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Abstract. Protein kinase C (PKC) is a major regulator of Key words: Frog skin — Toad skin — Frog urinary
a broad range of cellular functions. Activation of PKC bladder — Toad urinary bladder — Aldosterone —
has been reported to stimulate Nteansport across frog Moulting — PKC isozymes

skin epithelium by increasing the apical Npermeabil-

ity. This positive natriferic response has not been ob-dntroduction

served with other epithelial preparations, and could re- L . - -
flect the specific experimental conditions of different Protein kinase C (PKC) is a ubiquitous phospholipid-ac-

; - e tivated kinase which regulates many cellular functions
IseToboonrséotrée;,K(():r species or organ specificity of the re (Nishizuka, 1986) and likely mediates the tumor promo-

In the present study, measurements were conduct fipn of phorbol esters (Nishizuka, 1984). In part, regu-
with skins and urinary bladders from the same animals o ation by PKC is mediated by stimulation (Berger, Travis
two different species. The PKC activator TPA uniformly & Welsh, 1993, ths_e ot al., 1990; Yazawa & Kam-
increased the transepithelial Naansport (measured as eyama, .1990) and |fn'h|b|t|c;]n (Holnore etal, 19.91; P?yet
amiloride-sensitive short-circuit curremg,, across skins I& DepU|s,_1992) 0 |0|;]_char:me S'bPKC Tonsgsts Od at
from Rana temporarisand Bufo marinus,and inhibited east ten isozymes which have been cloned and se-
Isc across bladders from the same animals. Inhibitors o uenced (Nishizuka, 1992). The conventional (CPKC)
PKC (staurosporine, H-7 and chelerythrine) partially 0'MS 0Of PKC (PKCe, -B;, -6,,, and ) have four con-
blocked the TPA-induced stimulation &f- across frog served regions and are activated bft;dmcylglycerols
skin. The specificity of the PKC response by amphibianand phorbol esters. The nonconventional (nPKC) forms
skin could have reflected an induction of moulting, simi- (PKC-3, -¢, -0, and ) lack the G sequence and are

. ) 2 .
lar to that observed with aldosterone. However, IightCaz -independent, albeit responsive to diacylglycerols

micrographs of paired areas of frog skin revealed nc)and phorbol esters (Kiley et al., 1995; Nishizuka, 1988;

: : ; - Osada et al.,, 1990; Osada et al., 1992; Parker et al.
evidence of the putative moulting. Separatiorstwitum A ’ ’ '
corneumfrom the underlyingstratum granulosuneould 1989). Th_e aty_plcal_(aPKC) for_ms (PK@ and ) have
be detected following application of aldosterone. one c_ystelne-rlch_zmc finger-like motif and are unre-

We conclude that the effect of PKC on epithelial sponsive to C.:%l' dlacylglycerols and phorbol esters; the_
Na* channels is organ, and not species specific. Thephysmlogm _S|gnal which act|vates.the aPKC ISOZymes 1S
stimulation of N& permeability in amphibian skin does unknown (leh!;uka, 1992.)' The |sozym.e.s.also d|ﬁgr In
not arise from sloughing of thetratum corneumThese substrate specificity, kinetics, and sensitivity to activa-

observations are consistent with the hypothesis that th rs and proteases (Parker et al., 1989; Huang et al,

natriferic action arises from the calcium-independent iso- gglczbnsiderable activity has been focused on the pos-
zyme of PKC previously detected in frog skin. sible functional significance of the diversity of PKC iso-

zymes (Nishizuka, 1988; Parker et al., 1989; Kiley et al.,
I 1992), particularly since some of these isozymes appear
Correspondence tadv.M. Civan to localize to different cellular compartments (Kiley &
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Parker, 1995). Because of the fundamental difference imw): 120.0 Ng, 3.5 K*, 1.0 C&", 118.0 CI, 2.5 HCGQ, and 10.0
ca&t dependence, only cPKC isozymes are trans|OcateH—Z—heroxyethyl p_iperazing NZ—ethanesquonic acid_ (HEPES; half in
to the membranes of antigen-stimulated, basophilid"® basic and halfin the acidic form). The osmolality was 240 mOsm
RBL-2H3 cells in the absence of externaIZCeOzawa ot and the pH 7.6. A_djommg areas of 0.79 tmere studl_ed, permitting
. . . . control and experimental measurements of each skin or bladder to be

