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We have tested for the effect of the phorboi ester l~O-~adecanoy~horbd  13-ac~a~ (TPA) on 
Na+/phosph~e co~anspo~ ~ an e s ~ i s h e d  e~thdhl  call fine of ren~ ofi~ne (LLC-PK~L Incubation of 
LLC-PK~ cells with TPA produced an ~crease in Na+/phospha~ (Pi) co~anspo~. The ma~m~ response 
was reached at a TPA concen~ation of 10 ng/ml.  Other phorbd es~rs w~ch have no po~ncy or a smaller 
one to act~a~ protdn ~nase C had no effect on N a + / ~  co~anspo~. Incubation of LLC-PK~ cells with 10 
ng/ml  TPA for 8 h ~d ~o a 300% ~crease in N a + / ~  co~anspo~; in the presence of cydohe~m~e 1he 
~crease amoun~d o~y lo a 100% and was re~ched within 2 g Kinetic an~y~s Cf N a + / ~  co~anspofl 
~ c ~ e d  an ~crease ~ the apparent Vm~ ~ without an effect on the apparent K m. The ~creased ~ ~anspoR 
was re~ined ~ ~ e d  a~c~ ve~des. Na~dependent ~an~e ~anspo~ ~to LLC-PK~ mondaye~ was 
affe~ed by TPA a d m ~ a t i o n  in a ~mihr manne~ TPA had under the chosen expefiment~ con~tions no 
effect on [3H]thymi~ne incorporation ~to DNA excluding a gener~ proliferative dfecL We conclude that 
TPA ~a activation of protein ~nase C regulars the number of operating ~anspo~ sy~em~ As ~so other 
Na%cou~ed ~anspo~ sys~ms are ~fluence~ the TPA effect appears to be rd~ed to the expression of a 
gener~ 'adaptivd ~ r a t i ¢ n  of membrane ~anspo~ ~ LLC-PKI cells. 

I ~  

LLC-PK~, an estabfished epitheli~ cell line of 
ren~ ofi~n [1] cont~ns Na~H + exchange [2], 
N a + / E  [3-5], Na+/~ucose [6,7] and ~so Na+/  
amino add coUanspo~ [8,9]. N a ~ H  + exchange 
[2], Na+/~ucose [1~ and N a + / E  co~anspo~ [5] 
have been characterized in detail in studies with 
apic~ verities ~olated from LLC-PK~ calls. 
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** To whom correspondence shoed be addressed. 
A b b ~ a t i o n s :  TPA, 12-O-tetradecanoylphorb~ l ~ a ~ ;  
PoDB~ 4 ~ p h ~ b ~  2~ox~2~deoxy-lZl3-dibu~rate;  DMSO, 
~ m e ~ l ~ d e ;  Hepe~ 4 - ( 2 ~ y d ~ x y e ~ l - p i p e ~ n ~  
e ~ a n ~ d ~ c  add; ~ ,  ino~a~c  ph~ph~e .  

The LLC-PK 1 cells express 'adaptive' regu- 
lation of ~ ~anspo~, i.e., ~ transpo~ is increased 
at the membrane levd a~er ~ deprivation [11,12]. 
This ganspo~ is reguh~d by proton synthesi~ 
dependent as wall as protein synthesi~indepen- 
dent mechanisms [11,12]. Thus, fimflar to prox- 
imal tubular ep~hdi~ cells, LLC-PK~ calls con- 
t~n in the apic~ membrane an N a + / ~  cotrans- 
port sy~em that is capable of 'adaptiv~ changes. 
It is impo~ant to no~, that LLC-PK~ calls have 
no or very few receptors for parathyroid hormone 
and in contrast to a call fine derived from an 
American Opo~um kidne~ ~ transport is not 
inhibi~d by addition of parathyroid hoimone to 
LLC-PK~ calls [13]. 

We and others have recently shown protein 
kinase C acfifity in brush border membranes iso- 

000~2736/86/$03~0 © 1986 [ ] ~  S~ence Pubfishe~ B.V. (B~me~c~  Divifion) 



36 

lated from rat kidney codex [14,15]; also poly- 
pepfide sub,rates for proton kinase C-dependent 
phosphorylation could be identified in isolated 
brush border membranes [14]. It was therefore of 
interest to us to analyze the effect of phorbol 
esters - known activators of the protein kinase C 
[16] - on N a + / ~  co~anspon. The call line which 
was selected expresses the adaptive response to ~ 
deprivation [11,12], but not parathyroid hormone- 
dependent inhibition of N a + / ~  cotransport [13]. 
Thus, the present experimen~ would allow to test 
for an involvement of protein kinase C in the 
'adaptivC regulation of ~ uanspo~. 

