi n)

FI GURE 2.

	

Pr ot ect i ve ef f ect of ami l or i de on i nhi bi t i on of I . by t r ypsi n. Pai r ed

quar t er - bl adder s wer e mount ed and equi l i br at ed i n NaCI Ri nger ' s ( bot h mu-

cosal and ser osal ) . Ami l or i de ( AMI ) ( 30 I AM) was added t o t he mucosal si de of

one quar t er - bl adder , and 2 mi n l at er bot h quar t er - bl adder s r ecei ved t r ypsi n, 1

mg/ ml ( mucosal ) . Af t er an addi t i onal 45 mi n, t r ypsi n was r emoved f r om t he

mucosal compar t ment s by per f usi on f or 5 mi n wi t h NaCl Ri nger ' s and when
t he st eady- st at e I , , , : was r e- est abl i shed, a second addi t i on of t r ypsi n was made .

( One r epr esent at i ve exper i ment . )

val ue, ami l or i de and t r ypsi n wer e r emoved f r om t he mucosal compar t ment

by per f usi ng i t wi t h NaCl Ri nger ' s f or 5 mi n . Thi s wash had l i t t l e ef f ect on

t he quar t er - bl adder t hat r ecei ved t r ypsi n onl y . I n cont r ast , i n t he ami l or i de-

t r eat ed quar t er - bl adder , r emoval of ami l or i de and t r ypsi n r est or ed I . , , t o t he

pr et r eat ment val ue, whi ch i ndi cat es t hat ami l or i de pr ot ect ed agai nst t he
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at t ack by t r ypsi n . A second addi t i on of t r ypsi n was made 30 mi n af t er t he
washout . Thi s maneuver had al most no ef f ect on t he I se of t he quar t er - bl adder
t hat r ecei ved t r ypsi n al one ( cont r ol ) , but decr eased t he I , , c of t he quar t er -
bl adder t hat was pr evi ousl y exposed t o t r ypsi n i n t he pr esence of ami l or i de t o
t he same val ue as t hat of t he cont r ol .

I n t he second set of exper i ment s, t he f ol l owi ng addi t i ons wer e made i n f our
quar t er - bl adder s har vest ed f r om t he same t oad ( i n each case) : ( a) t r ypsi n
al one ; ( b) t r ypsi n pl us ami l or i de; ( c) ami l or i de al one ; ( d) di l uent al one. I n t he
quar t er - bl adder s t hat r ecei ved ami l or i de, wi t h or wi t hout t r ypsi n, I sc
decr eased i mmedi at el y t o 0 . 13 ± 0 . 01 of t he i ni t i al val ue . 1 h af t er t he
addi t i ons, t he mucosal compar t ment s wer e per f used wi t h NaCl Ri nger ' s, and
I . - was r e- measur ed. Tr ypsi n i nhi bi t ed I . , t o 0 . 56 t 0. 06 of t he i ni t i al val ue
( Tabl e I I ) . On t he ot her hand, i ncubat i on wi t h ami l or i de pl us t r ypsi n had no
ef f ect on t he post - washout I sc , as compar ed wi t h ei t her ami l or i de al one or
di l uent .

I NHI BI TI ON OF THEACTI ON OF TRYPSI NBY AMI LORI DE
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Four quar t er - bl adder s f r om each t oad wer e i ncubat ed si mul t aneousl y wi t h ( A) t r ypsi n ( 1 mg/ ml ) , ( B)
t r ypsi n ( 1 mg/ ml ) pl us ami l or i de ( 30 AM) , ( C) ami l or i de ( 30 AK, or ( D) di l uent on t he mucosal si de. 1 h
l at er al l f our mucosal compar t ment s wer e per f used wi t h NaCl Ri nger ' s sol ut i on t o r emove al l of t he
r eagent s ( n - 8) . I n t hr ee ot her exper i ment s onl y condi t i ons A and B appl i ed . The f r act i onal change i n I .
i s t he r at i o of t he Ik measur ed af t er per f usi on t o t hat measur ed bef or e t he addi t i ons . Thel , , ( t aA/ cm) i s
t he I . val ue measur ed i mmedi at el y bef or e t he addi t i ons .

To ensur e t hat ami l or i de does not pr event t he decr ease i n I s, by i nact i vat i ng
t r ypsi n di r ect l y, we assayed enzyme act i vi t y i n t he pr esence and absence of 30
j , M ami l or i de . I n t he var i ous mucosal sol ut i ons ( i . e . , NaCl , Na2S04, Na- f r ee
Ri nger ' s) t he enzymat i c act i vi t y var i ed f r omone- t hi r d t o t wo- t hi r ds of t hat i n
t he r ef er ence buf f er , Tr i s- CaC12 ( Tabl e I I I ) . Ami l or i de, however , had no ef f ect
on t r ypsi n act i vi t y assayed ei t her i n t he Tr i s- CaC12 or i n NaCl Ri nger ' s
sol ut i ons .

The abi l i t y of ami l or i de t o pr ot ect Na channel s f r om t r ypsi n di gest i on can
be expl ai ned i n one of t wo ways : ( a) ami l or i de di r ect l y ei t her masks t he
cl eavage si t e or i nduces a conf or mat i onal change t hat i n t ur n masks t he
cl eavage si t e ; or ( b) t he abol i t i on of Na t r anspor t by ami l or i de i n t ur n pr ot ect s
Na channel s f r om t r ypsi n ( e. g . , because of changes i n l ocal Na concent r at i on
or membr ane pot ent i al ) .