al., 1993). Because of the differing substrate specifiCi-conducted simultaneously. The transepithelial potential (serosa
ties, only the cPKC isozymes, and not the nPKC iso-positive to mucosa) was clamped at 0 mV, except for 5-sec intervals
zymes, activate c-Raf protein kinase £8d et al., 1992).  during whichV,,; was increased to 10 mV. The transepithelial con-
Other work has led to the suggestions that one or anothestuctance g was measured as the ratio of the currer?t deflectio_n to the
isozyme may play a special role in normal cell-cycle 10-mV volte}ge gtep. A dual-pen chart recorder continuously displayed
progression (Watanabe et al., 1992), epithelial differeniN® transepithelial currents.
tiation (Osada et al., 1993), and in the vascular compli-
cations of diabetes (Inoguchi et al., 1992). However, ndVIORPHOLOGIC STUDIES
target protein has been documented to respond to differ- _ _ , __ ,

. f . ] ... Frog skins were fixed by simultaneous addition of suitable volumes of
ent PKC isozymes in qualitatively different ways within 50% . )

. . . % (w/v) glutaraldehyde to the mucosal and serosal solutions to attain
the same cell, and the functional importance of the iSO fing concentration of 1%. After 20-30 min, the tissue areas studied
zyme diversity remains unclear. were excised and transferred to 1% glutaraldehyde in phosphate buffer.

Under many experimental conditions, Nabsorp-  Samples were post-fixed in osmium tetroxide, embedded in epoxy, and
tion by frog skin (from apical to basolateral solution) can sectioned for light microscopy. Examination of the sections was ini-
be monitored instantaneously and precisely by measuitially performed by_ D.R.D._ withqut r_)ri(_)r knowled_ge of the experimen-
ing the short-circuit current §, the current necessary to 12! Protocol to avoid possible bias in interpretation.
voltage clamp the epithelium to zero (Ussing & Zerahn,

1951; Civan, 1983)]. Activation of PKC with the phor- CHEMICALS
bol ester 12-O-tetradecanoylphorbol 13-acetate (TPA

i i —_600
StImUIateSISC across fmg skin by as much as 40 GOA)egceroI (DiGy) were obtained from the Sigma Chemical (St. Louis,

(C_'Van gt al., 1985)' Only later (af,ta 1 hr)’ 'S_the MO), and 12-O-tetradecanoylphorbol 13-acetate (TPA) from Chemsyn
stimulation succeeded by a reduction in baselin€ Na science Laboratories (Lenaxa, KS). Vasopressin was purchased (as

transport (Civan et al.,, 1989). The PKC-dependen-arginine vasopressin) from Calbiochem (San Diego, CA). The PKC
stimulation has since been documented and further anarhibitors 1-(5-isoquinolinyl-sulfonyl)-2-methylpiperazine (H-7)
lyzed both electrophysiologically (Civan et al., 1987, (Hidaka et al., 1984), staurosporine (Tamaoki, 1991) and chelerythrine
1988, 1989, 1991: Mauro, O'Brien & Civan, 1987) and (Herbert et al., 1990) were obtained from Sigma (St. Louis, MO),

On |t . Biomol (Plymouth Meeting, PA), and LC Services (Woburn, MA),
by measurements of*Na" flux across frog skin respectively. Amiloride was a gracious gift from Dr. George M.

(Andersen, Bjerregaard & Nielsen, 1990). The increas%anelli, Jr. (Merck Institute for Therapeutic Research, West Point, PA).
in I reflects an increase in the apical Naermeability
(Civan et al., 1987).

In contrast to the response of frog skin, PKC acti-
vation has been reported to have little effect (Schlondorffajyes are presented as the meansse 1The number of experiments
& Levine, 1985; Rorsman, Arkhammar & Berggren, isindicated by the symbdl. The probability P) of the null hypothesis
1986) or actually depress (Yanase & Handler, 1986:has been calculated using Studertitest.