We show that LLC-PK~ cells following the 
administration of TPA exhibit an increase in 
N a + / ~  cotransport. This effect is independent 
~om call proliferation and can in pa~ be blocked 
by inhibitors of protein synthe~s. Na+-dependent 
L-alanine transpo~ is also altered. 

M ~ e f i ~ s  and M e ~ o d s  

~ H  cu#u~ LL~PKa c ~ s  w~e cuku~d in 
Du~ecc(s  mo~fication of Ea~Cs ~n imum e~ 
senti~ m e ,  urn (DMEM) ~ n ~  25 mM ~ 
~ u c o ~  ~ mM ~ u m  Nc~bona~,  5% f ~  
bo~ne ~rum, 5% eq~ne donor ~rum, 1% non-es- 
~ntiM a ~ n o  a~ds and ~ n i ~ f i n / ~ p m m y ~ n  
(100 I.U./100 ~g per ~ ) .  C~s  were grown in an 
a tmo~h~e  of 10% C ~ / ~ %  ~ ~ d  ~bcMm~d 
by t~p~nization (0.25% tWp~M. For sefiM pas- 
sages O e ~ n  passage 160 and 180), c~s  were 
mMntMned ~ plastic cuRure flasks (75 c ~ ,  Corn- 
~ .  

For uanspo~ experiment~ calls were grown in 
35-mm (~am~eO petfi ~shes (NUNC) in 2 ml of 
comN~e DMEM meNum (~e~ng d e n ~  ap- 
prox. 10 4 C ~ / C ~  After 3 days the c ~  mono- 
layer had reached approx. 90% confluency. For 
prMonged cultures the me~um was changed every 
second day therea~eL ANcM memb~n~ were 
prepared ~om c~ls grown for 10 days in #ass 
r~ler bottMs (840 c ~ ) .  

~ e  ~ o ~ o ~  A~cM membmn~ w~e 
~MNed by a ~vNent cation (Mg 2+) p ~ d N t ~  
m~hod as described p ~ o u s ~  [5]. Comp~ed to 
the h o m o ~  Mk~ne phosphatase, a m ~ k ~  
enzyme for the ap~M membmn~ was enriched 
6-8-fold ~ the purified membrane fraction, 

whereas (Na++ K+)ATPas~ a marker enzyme 
for basolaterM membranes, and marker enzymes 
for in~acdlular membrane systems were not en- 
riched (data not shown). There was no difference 
in enzyme content, enrichment factor and mem- 
brane recovery in membrane preparations ob- 
tNned ~om Other con~ol cells or TPA-~eated 
calls (data not shown). 

Transpon expeNments. The uptake rates for in- 
organic phosphate (~) and L-Nanine by intact 
calls were determined as described earlier [4,11,12]. 
Transpo~ experiments were performed at room 
~mperature under lhe following ex~acdlular con- 
ditions (mM): NaC1, 138; KC1, 5,4; CaC12, 2,8; 
MgSO4, 1,2 and Tri~HC1, 14 (pH 7.4). The sub- 
strates K2H32po 4 (1 ~Ci/ml  ) and L-[~H]Nanine 
(2,5 ~Ci/ml  ) were roufindy used at 0.1 mM finM 
concentration. To obtNn sodium-~ee conditions, 
sodium was replaced ~oosmot~ally by N-methyl- 
~ucamine. Transport was stopped by washing the 
call monolayers three times with 5 ml cold buffer 
(138 mM NaC1/14 mM Tfi~HC1, pH 7.4). The 
monolaye~ were solubifized in 1 ml 0.5% Triton 
X-100, and aliquots were used for determining the 
~ccumula~d radioa~ivity. 

Under the described experimentM condRions 
the Na-dependent uptake rates of ~ and L-Manine 
were hnear for 20 and 3 min, respectivdy (data 
not shown). Net sodium-dependent uptake rates 
were determined as the differences b~ween sodium 
and N-methylNucamine conditions. 