To di st i ngui sh bet ween t hese possi bi l i t i es, we exami ned t he ef f ect of t r ypsi n
on bl adder s i n whi ch Na t r anspor t was abol i shed by subst i t ut i ng Na- f r ee
Ri nger ' s f or NaCl Ri nger ' s on t he mucosal si de . I n Na- f r ee mucosal sol ut i ons,

Tr eat ment I , . Fr act i onal change
Number of

quar t er - bl adder s

( A) Tr ypsi n 24. 715 . 8 0. 56±0. 06 11
( B) Tr ypsi n + ami l or i de 29. 5±10. 2 1 . 0±0. 13 11
( C) Ami l or i de 39. 8±13. 9 1 . 14±0 . 10 8
( D) Di l uent 15 . 8±3 . 0 1 . 0±0 . 10 8
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Enzyme act i vi t y was assayed as descr i bed i n Mat er i al s and Met hods. The r eact i on

mi xt ur e was one of t he above medi a pl us 1 mMTAME pl us 30, uMami l or i de or an

equal vol ume of di l uent ( wat er ) . Tr ypsi n ( 1 mg/ ml ) was pr ei ncubat ed f or 30 mi n
wi t h ami l or i de ( 30 pM) or t he di l uent at r oom t emper at ur e . The i ncubat i on mi xt ur e
was di l ut ed at t i me zer o wi t h t he r eact i on mi xt ur e, whi ch t hen cont ai ned ( f i nal
concent r at i on) TAME ( 1 mM) , t r ypsi n ( 0 . 1- 0 . 3 f t g/ ml ) , ±30 WMami l or i de. Thr ee
di f f er ent bat ches of t r ypsi n wer e assayed. Act i vi t y was expr essed as uni t s of TAME
per mi l l i gr amof t r ypsi n .

t r ypsi n r educed I . , t o 0 . 79 ± 0 . 07 of t he i ni t i al cur r ent , a val ue t hat di f f er s
si gni f i cant l y f r omt he f r act i onal change measur ed i n t he pr esence of Na ( 0 . 48
f 0 . 05 ; P < 0 . 01) ( Tabl e I V) . I ncubat i on i n Na- f r ee mucosal sol ut i ons al one,
however , i ncr eased I , , , by 40%. Thus, t he f r act i onal changes af t er exposur e t o
t r ypsi n wer e nor mal i zed t o t he cont r ol r at i os t hat gave t he f ol l owi ng r esul t s :
t r ypsi ni zat i on i n t he pr esence of Na decr eased t he nor mal i zed cur r ent t o 0 . 61
± 0 . 15 ( n = 8) and i n t he absence of Na t o 0 . 64 ± 0 . 08 ( n = 11) . These r esul t s
i mpl y t hat ami l or i de- dependent i nact i vat i on of t he ef f ect of t r ypsi n on PNa i s

not secondar y t o abol i t i on of Na t r anspor t .

Met hod of Anal ysi s of Hor monal Ef f ect s i n Tr yßsi ni zed Bl adder s

The abi l i t y of t r ypsi n t o bl ock i r r ever si bl y api cal Na channel s was used t o
di st i ngui sh bet ween var i ous possi bl e mechani sms f or act i vat i ng Na channel s
by al dost er one, ADH, and met abol i c subst r at es . The exper i ment al pr ot ocol
used i n t hese exper i ment s i s shown i n Fi g . 3 . Tr ypsi n was added t o t he mucosal

TABLE I V

EFFECT OF MUCOSAL Na ONTHERESPONSE TOTRYPSI N

Four quar t er - bl adder s f r om t he same t oad wer e per f used f or 5 mi n i n ei t her NaCl Ri nger ' s or Na- f r ee
Ri nger ' s on t he mucosal si de . Tr ypsi n ( 1 mg/ ml ) was added t o pai r s of quar t er - bl adder s, one of whi ch was

per f used i n NaCl Ri nger ' s and t he ot her i n Na- f r ee Ri nger ' s . 1 h l at er al l of t he quar t er - bl adder s wer e r e-

per f used wi t h NaCI Ri nger ' s ( n = 8) . I n t hr ee ot her exper i ment s onl y Na- f r ee Ri nger ' s was used . The

f r act i onal change i n cur r ent i s t he r at i o of 1. measur ed af t er t he second per f usi on t o t hat obt ai ned bef or e
t he f i r st per f usi on. 1" ( NA/ cm) was measur ed j ust bef or e t he f i r st per f usi on.

Medi um Tr ypsi n act i vi t y Number of assays

Tr i s- CaCl 2 sol ut i on 220±11 13

Tr i s- CaCI Z sol ut i on + ami l or i de 215±6. 5 5
NaCl Ri nger ' s 83. 1±6. 5 5
NaCl Ri nger ' s + ami l or i de 9Z. 9±4. 3 5

Na- f r ee Ri nger ' s 73. 4±6. 5 5

Na2SOs Ri nger ' s 166. 2±2 . 5 4

Mucosal medi um 1, . Fr act i onal change

Number of
quar t er -
bl adder s

NaCl Ri nger ' s 31 . 9±6 . 3 1 . 10±0 . 17 8

NaCl Ri nger ' s + t r ypsi n 33 . 8±4 . 7 0. 48±0 . 05 8

Na f r ee- Ri nger ' s 32 . 7±4. 4 1 . 39±0 . 13 11

Na f r ee- Ri nger ' s + t r ypsi n 30 . 8±4. 0 0 . 79±0 . 07 11
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si de of one of t he pai r ed quar t er - bl adder s, and af t er 1. ~ decr eased t o - 50%of
t he i ni t i al val ue, t he enzyme was ei t her i nhi bi t ed wi t h soybean t r ypsi n
i nhi bi t or or r emoved by per f usi ng t he mucosal compar t ment wi t h NaCl
Ri nger ' s ( or bot h) . The pai r s of quar t er s- bl adder s wer e t hen chal l enged wi t h
ADH, al dost er one, or pyr uvat e ( added t o t he ser osal compar t ment ) , and t he
r esponse was moni t or ed unt i l maxi mal st i mul at i on of 1c was est abl i shed .