Hays, Baum & Kokko, 1987; Mohrmann, Cantiello &

Ausiello, 1987; Ling & Eaton, 1989; Satoh & Endou,

1990; Graham et al., 1992) Nahannel activity in sev- Results

eral other epithelial preparations. These differences

could reflect a number of factors. In the present study,TISSUE SPECIFICITY OF TPA-INDUCED

we examine whether the difference in PKC responsivityNATRIFERIC EFFECT

reflects species or tissue specificity, and whether changes

in the unique structure of skin, th&ratum corneum, As illustrated by Fig. 1, 160 m TPA stimulated the

%hemicals were reagent grade-aldosterone and sn-1,2-dioctanoyl-

DATA REDUCTION

might mediate the natriferic effect of PKC. short-circuit current across the abdominal skin of the
toad, while inhibitinglg- across the urinary bladder from

Materials and Methods the same animal. The results obtained from a paired se-
ries of five experiments are summarized in Table 1. TPA

ELECTROPHYSIOLOGICMEASUREMENTS increasedgc by 7.9 + 2.4pA across the skins and re-

ducedlg by 10.7 + 1.8pA across the bladders. The
were obtained from West Jersey Biological Supply (Wenonah, NJ) anadarnp(:"d osqllaﬂons tnggerec_i by TPA In Figh Were
sacrificed by double pithing. Abdominal skins and urinary bladdersc’bserved W'th all five toad urinary bIadders studied, but
were excised and mounted between the two halves of a Lucite doublthese oscillations were not observed with frog bladders
chamber and bathed with an amphibian Ringer’s solution containing (in(Fig. 2B).

Frogs Rana pipiensand Rana catesbeiar)aand toads Bufo marinu$
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Fig. 1. Effects of PKC activation on currents across the urinary bladéleaid abdominal sking) from the same toadBufo marinu$. The upper

and lower envelopes of each trace are the currents at 0 mV (short-circuit cligg@raind 10 mV (serosa positive to mucosa), respectively. At the
arrows, 160 m TPA in ethanol was added to the media bathing the experimental tissue area and ethanol alone was added to the solutions bath
the control area. At the conclusion of each experiment, blockingdidannels with 10qum amiloride abolisheds.. TPA markedly inhibited g¢

across the bladder and stimulated across the toad skin by 22,07, 2.7 times more than the increase (of .8) associated with ethanol alone.

Table 1. Effects of sequential addition of TPA and vasopressin to skins and urinary bladders
from the same toads

Tissue Condition Baselink;c Change gA) in I following:
(nA) 160 v TPA

Skin: Con 31.8+29 3.3+2.9(>0.3)t

Exp 28.1+1.8 11.2 + 3.2R < 0.05)

Exp — Con -3.8+4.4R>0.4) 7.9+2.4P<0.05)
Bladder: Con 20.4+6.2 -0.4+0.96 0.6)

Exp 26.1+4.7 -11.1+1.2R<0.01)

Exp — Con 5.6+2.7R>0.1) -10.7 +1.8P < 0.01)

¥ P is the probability of the null hypothesis. The data were obtained from measurements of
the abdominal skins and urinary bladders excised from the same 5 toads. The addition of TPA
produced a mean percentage increase of 34.1 + 10.2%-.iacross the skins after 116 + 21
min. The response of the bladders was much faster; a mean percentage decrease of 47.9 +
9.3% inlgc was noted after1+ 2 min.