Transport of ~ into the isolated apicM mem- 
branes verities was performed in a buffer of 300 
mM mannitol, 20 mM Hepes-Tris (pH 7.4). The 
rates of uptake were determined under the condi- 
tion of inwardly directed gradients of 100 mM 
NaC1 and 0.1 mM KzH32po 4. For sodium-~ee 
condition~ sodium was replaced by choline chlo- 
ride. The uptake was stopped by rapid filtration 
[17,181. 

Other m~hods. Enzymatic assays were pe~ 
formed according to Berner and Kinne [19]. Pro- 
ton was determined by a modification of the 
method of Lowry [20] for cell monolayers and by 
the method of Bradford [211 for ~ola~d mem- 
branes. Incorporation of [~H]thymidine was de- 
termined according to Moran et M. [22]. 

Presenta,on of dat~ AH uptake data were co~ 
rected for a blank obtNned by immediately stop- 



ping the uptake Czero- t im(up take) .  Data are 
expressed as means ± S.D. of quadrupficate 
( m o n o l a y e r O  or tr ipl icate de t e rmina t ions  
(veritieS. T y p ~  experimen~ are presen~d, 
which have been repeamd with fimilar resul~ at 
~ast  tw~e. For kinetic an~yfi~ regression fines of 
the Hanes-Woolf  plot were c~culated by a leas~ 
squares fit. The c o l l a t i o n  coeff iden~ (r 2) were 
larger than 0.95. For ~atisfic~ comparisons we 
have c~culated the P v~ues ufing the Studen~s 
t-test for unp~red data. P v~ues s m e a r  than 
0.01 were taken as eodence for a fignificant dif- 
ference. 

Ma~als .  Cell culture reagents were obt~ned 
from Amimed (Basal, Swi~erland). All other re- 
agents were of norm~ an~yfical grade. Radio-~o- 
topes were purchased from New En~and Nuclear 
Corporation (Boston, MA). Phorbol esters (Sigm~ 
St. Louis, MO) were prepared as stock solutions in 
DMSO (1 mg /m l )  and kept at - 2 0 ° C .  For ex- 
perimental purposes, stock solutions were dilu~d 
with DMEM. Amounts of these dilutions were 
added directly to the culture medium. At 10 n g / m l  
(1.6.10 -~ M) of TPA the fin~ concentration of 
DMSO in the medium was 0~1%~. 

R e s ~  

The effect of TPA (10 ng /ml )  on N a + / ~  
coffanspo~ in LLC-PK~ was an~yzed in subcon- 
fluent (approx. 90% confluency) col  monolaye~ 
(Fig. 1). After 1 h of incubation, TPA had no 
effect on N a + / ~  co~anspo~. Howeve~ aRer pro- 
longed incubation with TPA, N a + / ~  co~anspo~ 
was increased; 8 h of incubation with TPA re- 
sulted in a 3-fold increase as compared to control 
cells 0ncubation in DMSO only). Na~indepen-  
dent ~ uptake was not affec~d by TPA (Fig. 1). 

To test for an involvement of de novo protein 
synthefis in the observed activation of N a + / ~  
co~anspo~ acti¼ty (Fig. 1), paralld experimen~ 
were performed in the presence of an inhibitor of 
protein synthefi~ Cycloheximide was added to the 
calls at a concentration of 20 ~M together with 
TPA. This concen~afion of cycloheximide was 
shown previou~y [12] to block the incorporation 
of L-[~S]methionine into tot~ p ro ton  within 
minutes. As ~so shown in Fig. 1, cydoheximide 
blocked to a great extent the effect of TPA on 
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Fi~ 1. Ef~t of TPA on N a + / ~  co~ansport a c f i ~  ~ subcon- 
fluent LLC-PK 1 cO~. Cells were incubated ~ serum cont~n- 
ing DMEM at 37°C Other ~ ~ e  presence of 10 ng /ml  of 
TPA or ~01%o DMSO (as a comrolL Where indicated cydo- 
hefimide was present at a concentration of 20 #M. ~ up~ke 
was measured O~er  ~ ~ e  presence or absence of NaCl (see 
me~ods).  • ~, TPA in ~ e  presence of NaCI; ~ ~ 
TPA and cydohe~mide in ~ e  presence of NaCI; • ~ 
DMSO in ~ e  presence of NaC1; © -. ©, DMSO and 
cyOohefimide ~ the presence of NaCl; • ~ DMSO ~ 
~ e  absence of NaCl; [] [], TPA in the absence of NaCl. 
Each p~nt  represents the mean ± S.D. of four d~erminations. 