To compar e t he r esponses of t he cont r ol and t r ypsi ni zed quar t er - bl adder s,
t wo par amet er s wer e cal cul at ed : ( a) t he f r act i onal change i n cur r ent , I q/ 1c 1 ,
and ( b) t he nor mal i zed absol ut e i ncr ement i n cur r ent ( 1. , , - I . , 1) / 1. , ,

I n t he anal ysi s of t he r esponses of t he cont r ol and t r ypsi ni zed bl adder s t o
al dost er one, ADH, and pyr uvat e, we consi der ed t wo possi bl e model s : ( I ) The
hor mone- i nduced channel s ar e pr esent i n t he api cal membr ane i n i nact i ve

WASH and / or

I NHI BI T TRY

TRY HORMONE

I SCG

	

I SCI

	

I SC2

TI ME

FI GURE 3. Schemat i c r epr esent at i on of t he pr ot ocol used t o compar e t he
r esponses of cont r ol and t r ypsi ni zed ( TRY) quar t er - bl adder s t o ADH, al dost e-
r one, and pyr uvat e. I ~o denot es t he cur r ent at t he t i me of addi t i on of t r ypsi n t o
t he mucosal medi um, I . , t hat j ust bef or e t he begi nni ng of t he r esponse t o t he
st i mul ant s, and 4, ! , at t he maxi mumof t he r esponse.

f or mbef or e t he addi t i on of hor mone or subst r at es and ar e subj ect t o t he same
ext ent of t r ypsi n i nact i vat i on as t he basel i ne act i ve channel s . I n t hi s case,
P" ` 147, shoul d be equal t o ~~nt

	

ant but ( I t" , - Mq / 1Z shoul d be smal l er
t han ( I .. t

	

i n pr opor t i on t o I mo; / M ( pr ovi di ng t hat I °,Zt =
I ~ t ) . ( I I ) The hor mone- i nduced channel s ar e compl et el y pr ot ect ed f r om
t r ypsi ni zat i on ( bef or e t he addi t i on of hor mone) , i . e. , ei t her t hey ar e not pr esent
i n t he membr ane or t hey exi st i n a t r ypsi n- i nsensi t i ve conf or mat i on . I n t hi s
case, ( I t ' , y -

	

/ I

	

shoul d be equal t o ( I ° Zt - I nt ) / I ° ° nt , but 1Z/ I 7, woul d
be l ar ger t han l ow/ I ' nt by a f act or det er mi ned by

	

/ Ï

	

. I t shoul d be
emphasi zed t hat si nce t r ypsi n i s appl i ed t o t he mucosal si de, wher eas ADH,
al dost er one, and pyr uvat e ar e added f r om t he ser osal si de onl y, t r ypsi n shoul d
not af f ect cel l ul ar ent r y of al dost er one and pyr uvat e or bi ndi ng of ADHt o i t s
r ecept or .
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Thus, by compar i ng t he exper i ment al val ues of I , ,

	

or ( I . c2 - I CI ) / I , ~"
wi t h t hose pr edi ct ed by t he model s, some f eat ur es of t he mechani sms by
whi ch Na channel s ar e act i vat ed i n r esponse t o al dost er one, ADH, or sub-
st r at es shoul d become appar ent .

I n t he cont r ol quar t er - bl adder s, t he ADH- dependent i ncr ease i n I , , c r eached
a maxi mal val ue at ^ - 10 mi n af t er t he addi t i on of ADH ( Fi g. 4) . I n t he
t r ypsi ni zed quar t er - bl adder s t he same t i me cour se was obser ved . The f r ac-
t i onal and i ncr ement al ADH- i nduced i ncr ease i n I ec i n cont r ol and t r ypsi ni zed
bl adder s, t oget her wi t h t he val ues pr edi ct ed by t he model s, ar e shown i n Fi g .

FI GURE 4. The ef f ect of t r ypsi n on t he r esponse t o ADH. Pai r ed quar t er -
bl adder s wer e t r eat ed as shown i n Fi g . 3 . The t r ypsi ni zed quar t er - bl adder i s
denot ed by t he sol i d ( l ower ) cur ve and t he cont r ol quar t er - bl adder by t he
dashed ( upper ) cur ve. Tr ypsi n ( 1 mg/ ml ) was added t o t he mucosal si de of t he
exper i ment al quar t er - bl adder s 60 mi n bef or e chal l enge wi t h ADH( 50 mU/ ml ) ,
and soybean t r ypsi n i nhi bi t or ( 0 . 5 mg/ ml ) was added 30 mi n bef or e chal l enge
wi t h ADH at t = 0. n = 6 pai r s of quar t er - bl adder s . The ver t i cal l i nes ar e t he
st andar d er r or s of t he mean .