Differential effects were also noted following addi- corresponding skins (Figs. 1-2, Tables 1-2).We con-
tion of 160 v TPA to skins and urinary bladders taken clude that the natriferic response to TPA is tissue spe-
from the same animals of another species, the bullfrogific, and not species specific, at least among amphibia.
Rana catesbeianéFig. 2). In a series of seven paired
eXperImentS, TPA InCI‘eaSéQC across the SkInS by 172 INTERACT|ON OF TPA AND VASOPRESS|N
+ 6.4 nA, and reducedgc by 15.5 + 2.8pA across the
bladders (Table 2). The negative responses to TPA o¥We have previously noted that activation of PKC with
the I5c across both frog and toad bladders were consiseither phorbol esters or diacylglycerols stimulates base-
tently faster than the positive responsesfacross the line g but also inhibits the subsequent characteristic
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Table 2. Effects of sequential addition of TPA and vasopressin to skins and urinary bladders from the same bullfrogs

Tissue Condition Baselink;c Change RA) in |gc following:
(nA)
160 m TPA 100 mU Vasopressin
Skin: Con 58.1+ 9.2 -0.2+1.2P(>0.8) 39.5+10.2P < 0.01)
Exp 56.9+21.5 17.0 + 6.47(< 0.05) -6.3+ 5.8pP>0.3)
Exp - Con -1.2+ 5.0R>0.8) 17.2 + 6.4 < 0.05) -45.8 +11.1F < 0.01)
Bladder: Con 171+ 3.6 -0.2+1.P(0.8) 16.0+ 3.7P<0.01)
Exp 216+ 3.2 -15.7 + 2.69< 0.001) 4.4+ 1.9R>0.05)
Exp - Con 46+ 2.9R>0.1) -15.5 + 2.8P < 0.005) -11.6+ 4.2R<0.05)

The data were obtained from measurements of the abdominal skins and urinary bladders excised from the same 7
bullfrogs. The addition of TPA produced a mean percentage increase of 42.8 + 8|3%sitross the skins after 43 +
6 min. TPA reduceds. across the bladders by 74.2 + 3.3% aftd8r22 min. Vasopressin was applied to the basolateral
surface of the skins and bladders after preincubation with/without TPAdfeér®min and 65 + 4 min, respectively. The
peak hormonal stimulation was noted 3 8 min later by the skins and22t 3 min later by the bladders.
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Fig. 2. Effects of PKC activation on currents across the skipgnd urinary bladder) from the same frogRana catesbeiaaTPA stimulated
Isc across the frog skin and inhibitdd across the frog bladder.

natriferic response to vasopressin (Civan et al., 1985)tive (across bladder), the action of vasopressin was sub-
As illustrated by Fig. 2, 100 mU/ml vasopressin strongly sequently blunted.

stimulated the short-circuit current across the control ar-

eas of skin and bladder. In each case, however, TPA

largely blocked the later response to vasopressin. Thi§FFECTS OFPKC INHIBITORS ON THE RESPONSE TOTPA
observation was characteristic of the entire series of ex-

periments (Table 2). Whether the TPA exerted aAs considered in the Discussion, considerable evidence
natriferic effect which was positive (across skin) or nega-supports the concept that the positive natriferic action
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Table 3A. Effects of sequential addition of staurosporine and TPA to frog skins

Condition  Baselindgc Change gA) in Igc following:
(hA)
300 nv Staurosporine 160m TPA
Con 38.8+6.6 -0.4+0.64>0.5) 15.6 + 2.6 < 0.001)
Exp 36.5+4.7 5.9 + 1.0F < 0.005) 8.4+ 1.6 < 0.005)
Exp - Con -2.3+29R>0.4) 6.2 +1.2P < 0.005) -7.2+2.4R<0.025)

The data were derived from 7 skins frof pipienswhich were initially preincubated with/without
staurosporine for4t+ 1 min, and then exposed to TPA for 47 + 12 min. The control areas displayed a
peak increase in short-circuit current of 46.5 + 9.8% following the phorbol ester.