N a + / ~  cotransport. Howeve~ in the presence of 
cycloheximide TPA still caused a 2-fold increased 
Na+/P i  cotranspon as compared to control cells 
(cycloheximide plus DMSO). Interestingly, also in 
the presence of cycloheximid~ the TPA effect 
appeared after a lag period of 1 h. In contrast to 
the increases observed in absence of cyclohexi- 
mide, the increase in presence of cycloheximide 
was maximal after 2 h and remained constant over 
the following 6 h. 
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It should be noted here that ~milar findings 
were obt~ned with highly confluent cell mono- 
layers (10 days in culture, data not shown). As 
reposed earlier [12], highly confluent LLC-PK~ 
calls exhibit a much lower Na+/~-co~anspo~ 
activity. Similar reduction in ~anspo~ has ~so 
been reposed for other ~anspo~ sy~ems (e.g., 
Na+-dependent amino add uptake, see ReL 8). 

A dose-response rdationship for the TPA e~ 
fect on N a + / ~  co~anspo~ was obt~ned after 2 h 
of ~eatment with TPA Other in the absence or in 
the presence of cydoheximide (Fig. 2). In agree- 
ment with the observations ~ven in Fig. 1 the 
TPA-dependent increase in N a + / ~  cotransport is 
blocked to about 50% at concentrations of 5 ng/ml  
(0.8.10 -8 M) TPA and higher in the presence of 
cydoheximide. However, at low TPA concentra- 
tions (bdow 3 ng/ml~ the protdn synthefi~d~ 
pendent component of uanspoR activation is 
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Fig  2. Effect of different concentrations of TPA on net 
sodium-dependent ~ transport in LLC-PK~ cell~ Cell mono- 
~ y e ~  were incubated for 2 h with TPA ranDng from 0.1 to 
100 n g / m l  or as controls with the corresponding amounts  of 
DMSO ~ther  in the absence or presence of 20 #M  cydohexi-  
mide. • • ,  TPA; ~ a, TPA and cydoheximide; 
O O, DMSO; • • ,  DMSO and cydoheximide. 
Each point represents the m e a n  ± ~D.  of four determinations. 

m i a m i .  Thus, an apparent ~ff~ence ~ ~nhtN- 
i v to TPA of the p r~on  ~ m h ~ ~ t  and 
-~dependem a ~ n  of N a + / ~  cotransport 
e ~  

F~. 3 d e m o n ~ s  the ~ s  of ~ f f~em 
phorb~ ~ ~ ~ t  ~ an ~ e ~ e d  N a ÷ / ~  
co~anspo~ ~ t M ~ .  ~1 phorb~ esters were tested 
at a concen~ation of 10 n g / ~  after 4 h of 
incubation in the absence or presence of cydo- 
~ .  Among the vafio~ p h o ~  esters tested 
o~y TPA showed a ~e~fic  ef~ct ~ompa~d to 
D M S O - ~ d  c ~ ;  ~ m ~  ~ ~ s  of 
4 ~ p h ~ b ~  1Z13-~bu~r~e and p h ~ b ~  1 Z I ~  
decanoate ~ o ~  ha¼ng lower tumor p ~ m ~  ac- 
ti¼~ than TPA, ReL 23) or 4 ~ p h ~ b ~  20-oxo-2- 
~eox~ lZ13-~bu~r~e  ( ~ o ~ n g  no tumor acti~ 
i v ,  Ref. 2~ ~d  not s t i m ~ e  N a ÷ / ~  cotrans- 
po~. 

R e v ~ s ~  of ~e  TPA ~ d u ~ d  ~ e ~ e  of 
N a ÷ / ~  co~anspo~ ~ LLC-PK t cells was 
~v~t ig~ed as described ~ F~. 4. C ~  mono- 
layers were ~ d  ~ 10 ~ / ~  ~ TPA for 2 
h in ~ r u m - c o m ~ n g  DMEM (~ the presence or 
absence of 20 ~M ~ d ~ e ~ ) .  The call mono- 
layers were then rinsed ~ree times wi~ serum- 
c o ~ n g  DMEM and ~cuba~d for an ad- 
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Fig. 3. Ef~ct  of different phorbol ester derivatives on N a + / ~  
cotransport. Cell monolaye~ were exposed to the different 
phorbol esters for 4 h at 10 n g / m l  each in the absence (open 
bar~  or presence (hatched bars) or 20 # M  cydoheximide. The 
resul~ represent the mean ± ~D.  of four de~rminat ions  of net 
sodium-dependent ~ uptak~ PDBu, 4fl-phorbol 1Z13-di- 
butyrate;  PoDBu,  4fl-phorbol 20-oxo-20-deoxy-12,13-di- 
butyrate; PDD, phorbol didecanoate. 