5 . Tr ypsi ni zat i on i ncr eased I ~c2/ I sc, by 50%( f r om 2. 2 f 0. 1 t o 3. 4 t 0. 3) , but
had no appar ent ef f ect on ( I . c2 - 4c ( 1 . 1 ± 0. 1 and 1 . 2 f 0. 2 f or t he
cont r ol and t r ypsi ni zed bl adder , r espect i vel y) . These dat a ar e i n f ul l agr eement
wi t h model I I , whi ch pr edi ct s1. c/ I.: , = 3. 5 and ( I sc 2 - I ~c) / 1 %= 1 . 1, and do
not f i t model I , whi ch pr edi ct s I. , 2/ 4c, = 2. 2 and ( I 8c, - I Bc) / 1. ' , = 0. 5 . Thi s
r esul t i ndi cat es t hat ADH- i nduced channel s ar e ei t her not pr esent i n t he
api cal membr ane dur i ng t r ypsi ni zat i on or ar e i n a t r ypsi n- i nsensi t i ve conf or -
mat i on bef or e act i vat i on .

Thi s concl usi on i s conf i r med by t he exper i ment shown i n Fi g. 6 . I n t hi s
case, pai r ed quar t er - bl adder s wer e f i r st exposed t o 1 mg/ ml t r ypsi n and 1 h
l at er t r ypsi n i nhi bi t or was added t o one of each pai r . 10 mi n t her eaf t er , al l
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quar t er - bl adder s wer e chal l enged wi t h ADH. No si gni f i cant di f f er ence i n I . c
was det ect ed bef or e t he addi t i on of t he hor mone or dur i ng t he i ni t i al st age of
hor mone st i mul at i on ( i . e . , f or t he f i r st 5 mi n) . Act i vat i on of I . , i n t he pr esence
of mucosal t r ypsi n, however , r esul t ed i n a t r uncat i on of t he r esponse and a
pr ogr essi ve di ver gence ( gr eat er f al l i n t he pr esence of uni nhi bi t ed t r ypsi n) i n
t he I . c ' s . Thi s exper i ment i ndi cat es t hat ADH exposes " Na- conduct i ng sub-
st r at e" ( whi ch was not avai l abl e bef or e st i mul at i on) t o t he pr ot ease .

FI GURE 5.

	

Model anal ysi s of t he r esponse t o ADH af t er pr et r eat ment wi t h
t r ypsi n . The f r act i onal ( I r 2/ I , ) and t he i ncr ement al ( I " -

	

r esponses
t o ADH ( 50 mU/ ml ) i n cont r ol and t r ypsi n- pr et r eat ed ( 1 mg/ ml ) quar t er -
bl adder s ar e r epr esent ed i n t he t wo

	

ai r s of bar s on t he l ef t . The I , , val ues wer e
26 . 7 t 9. 3 and 25 . 9 t 10 . 6 p. A/ cm f or t he cont r ol and exper i ment al gr oups,
r espect i vel y ( n = 12 pai r s of quar t er - bl adder s) . The pr edi ct ed f r act i onal and
i ncr ement al r esponse t o ADHaf t er t r ypsi ni zat i on wer e comput ed f or t he model s
( 1, I I ) as descr i bed i n t he t ext and ar e r epr esent ed by t he t wo pai r s of bar s on
t he r i ght .

Al dost er one and Pyr uvat e St i mul at i on of Tr ypsi ni zed Bl adder s

As was t he case wi t h ADH, pr i or t r ypsi ni zat i on di d not al t er t he t i me cour se
of t he I . r esponse t o al dost er one, but t he absol ut e i ncr ease i n I c was much
smal l er i n t he t r ypsi ni zed quar t er - bl adder t han i n t he cont r ol ( Fi g . 7) . I n
r esponse t o al dost er one, I ec 2/ I sc, had si mi l ar val ues i n t he cont r ol ( 2 . 4 ± 0. 4)
and t r ypsi ni zed ( 1 . 9 ± 0. 3) quar t er - bl adder s i n agr eement wi t h model I ( Fi g .
8) . Accor di ng t o model I I , a val ue of 3. 5 i s pr edi ct ed f or I ~/ I t r . The
nor mal i zed i ncr ement al i ncr ease i n I ec i n t he t r ypsi ni zed bl adder was 0. 8 ±
0. 2, si gni f i cant l y l ower t han t he val ue measur ed f or t he cont r ol quar t er -
bl adder ( 1 . 45 ± 0. 4) . Thi s r esul t f i t s wel l wi t h model I , whi ch pr edi ct s a val ue
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of 0. 8 . The r esponse of t he t r ypsi ni zed bl adder s t o al dost er one, t her ef or e, f i t s
model I but not model I I , i . e . , t he al dost er one- i nduced Na channel s ar e subj ect
t o t he same degr ee of i nact i vat i on by t r ypsi n as t he basel i ne channel s . These
r esul t s i mpl y t hat t he al dost er one- i nduced channel s wer e pr esent i n t he api cal
membr ane i n nonconduct i ve f or m bef or e t he addi t i on of t he hor mone . How-
ever , an al t er nat i ve possi bi l i t y i s t hat t r ypsi ni zat i on of ot her api cal pr ot ei ns
i mpai r ed t he abi l i t y of al dost er one t o i nser t new channel s i n t he membr ane .
To di st i ngui sh bet ween t hese possi bi l i t i es, we t est ed t he ef f ect of al dost er one
i n quar t er - bl adder s t hat wer e t r ypsi ni zed i n t he pr esence of ami l or i de . As

3
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Ti me ( mi n)

FI GURE 6.