exerted by TPA on amphibian skin is mediated by pro-tive natriferic action of TPA (Civan et al., 1985; Mauro
tein kinase C. However, no information has yet beenet al., 1987).
presented concerning the effects of PKC inhibitors on the
TPA-triggered response of frog skin. This point was ad-
dressed by applying the nonspecific PKC inhibitors staulMORPHOLOGY OFFROG SKIN EPITHELIUM FOLLOWING
rosporine (Tamaoki, 1991) and H-7 (Hidaka et al., 1984) EXPOSURE TOTPA
and the more selective PKC inhibitor chelerythrine (Her-
bert et al., 1990) (Tablesf3-C) to skins excised from the TPA in high concentration (Jum) has been found to
frog Rana pipiens.In each case, addition of the PKC markedly stimulate endo- and exocytosis (Masur, Sa-
inhibitor increased the baseline short-circuit current bypirstein & Rivero, 1985; Masur & Massardo, 1987). We
5-8 pA. This is consistent with the observation that considered the possibility that the unique positive
long-term activation of PKC (aftell 1 hr) leads to inhi-  natriferic response to TPA of amphibian skin might re-
bition of Na" transport, following the initial phase of flect a specific action of phorbol ester on the structure of
Na'-channel activation (Civan et al., 1989). Each of thethis epithelium. In particular, the positive natriferic re-
PKC inhibitors also significantly reduced the response tasponse of aldosterone has indeed been associated with
the subsequent addition of TPA. It will be noted that thethe induction of moulting of the amphibian skin (Nielsen,
final currents following the sequential addition of first 1969). This possibility was examined by comparing
staurosporine or H-7 and secondly TPA were actuallyphotomicrographs of adjoining areas of control and
not very different for the control and experimental areasTPA-treated tissues taken from the same skins.
(Tables & andB). However, this was certainly not the The tissues were fixed after displaying typical re-
case with the more specific inhibitor chelerythrine (Tablesponses to TPA. In one experiment, the addition of 160
3C), where the final control currents (exposed only tonm TPA to both the mucosal and serosal solutions stimu-
TPA) were twice as large as the final experimental cur-lated baseline current by 64% and inhibited the subse-
rents (sequentially exposed to inhibitor and then TPA).quent response to 100 mU/ml serosal vasopressin by
We conclude that the data support the concept that th#6%. In a second experiment (Fig&-3CandE—F), 160
response to the phorbol ester was indeed mediated byM TPA was added solely to the mucosal bath, increas-
PKC activation. ing I sc by 30% and inhibiting the subsequent response to
TPA is also known to stimulate prostaglandin for- vasopressin by 66%. The later addition of 1M
mation and release in some preparations (Ohuchi &miloride abolished the short-circuit current. Thorough
Levine, 1978). The nonselective inhibitor ETYA blocks scanning of the sections revealed no detectable differ-
all three (lipoxygenase, cycloxygenase and epoxygenasence in the structure of the TPA-treated tissue at low
pathways of arachidonic acid metabolism (Downing et(Figs. 3 andE) or high (Fig. £ andF) magnification.
al., 1970). However, in contrast to the above results obSpecifically, no evidence of epidermal sloughing could
served with PKC inhibitors, 5@um ETYA had no sig- be detected.
nificant effect either on the baselifg. or on the re- It was possible that the putative TPA-induced moult-
sponse to TPA 41-75 min after adding the TPA. In aing was too subtle to be detected by our experimental
series of three sets of control and experimental areas afpproach. This possibility was addressed by comparing
skins from the frogRana pipiens160 v TPA increased aldosterone-treated and control areas from the same skin
lsc by 9.4 = 2.0pA (P < 0.01), a stimulation of 27.0 + (Fig. 3A andD). Hormone was added & x 10’ m to
5.3%. The paired difference in TPA-stimulateg- was  the mucosal and serosal surfaces of the experimental
-0.8 £ 3.6 pA (P > 0.8). These results are consistentarea, and an equal volume of DMSO solvent was added
with reports that more selective inhibition of prostaglan-to the corresponding surfaces of the control area. After
din synthesis with indomethacin does not block the posib0 min of incubation, the tissue was removed and the
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Table 3B. Effects of sequential addition of H-7 and TPA to frog skins

Condition Baselindgc Change A) in g following:
(nA)
25 pM H-7 160 v TPA
Con 40.0+4.1 -1.3+0.9%>0.2) 17.1+6.5P > 0.05)
Exp 39.0+4.4 3.3+ 1.1 < 0.05) 11.8+5.7R>0.1)
Exp - Con -1.0 £ 0.5 > 0.05) 46+1.0P<0.02) -5.2+1.0P<0.01)

The data were derived from 5 skins frdRa pipienswvhich were initially preincubated with/without
H-7 for 37 £ 3 min, and then exposed to TPA fa2 & 6 min. The control areas displayed a peak
increase in short-circuit current of 41.8 + 13.0% following the phorbol ester.