d i t i o n ~  13 h (15 h to t~) .  Af te r  r e m o v ~  of  T P A  

no fu~her  increase of  N a + / ~  co t ranspor t  was 
observed  (Fig. 4A). The  2-fold increase of  net  
sod ium-dependen t  ~ up take  observed after  2 h of  
T P A  incuba t ion  r e m ~ n e d  cons tan t  dur ing  the fol- 
lowing 13 h. In  the exper iment  presented  in F i g  
4b, c y d o h e x i m i d e  was a d d e d  together  with TPA.  
In agreement  with our  i n i t i~  observa t ion  (Fig. 1) 
c y d o h e x i m i d e  l a r g d y  preven ted  the fu~her  in- 
crease in N a + / ~  c o t r a n s p o ~  usual ly  observed 
af ter  2 h of  TPA incuba t ion  and reduced min im-  
~ l y  the T P A - d e p e n d e n t  act ivat ion dur ing  the ini- 
tial 2 h. Similar  to the observat ion  given in F i g  
4m r e m o v ~  of T P A  did  not  d iminish  dur ing  the 
next  13 h the ini t ia l  (2 h) s t imula t ion  of N a + / ~  
c o ~ a n s p o ~  by  TPA.  These observat ions  suggest 
that  ~ t h o u g h  the TPA can be washed off (no 

fur ther  increase af ter  2 h in Fig. 4A), the fast and  
l a r g d y  p r o t o n  synthes i s - independent  increase (see 
~ s o  Fig. 1) is not  reversed af ter  TPA r e m o v ~  
(Fig.  4A and B). 

T a b ~  I summarizes  a kinet ic  an~ys i s  of N a + / ~  
c o ~ a n s p o ~  into  in tac t  LLC-PK~ cell m o n o l a y e ~  
aRer  a 2 or 4 h ~ e a t m e n t  with T P A  (10 n g / m l )  or  
D M S O  (0~1%o; as con~o l )  in the presence and 
absence of  cydohex imide .  Sa tura t ion  kinetics of  
net  sod ium dependen t  ~ up take  was de te rmined  
u ~ n g  ~ at 25-1000  #M.  The  da t a  show that  after  
2 h of  ~ e a t m e n t  with T P A  the V ~  x of  the up take  
increased by  a fac tor  of  2, whereas the appa ren t  
K m for ~ d id  not  changm In agreement  with our  

ini t ia l  observa t ion  ( F i g  1), the add i t ion  of c y d o -  
hex imide  dur ing  the 2 h of  incuba t ion  with TPA 

did  not  reduce f igif icant ly  the Vm~ x. The effect of 
T P A  incuba t ion  on Vm~ ~ was more  p ronounced  
af ter  4 h of  ~ e a t m e n t  with TPA. Incuba t ion  of  the 
calls with T P A  for 4 h in the presence of c y d o -  
hex imide  ~ s o  ~ a d s  to an increase in the Vma ~. 
However ,  there was a f ignif icant  reduct ion  in Vm~ x 
by  the presence of  c y d o h e x i m i d e  dur ing  the 4 h of  
incuba t ion  with TPA.  In  fact, in the presence of 
c y d o h e x i m i d e  the T P A - d e p e n d e n t  increase (4 h of 
incuba t ion)  in Vma x was f imi lar  to that  observed 
af ter  2 h of  incuba t ion  with T P A  in the presence 
or  absence  of  cydohex imide .  

N a + / ~  co t ranspor t  exper iments  were ~ s o  per-  
fo rmed with ~o l a t ed  a p i c ~  m e m b r a n e  veri t ies  as 
shown in Fig. 5. A p ~  membranes  were ~o l a t ed  
~ o m  cells t reated for 4 h with T P A  (10 n g / m l )  or  
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Fi~ ~ Reverfibi~ty of the TPA-mediated increase of Na+/~ 
co~anspo~. Pand A: after an incubation with 10 ng/ml TPA 
(~, a) or ~017~ DMSO (~, (3) for 2 h, h~f of the monolayers 
were rinsed three times (~) with serum-containing DMEM- 
medium (~, (3). The other hflf was kept in TPA-, respectivO~ 
DMSO~ont~ning medium (~, ~). At the indica~d time point, 
net sodium-dependnet ~ transport was determined. Pand B: 
same experiments as in pand A, but in the presence of 20 #M 
cydohefimide during the first 2 h of incubation. Each p~nt 
represents the mean ± ~D. of four de~rminations. 