	

The ef f ect of cont i nuous exposur e t o t r ypsi n on t he r esponse t o
ADH. Pai r ed quar t er - bl adder s wer e exposed t o t r ypsi n ( 1 mg/ ml , mucosal si de)
f or 1 h and t hen soybean t r ypsi n i nhi bi t or ( 0. 5 mg/ ml ) was added t o one of
each pai r ( sol i d l i ne) . 10 mi n l at er ADH ( 50 mU/ ml ) was added t o t he ser osal
si de of bot h quar t er - bl adder s . ( n = 9 pai r s of quar t er - bl adder s . ) Ver t i cal l i nes
r epr esent t he st andar d er r or s of t he means .

shown above, ami l or i de pr event s i nact i vat i on of Na channel s by t r ypsi n and
pr esumabl y has no ef f ect on t r ypsi ni zat i on of ot her non- ami l or i de- bi ndi ng
pr ot ei ns . Thus, i mpai r ment of t he r esponse t o al dost er one caused by t r ypsi n-
i zat i on of membr ane pr ot ei ns, ot her t han api cal Na channel s, shoul d not be
af f ect ed by ami l or i de . I n ei ght pai r s of bl adder s, no si gni f i cant di f f er ence i n
t he r esponse t o al dost er one coul d be det ect ed bet ween t he quar t er - bl adder
t r ypsi ni zed i n t he pr esence of ami l or i de and t he cont r ol quar t er - bl adder s,
whi ch wer e not exposed t o t r ypsi n or ami l or i de or r ecei ved ami l or i de onl y ( P
> 0. 5 bot h f or t he f r act i onal and i ncr ement al cur r ent changes) ( dat a not
shown) . The power of t he t t est t o det ect 50%changes under t hese condi t i ons
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i s est i mat ed t o be >0 . 9 . Thus, ami l or i de pr event ed t r ypsi n i mpai r ment of t he
al dost er one- i nduced channel s as wel l as basel i ne channel s . Thi s r esul t i ndi cat es
not onl y t hat t he channel s act i vat ed by al dost er one wer e exposed t o t r ypsi n
bef or e hor mone st i mul at i on ( i . e . , const ant l y pr esent i n t he api cal membr ane) ,
but al so t hat ami l or i de pr ot ect s t he i nact i ve channel s ( i nduci bl e by al dost e-
r one) f r om t he act i on of t r ypsi n t o t he same ext ent as t he act i ve channel s .

I t i s wel l document ed ( 13, 14) t hat subst r at e- depl et ed bl adder s r espond
mi ni mal l y t o al dost er one and t hat t he subsequent addi t i on of subst r at es t o
subst r at e- depl et ed, al dost er one- t r eat ed bl adder s i nduces a t wof ol d ( or gr eat er )

797

FI GURE 7 .

	

The ef f ect of t r ypsi n on t he r esponse t o al dost er one . Pai r ed quar t er -
bl adder s wer e i ncubat ed f or 14- 18 h i n Na- f r ee Ri nger ' s ( mucosal ) and NaCl
Ri nger ' s pl us 5 mMpyr uvat e ( ser osal ) . Bot h sol ut i ons cont ai ned 100 U/ ml
peni ci l l i n and 100 j Lg/ ml st r ept omyci n t o pr event bact er i al gr owt h . At t he end
of t hi s per i od, t he mucosal and ser osal compar t ment s wer e per f used wi t h f r esh
NaCl Ri nger ' s, and af t er I . r eached st eady val ues ( 30- 60 mi n) , t r ypsi n ( 1 mg/
ml ) was added t o t he mucosal medi um of one quar t er - bl adder . 1 h l at er , t he
enzyme was bl ocked wi t h soybean t r ypsi n i nhi bi t or ( 0 . 5 mg/ ml ) and al dost er one
( 5 X 10 - 7 M) was appl i ed t o t he ser osal medi a of bot h hemi bl adder s ( t = 0)
( cur r ent changes wer e f ol l owed f or sever al hour s) . n = 6 pai r s of quar t er -
bl adder s . The ver t i cal l i nes ar e t he st andar d er r or s of t he means. See Fi g. 8 f or
a summar y of al l t he r esul t s .

i ncr ease i n I c wi t h a ver y br i ef l at ent per i od . Recent l y ( 14) , we showed t hat
t hi s i ncr ease r ef l ect s met abol i c- dependent r egul at i on of t he api cal Na chan-
nel s .

Thi s mechani smi s, i n f act , evi dent even i n t he absence of al dost er one, but
t he i ncr ease i n PN8 upon addi ng subst r at es i s mor e pr onounced i n al dost er one-
r epl et ed bl adder s . To eval uat e whet her t he subst r at e- i nduced i ncr ease i n I Bc
r esul t s f r om act i vat i on of Na channel s pr evi ousl y accessi bl e t o t r ypsi n ( as i n
t he case of al dost er one) or channel s t hat ar e not avai l abl e t o t r ypsi ni zat i on
bef or e subst r at e st i mul at i on, a compar i son was made of pyr uvat e ef f ect s i n
cont r ol and t r ypsi ni zed quar t er - bl adder s . The exper i ment al pr ot ocol was
si mi l ar t o t he one used f or al dost er one ( see t he l egend t o Fi g . 9) . Pyr uvat e
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i nduced an i mmedi at e and pr ogr essi ve i ncr ease i n 1. , t hat r eached a maxi mal
val ue af t er 2 h ( Fi g . 9) . No di f f er ence was not ed i n t he t i me cour ses of t hese
r esponses i n t he cont r ol and t r ypsi ni zed quar t er - bl adder s . was 1 . 9 t
0. 2 and 1 . 85 t 0. 15 f or t he cont r ol and t r ypsi ni zed quar t er - bl adder s, r espec
t i vel y, and ( 1, , 2 -

	

was 1. 2 f 0. 2 and 0. 65 t 0. 15 f or t he cont r ol and
t r ypsi ni zed hemi bl adder s . Thus, no si gni f i cant di f f er ence was det ect ed i n t he
f r act i onal ef f ect , but a near l y t wof ol d di f f er ence i n t he i ncr ement al ef f ect was
obt ai ned . The subst r at e- i nduced i ncr ease i n 1, t her ef or e, f i t s model I but not
model I I , i . e. , i t r ef l ect s act i vat i on of api cal Na channel s t hat wer e accessi bl e

FI GURE 8.