Table 3C. Effects of sequential addition of chelerythrine and TPA to frog skins

Condition Baselind g Change A) in Ig¢ following:
(nA)
10-30wm Chelerythrine 30-160n TPA
Con 59.2+11.1 -2.8+1.19(<0.05) 24.7 + 4.5 <0.001)
Exp 578+ 7.8 4.9 +2.0R<0.05) 8.3+6.3P>0.2)
Exp — Con -14+ 3.9R>0.7) 7.7+£24P<0.02) -16.4 £ 6.8R < 0.05)

The data were derived from 8 skins frdRa pipienswvhich were initially preincubated with/without
chelerythrine for 2 + 4 min, and then exposed to TPA fot & 5 min. The control areas displayed
a peak increase in short-circuit current of 60.1 + 13.4% following the phorbol ester.

mucosal surfaces of both areas were gently rubbed witlthus far treated with TPA and other activators of protein
a cotton applicator (Nielsen, 1969). This approach iskinase C (Schlondorff & Levine, 1985; Yanase & Han-
necessary to uncover the initial stimulatory natriferic ac-dler, 1986; Rorsman, Arkhammar & Berggren, 1986;
tion of aldosterone (but not of TPA) on amphibian skin. Hays, Baum & Kokko, 1987; Mohrmann, Cantiello &
The tissue was remounted, and the short-circuit currenfusiello, 1987; Ling & Eaton, 1989; Satoh & Endou,
monitored for another 50 min before applying 106 1990; Graham et al., 1992). The uniqueness of this ob-
amiloride to the mucosal solutions to verify tHgt was  servation necessarily raises the questions whether the
amiloride-blockable. Relative to the paired control, al- effect of TPA is species specific and whether the positive
dosterone increaset- by 56%. These electrophysi- natriferic response is mediated by PKC activation. The
ologic changes were accompanied by clearly detectablpresent data bear on both issues.
areas of separation of trgratum corneunfrom the un- Our studies of frog skin are conducted primarily
derlying remaining skin (Fig. 8 andD). with Rana pipiensa species whose urinary bladders are
We conclude that TPA stimulates Ndransport too small for convenient transepithelial study. This
across frog skin by a direct or indirect action on theproblem was addressed by studying the urinary bladder
plasma membranes, and not by triggering moulting orof the bullfrogRana catesbeianal PA produced a clear,
any other dramatic change in tissue architecture at therompt inhibition of short circuit current (Fig. B, Table

light-micrographic level. 2), consistent with the inhibition noted in a number of
other epithelial tissues (Yanase & Handler, 1986; Hays,
Discussion Baum & Kokko, 1987; Mohrmann, Cantiello & Ausiello,

1987; Ling & Eaton, 1989; Satoh & Endou, 1990;
The phorbol ester TPA produces an initial large increasé&raham et al., 1992). Nevertheless, addition of the same
in the amiloride-inhibitable short-circuit current across concentration of TPA to skins excised from the same
frog skin of some 20-60%, followed by an inhibition animals elicited the characteristic stimulationlgf ob-
(Fig. 2). This initial positive natriferic effect is highly served across the skin &ana pipiens These observa-
reproducible (Civan et al., 1987, 1988, 1989, 1991;tions were confirmed with tissues excised from another
Mauro et al., 1987) and is accompanied by an increase ispecies, the toaBufo marinus Once again, TPA stimu-
the mucosal-to-serosal flux of radioactive'™NAndersen lated |5 across the skin and inhibiteld,c across the
et al., 1990). However, the strongly stimulatory actionurinary bladder. We conclude that the transepithelial re-
appears to be unique among the epithelial preparationsponse to TPA is organ specific, not species specific.
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Fig. 3. Light photomicrographs of paired experimental (pare) and control (panel®—F) areas of frog skin.4, D): Aldosterone (7 x 10