TABLE 1 

EFFECT OF TPA ON KINETIC PARAMETERS OF PHOS- 
PHATE TRANSPORT IN LLC-PK~ CELLS 

Subconfluent mondayers were ~e~ed with TPA (10 ng/ml) or 
DMSO (0.01~) for 2 or 4 h. Vm~ and apparent K m w e r e  

calculated on ~e ba~s of Han~-Wodf ~o~  of phosphate 
up~ke measured ~ 7 concentrations b~ween 25 and 1000 ~M. 
The v~ues represent the mean±~D, of four de~mination~ 
The v~ues ~belled with an as~risk are s t a t i s t ~  ~ f ~ n t  
from ~ o r  control v~ues (± TPA). 

Proncu- Experiment Apparent Vm~ 
bation K m for (nmol/mg 
time phosphate proton 

(~M) per 10 min) 

2h 

4h 

DMSO 242 ± 46 12.1 ± 1.6 
DMSO 
+ w O ~ e ~  337±58 11~±13 
TPA 318±40 252±Z5 * 
TPA 
+ W c ~  332 ± 76 21.3 ± 3N * 

DMSO 323±40 15.7±1.4 
DMSO 
+ ~ O ~ e ~  267±30 11~±~6 
TPA 256±24 36.1±1.7 * 
TPA 
+ c ~ ~  259 ± 22 27.7 ± 1.1 * 
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Fig. 5. E f ~  of TPA ~eatment  of the cells on N a + / ~  cotrans- 
port in apic~ membrane verities ~ e d  the~a~er .  Cells were 
~ e a ~ d  with 10 n g / m l  TPA (~, O)  or 0~1%o DMSO (a, ~) for 
4 h. U p ~ k e  of ~ was de~rmined  Other in the presence of an 
inward~ gradient of 100 mM  NaCI (~, a)  or 100 mM  choline 
chloride (~, ©). Each p ~ n t  represents the mean ±S.D.  of 
three determinations. 

DMSO (0~1%o; as con~ol) in the absence of 
cycloheximide. Uptake data during the first 105 s 
are shown, fince the equilibrium values were re- 
ached only after 18 h of incubation (data not 
shown). After 4 h of ~eatment with 10 ng /ml  

TABLE II 

EFFECT OF TPA ON [3H]THYMIDINE INCORPORA- 
TION IN LLC-PK~ CELLS 

Subconfluent or confluent monolayers were ~ e a ~ d  with TPA 
(10 ng /ml )  for 2 (T2) to 4 (T4) ~ A~er  pr~ncubafiom thymi- 
dine incorporation into DNA during 30 rain was measured. 
The ~ven  v~ues  represent the m a n ± ~ D ,  of ~x d~ermina-  
fions. There were no ~gnificant dif~rences b~ween DMSO 
and Tz or T 4. 

Thymidine incorporation 
( p m o l / m g  protein per 30 min) 

Calls, 3 days Cells, 10 days 
in c d ~ r e  ~ c~ tu re  

C o m r ~  
(DMSO) %8 ± 1.8 &l ±0.9 

TPA, 2 h 
preincubafion 6.3 ± 1.1 3~ ± 0A 

TPA, 4 h 
proncubaf ion Z2 ± Z4 4.3 ± 1.2 

TPA, the Na+-dependent uptake of ~ into the 
apic~ membrane verities was found to be in- 
creased by a factor of two. TPA geatment of the 
calls did not ~ad to a change in the Na+-indepen - 
dent uptake of ~ in the a p ~  membrane vesicles. 

We measured ~so sodium-dependent ~-~anine 
~anspo~ in order to test whether other ~anspo~ 
mechanisms were affec~d by TPA administration. 
Fi~ 6 shows that fimilar to sodium-dependent ~ 
uptak~ sodium-dependent ~-~anine transport is 
~so ~imulated by TPA incubation. Ag~n, part of 
the TPA-dependent stimulation is preven~d by 
cydohe~mide. 