	

Model anal ysi s of t he r esponse t o al dost er one af t er pr et r eat ment
wi t h t r ypsi n . Aver age f r act i onal ( Iw, / I , ) and i ncr ement al [ ( 1e, - I w, ) / I ~]
r esponses t o al dost er one ( 5 X 10 - 7 M) i n cont r ol and t r ypsi n- pr et r eat ed ( 1 mg/
ml ) quar t er - bl adder s ar e r epr esent ed by t wo pai r s of bar s on t he l ef t . l .%was
21 . 7 t 4. 5 and 17 . 1 t 4. 8 , uA/ cm' f or t he cont r ol and t r ypsi ni zed quar t er -
bl adder s, r espect i vel y ( n = 12 pai r s of quar t er - bl adder s) . The pr edi ct ed f r act i onal
and i ncr ement al r esponses t o al dost er one af t er t r ypsi ni zat i on wer e comput ed
f or t he model s ( I , I I ) as descr i bed i n t he t ext and ar e r epr esent ed by t he t wo
pai r s of bar s on t he r i ght .

t o t r ypsi n bef or e t he addi t i on of subst r at e, as was t he case wi t h al dost er one .

The t i me cour ses of t he i ncr eases i n PN8 i nduced by ADHvs . t hat i nduced

by al dost er one or subst r at es di f f er si gni f i cant l y . 1c peaks 5- 10 mi n af t er
addi t i on of ADH, 2 h af t er t he addi t i on of subst r at e, and 5- 6 h af t er t he

addi t i on of al dost er one . I n t he l at t er i nst ances, t he quar t er - bl adder s wer e

pr ei ncubat ed f or 14 h bef or e chal l enge, and i n t he f or mer , onl y 1- 2 h bef or e

use . Thus, a r emot e possi bi l i t y exi st s t hat t r ypsi n may have di f f er i ng ef f ect s i n

f r esh and pr ei ncubat ed bl adder s . To r ul e out such a possi bi l i t y, some of t he
quar t er - bl adder s t hat wer e used t o assess r esponses t o al dost er one and pyr uvat e
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af t er over ni ght i ncubat i on wer e subsequent l y chal l enged wi t h ADH( 50 mU/
ml ) . I n ei ght pai r s of quar t er - bl adder s ( pr et r eat ed wi t h al dost er one and
pyr uvat e af t er over ni ght i ncubat i on) , ADHi nduced 2. 2 t 0. 2- and 3. 1 t 0. 3-
f ol d i ncr eases i n I c i n t he cont r ol and t r ypsi ni zed quar t er - bl adder s, r espec-
t i vel y . The al dost er one- or pyr uvat e- i nduced f r act i onal i ncr eases i n I .C i n t hese
same quar t er - bl adder s wer e 2. 1 t 0. 1 and 1 . 6 f 0. 2 f or t he cont r ol and
t r ypsi ni zed gr oups, r espect i vel y . Thus, i n t he same quar t er - bl adder s t hat
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FI GURE 9.

	

The ef f ect of t r ypsi n on t he r esponse t o pyr uvat e. Pai r ed quar t er -
bl adder s wer e i ncubat ed f or 14- 18 h i n Na- f r ee Ri nger ' s ( mucosal ) and subst r at e-
f r ee NaCl Ri nger ' s pl us 5 X 10- 7 Mal dost er one ( ser osal ) . Bot h sol ut i ons
cont ai ned 100 U/ ml peni ci l l i n and 100 NAg/ ml st r ept omyci n t o pr event bact er i al
gr owt h . At t he end of t hi s per i od, t he mucosal and ser osal compar t ment s wer e
per f used wi t h NaCl Ri nger ' s f r ee of subst r at e or al dost er one . One of t he t wo
quar t er - bl adder s r ecei ved t r ypsi n ( 1 mg/ ml ) and 1 h l at er t he enzyme was
bl ocked wi t h soybean t r ypsi n i nhi bi t or ( 0 . 5 mg/ ml ) . Pyr uvat e ( 5 mM) was
added t o t he ser osal compar t ment of bot h quar t er - bl adder s ( t = 0) and changes
i n 1r wer e f ol l owed f or sever al hour s . n = 9 pai r s of quar t er - bl adder s . I . : was
12 . 5 t 2 . 1 and 18 . 3 t 2. 7 uA/ cm2 f or t he cont r ol and t r ypsi ni zed quar t er -
bl adder s, r espect i vel y .

r esponded t o al dost er one or pyr uvat e accor di ng t o model I , t he r esponse t o
ADH f i t s model I I , whi ch i mpl i es t hat t her e ar e basi c di f f er ences i n t he
act i vat i on mechani sms of t hese agent s .