M) was added to the mucosal and serosal surfaces of the experimental area, and an equal volume of DMSO solvent was added to the baths o
control area. The hormone both stimulated the short-circuit current and produced sloughingtddttita corneunfrom the underlying remaining
epidermis A). (B—-C, E-H: TPA (160 ) was added to the mucosal surface of the experimental area, and an equal volume of ethanol solvent wa:
added to the control mucosal bath. Subsequently, 100 mU/ml vasopressin was added to both serosal solutionsvaachil@®@de was added to

both mucosal solutions. Neither sloughing nor any other dramatic change could be detectedBtEpwr(high (C, F) magnification.

Not all effects of TPA are necessarily mediated byfamily of kinases (Civan et al., 1991); and (v) Using
direct activation of PKC (Ohuchi & Levine, 1978), so indomethacin to block the prostaglandin synthesis trig-
that the positive natriferic response could possibly havegered by TPA does not block the TPA-induced stimula-
reflected a PKC-independent action. However, manyion of Ig- across frog skin (Civan et al., 1985; Mauro et
published observations are inconsistent with this possial., 1987). Three of the present results provide comple-
bility: (i) Two synthetic forms of diacylglycerol, the mentary support of this reasoning. First, each of three
physiologic trigger of PKC, also stimulate,- across inhibitors of PKC activity also inhibited the natriferic
frog skin (Civan et al., 1987); (ii) Phorbol itself (inactive action of TPA (Table 3). Second, TPA blocked the
as a tumor promoter) has no effect by (Civan et al., natriferic effect of vasopressin (Table 2), whether its ac-
1985); (iii) The K, of the TPA-induced stimulation of tion on baselindg- was positive (across frog skin) or
Iscin frog skin is[B nv (Mauro et al., 1987), similar to negative (across frog urinary bladder). The TPA-
that for PKC stimulation in broken-cell preparations induced inhibition of vasopressin’s hydro-osmotic effect
(Nishizuka, 1984); (iv) TPA stimulates a phospholipid- on toad bladder has been reported to be PKC mediated
dependent kinase in epithelial extracts from frog skin,(Schlondorff & Levine, 1985). If so, it is reasonable to
with a substrate specificity similar to that of the PKC presume that the block of the hormone’s natriferic re-
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sponse is also PKC mediated, both in frog skin and irepithelia displaying a negative natriferic response to
frog bladder. Third, blocking all three pathways of ara- PKC (Mohrmann, Cantiello & Ausiello, 1987). We have
chidonic acid metabolism with ETYA did not block the suggested that, whether the action of PKC on thé Na
natriferic action of TPA, further documenting that the channel is direct or indirect, the isozyme specificity of
stimulation of baselindsc is not mediated by a TPA- the target cells may determine whether the natriferic re-
triggered increase in prostaglandin formation. Taken tosponse is stimulatory or inhibitory (Civan, Peterson-
gether with the earlier results summarized above, thé&antorno & O'Brien, 1988), possibly by phosphorylat-
evidence now appears overwhelming that the TPA-ng different members of the multiple phosphorylation
induced stimulation of Natransport across frog skin is consensus sites. Alternative interpretations are certainly
indeed mediated by activation of protein kinase C. possible. However, this hypothesis is consistent with the
The preceding considerations establish that TPA'sobservations that toad bladder (whaggis inhibited by
stimulation of N& transport is not limited to a single PKC) displays C&-sensitive PKC activity (Schlondorff
genus, the frog, and is mediated by activation of the& Levine, 1985), whereas frog skin (whokg: is stimu-
ubiquitous enzyme PKC. However, the possibility re-!ated by PKC) displays predominantly Cendependent
mained that TPA’s natriferic action could have reflected PKC activity (Civan et al., 1991).
a perturbation of the unique structure of the skin epithe-
lium. In particular, Nielsen (1969) has demonstrated thaBupported in part by research grants from the National Institutes of
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onstrate that this is not the case for TPA. The epidermal
sloughing triggered by aldosterone was verified (Fi§y. 3
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