A number of f i ndi ngs suggest t hat t he obser ved decr ease i n I .V upon addi t i on
of t r ypsi n t o t he mucosal compar t ment i s t he out come of cl osur e of api cal Na
channel s as a r esul t of pr ot eol yt i c cl eavage . ( a) The decr ease i n I , , ~ i s accom-
pani ed by a pr opor t i onat e i ncr ease i n t he api cal r esi st ance, RN. , wi t h no
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change i n t he par acel l ul ar r esi st ance, RB ( Tabl e I ) . ( b) Ami l or i de at a concen-
t r at i on t hat was j ust suf f i ci ent t o abol i sh I N. pr event ed t he t r ypsi n- i nduced
decr ease i n I . , . I n cont r ast , el i mi nat i ng I N. by r emovi ng al l Na f r om t he
mucosal medi um had no ef f ect on t he sensi t i vi t y t o t r ypsi n . ( c) Much of t he
decr ease i n I . , was i r r ever si bl e and was bl ocked by t r ypsi n i nhi bi t or . These
f i ndi ngs i mpl y a r el at i onshi p bet ween t he ami l or i de- bi ndi ng si t e and t he si t e
cl eaved by t r ypsi n and deni es t he possi bi l i t y of nonspeci f i c damage t o t he
api cal membr anes as t he sour ce of t he change i n I . c .

Consi der at i on shoul d al so be gi ven t o t he possi bi l i t y of t r ypsi n- i nduced
changes i n api cal i on sel ect i vi t y, and par t i cul ar l y t o K, whi ch woul d compl i -
cat e t he i nt er pr et at i on of t hese r esul t s . Thi s possi bi l i t y, however , was cont r a-
di ct ed by t wo set s of f i ndi ngs . ( a) I f t r ypsi n r ender ed t he api cal sur f ace
per meabl e t o K, t he Kconcent r at i on gr adi ent ( mucosal t o ser osal ) i mposed
by t he use of Na- f r ee, hi gh- K sol ut i ons on t he mucosal si de ( Tabl e I V) shoul d
have el i ci t ed a posi t i ve cur r ent i n t he pr esence of t he enzyme . Thi s was not
t he case i n t hat per f usi on wi t h t he Na- f r ee, hi gh- K sol ut i on gave cur r ent r at i os
( I . , / I . , , u) i n cont r ol and exper i ment al hemi bl adder s of 0. 12 t 0. 02 and 0. 15
± 0. 02, r espect i vel y, bef or e t r ypsi ni zat i on, and 0. 14 ± 0. 02 and 0. 16 t 0. 02,
r espect i vel y, af t er t r ypsi ni zat i on . I ndeed, addi t i on of t he i onophor e nyst at i n
t o t he mucosal sol ut i on i n t he pr esence of a posi t i ve K gr adi ent el i ci t ed t he
pr edi ct ed posi t i ve cur r ent ( dat a not shown) . ( b) At r ypsi n- i nduced i ncr ease i n
api cal Kper meabi l i t y shoul d have i ncr eased api cal conduct ance . The opposi t e
ef f ect , however , was r ecor ded, i n t hat t r ypsi n i ncr eased t he ami l or i de- sensi t i ve
r esi st ance 2. 7- f ol d, wi t h no change i n t he shunt r esi st ance ( Tabl e I ) .

Ahi ghl y r epr oduci bl e obser vat i on was t hat t r ypsi n bl ocked onl y 50%of t he
or i gi nal cur r ent . I n an ear l i er st udy, Cut hber t and Pai nt er ( 15) not ed t hat
appl i cat i on of chymot r ypsi n t o t he ext er nal ( mucosal ) si de of f r og ski n r educed
1, , , ! ^ - 50% af t er 2 h. These obser vat i ons suggest ei t her t hat 50% of t he Na
channel s ar e not accessi bl e t o t he enzyme ( e . g. , due t o st er i c hi ndr ance) or
t hat al l of t he channel s have been par t i al l y bl ocked and cont i nue t o conduct
Na at 50%of t he or i gi nal r at e . The l at t er expl anat i on seems unl i kel y i n t hat
al l pr evi ous st udi es based on noi se anal ysi s i ndi cat e t hat t he api cal Na
channel s of bot h t oad bl adder and f r og ski n oper at e i n an " al l - or - none" mode
( 6, 8) . Fur t her st udi es ar e needed, however , t o conf i r m t he al l - or - none mech-
ani smi n t he r esponse t o t r ypsi n .

I n t he t oad bl adder , changes i n I . i nduced by al dost er one, ADH, and
met abol i c subst r at es al l appear t o be medi at ed, at l east i n par t , by changes i n
t he densi t y of open ( i . e. , el ect r i cal l y det ect abl e) api cal Na channel s ( 6, 8) .
Some of t he possi bl e mechani sms t hat can account f or t he i ncr ease i n channel
densi t y ar e : ( a) act i vat i on of a pr e- exi st i ng set of channel s i n t he api cal
membr ane by coval ent chemi cal modi f i cat i on ( 16, 17) ; ( b) act i vat i on of a pr e-
exi st i ng set of channel s by cyt opl asmi c f act or s such as Na act i vi t y, Ca act i vi t y,
or pH ( i . e . , noncoval ent modi f i cat i on) ( 11, 12, 18, 19) ; ( c) r ecr ui t ment of
channel s f r om subapi cal vesi cl es ( 20) ; ( d) r ecr ui t ment of channel s by de novo
synt hesi s of t he component s ( 13) .

The abi l i t y of t r ypsi n t o bl ock, i r r ever si bl y, api cal Na per meabi l i t y was
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used t o di st i ngui sh bet ween t he above mechani sms ( a or b vs . c or d) . I n t hese
exper i ment s, changes i n I . , wer e used as i ndi cat or s of changes i n PN8 f or t he
f ol l owi ng r easons. St i mul at i on of I . , , by ADH, al dost er one, and met abol i c
subst r at es, and i nhi bi t i on by t r ypsi n ar e pr opor t i onat e ( i . e. , 1 : 1) t o changes i n
PN8 or an i ndex of PN8, such as RN. ( 6- 8, 14) . I t i s ver y l i kel y, t her ef or e, t hat
changes i n I . , , evoked by combi nat i ons of t r ypsi n and one of t he act i vat i ng
agent s wi l l al so be accompani ed by cor r espondi ng changes i n PN8 . Si nce t he
hor mones and subst r at es wer e added t o t he ser osal medi um onl y, ef f ect s of
t r ypsi n on t he pr i mar y i nt er act i ons bet ween t hese r eagent s and t he epi t hel i um
ar e hi ghl y unl i kel y .

Pr et r eat ment wi t h t r ypsi n i nhi bi t ed t he r esponses t o al dost er one and py-
r uvat e t o t he same ext ent as t he basel i ne cur r ent , whi ch i ndi cat es t hat t he
al dost er one- and pyr uvat e- i nduced channel s wer e accessi bl e t o t r ypsi n and
pr esumabl y pr esent i n t he api cal membr ane bef or e st i mul at i on by t hese
agent s . Thus, de novo synt hesi s of channel component s or acqui si t i on of new
channel s by f usi on of vesi cl es wi t h t he membr ane shoul d be excl uded as t he
act i vat i on mechani sm i n t hese cases . Si nce t he ef f ect was abol i shed when
ami l or i de was pr esent dur i ng exposur e t o t r ypsi n, suscept i bi l i t y of t he l at ent
channel s t o t r ypsi n pr obabl y i nvol ves cl eavage of ami l or i de- bi ndi ng pr ot ei ns .
I n cont r ast , t he ADH- i nduced i ncr ease i n I e was t ot al l y i nsensi t i ve t o t he
pr ot eol yt i c at t ack : i n t hi s case, t he i ncr ease i n I . , appear s t o i nvol ve ei t her
f usi on of channel - cont ai ni ng vesi cl es wi t h t he api cal membr ane or r ecr ui t ment
f r om some ot her pr ecur sor pool t hat i s i naccessi bl e t o t r ypsi n .

I n an ear l i er st udy by Pal mer and Edel man ( 21) , di azosul f ani l i c aci d ( DSA) ,
an i mper meant pr ot ei n- modi f yi ng agent , was used t o i nhi bi t Na conduct ance
of api cal channel s i r r ever si bl y i n t oad bl adder s . As i n t he pr esent st udy,
pr et r eat ment wi t h DSA i nhi bi t ed t he basal and al dost er one- st i mul at ed I ~ t o
t he same ext ent . I n cont r ast t o t he pr esent r esul t s, however , t he pool of
el ect r i cal l y si l ent channel s r ecr ui t ed by vasopr essi n was accessi bl e t o DSA. A
possi bl e expl anat i on f or t he di scr epancy bet ween t hese r esul t s and t hose
obt ai ned wi t h t r ypsi n i s t hat DSA may al so modi f y t he api cal pl asma
membr ane si t es medi at i ng t he i ncor por at i on of channel - cont ai ni ng vesi cl es
i nt o t he sur f ace . A si mi l ar expl anat i on may appl y t o t he r esul t s of Par k and
Fanest i l ( 22) . They not ed t hat a t yr osi ne- r eact i ve r eagent i nhi bi t ed basal and
ADH- st i mul at ed I , , ~ pr opor t i onat el y .

I nhi bi t i on of t he basal cur r ent may ei t her i nhi bi t or enhance t he r esponse
t o hor mone or subst r at es, i r r espect i ve of t he means by whi ch t he i ni t i al cur r ent
was r educed . I n ear l i er st udi es ( 14, 23) , however , t he al dost er one- i nduced
i ncr ease i n cur r ent was i ndependent of t he magni t ude of t he basel i ne cur r ent .
Ef f ect s of t he i ni t i al cur r ent on t he r esponse t o ADH wer e i ndeed demon-
st r at ed, but such ef f ect s wer e associ at ed wi t h modi f i ed ki net i cs not obser ved
i n our exper i ment s ( 24) . Fur t her mor e, t he exper i ment summar i zed i n Fi g. 6
cl ear l y shows t hat ADH exposes pr evi ousl y i naccessi bl e channel s t o t r ypsi n .
Thus, t he di f f er ences i n t he r esponses of t he cont r ol and t r ypsi ni zed bl adder s
ar e not at t r i but abl e si mpl y t o di f f er ences i n t he i ni t i al cur r ent s .

An i mpor t ant concl usi on f r om our r esul t s i s t hat al dost er one and ADHdo
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not shar e t he same pool of i nact i ve channel s . The possi bi l i t y of " pr ot ocol -
dependent " r esul t s was excl uded by measur i ng t he ef f ect of ADH on t he same
bl adder s t hat wer e used t o measur e t he ef f ect of al dost er one . Thus, at l east
t wo di st i nct mechani sms t o i ncr ease t he densi t y of Na- conduct i ng channel s
seem t o oper at e i n t he t oad bl adder epi t hel i um.

I t i s a pl easur e t o acknowl edge t he abl e t echni cal assi st ance pr ovi ded by Cr ai g Rezac i n t he

compl et i on of t hese st udi es . We ar e al so gr at ef ul f or t he val uabl e cont r i but i ons of Pr of essor -

Ber nd Li ndemann t o t hi s and r el at ed wor k, i n t he cour se of our ongoi ng col l abor at i on .

Fi nanci al suppor t was pr ovi ded by U. S. Publ i c Heal t h Ser vi ce gr ant - i n- ai d AM- 13659 f r om

t he Nat i onal I nst i t ut e of Ar t hr i t i s, Met abol i sm, and Di gest i ve Di seases . Dr . Gar t y i s a r eci pi ent

of a Chai mWei zmann Post doct or al Fel l owshi p .
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