The effect of TPA administration on Na~de- 
pendent Uanspo~ of ~ and L-~anine may be an 
expres~on of a gener~ stimulation of call p r o l i ~  
afion [8] with a concomRant increase in amino-acid 
and ~ ~anspo~ during accdera~d cell growth. 

10000 

.E 
E 

~ 5 0 0 0  

E 

- -  

o 

1 0 0 0  

~ n c u b ~ n  t ime (hrs) 

~ 6. St im~at ion of Na%dependem ~ a ~ n e  uptake into 
LLC-PK~ cells by TPA. T ~ e e - d a y s - ~ d  cell m o n ~ a y e ~  were 
~ e a ~ d  as described in ~g .  1. L - A h ~ n e  transport ~ .1  mM) 
was measured O ~ e r  ~ h e  ~esence  ~ s o , u r n  (©,  ~ ~, ~) or 
~ the presence of N-m~hylglucamine (~, ~). Cells were ~ e a ~ d  
with 10 n g / m l  TPA ~ ,  ~), TPA ~ the presence of 20 #M 
~ d o h e ~ m i d e  ~ DMSO (0.~%o) (~) or DMSO ~ the pres- 
ence of ~ d o h e ~ m i d e  (©). Each p ~ n t  represents the mean ± 
S.D. of four de~rminaf ion~ 



This, however, seems unlikOy under our condi- 
tion~ while the TPA effects on ~ ~anspo~ was 
also observed in highly confluent cells, i.e., in 
growth arrested cells (data not shown). Funhe~ 
more, [3H]thymidine incorporation was not af- 
fected in subconfluent cells (3 days of cultur~ and 
highly confluent cells (10 days of cultur~ ruling 
out a m~or proliferative effect of TPA under our 
experiment~ conditions (Tab~ II). 

Discussion 

Two fines of e¼dences suggest that the TPA- 
dependent increase of Na + / ~  co~anspo~ acrid- 
ties of LLC-PK~ cells is mediated by an activation 
of protein kinase C. First the concentration of 
12-O-te~adecanoylphorbol 13-acetate (TPA) 
required for stimulation of N a + / ~  co~anspo~ ~ 
fimilar to the reposed concentration to activate 
the protein kinase C [25]. Secondly, TPA, the 
phorbol ester with a high potency to acce~ra~ 
protein kinase C acti~ty [2324], was the only one 
to affect N a + / ~  co~anspo~ in LLC-PK~ cells at 
concen~ations of 10 ng/ml  (1.6-10 -~) which 
were used as the arbi~ary concentrations. 

We have an~yzed N a + / ~  co~anspo~ activity 
under initi~ finear flux condifion~ i.e., under 
constant driving force conditions. Howeve~ the 
difference between transport rate in con~ol cells 
and that in TPA-treated cells could be roared to 
an increased force, e.g., due to a reduced cOlular 
Na + concentration 0ncreased Na + gradien 0 a~er 
TPA incubation. This driving force effect could 
~so explain the increase in Na+-dependent 
~-alanine influx (Fig. 6). In order to de ,de  whether 
increased transport would be the resuR of ~hanges 
in the ~ ~anspo~ sys~ms themsdves or the con- 
sequence of ~ r e d  driving forces we have per- 
formed an experiment with ~olated apic~ verities. 
As shown in Fig. 5, an increased ~ uptake was 
observed in verities ~olated ~om TPA-~eated 
cells. Since this experiment has been performed 
under conditions of an inwardly direc~d Na + 
gradient (zero-trans) and under conditions ap- 
proaching initi~ finear uptake of ~ (15 ~, the 
observed increased transport rate is most fikOy 
not the consequence of ~terations in the decay 
rate of the Na + gradient (dri~ng force, but rather 
the result of a change in the ~-~anspon characte~ 
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istics of the membrane. Therefore, we have good 
evidence that the observed ~terations in ~ ~ans- 
port in the experiments wilh monolayers are - at 
Mast in pan - rOated to ~ r e d  transport proper- 
ties of the apic~ membran~ i.e., to an increase in 
N a ÷ / ~  co~anspon actifity. It will be the task of 
a future study, to anMyze the effects of TPA 
incubation of cell monolayers on all the different 
properties of apic~ membrane ~anspon as 
an~yzed in vefide~ It will be c e ~ n l y  most 
interesting to ex~nd our ~udies on veficular N a b  
H ÷ exchang~ Na÷/Manine co~anspo~ and 
Na÷/~ucose cotranspon. 

Kinetic an~ysis showed that increased N a ÷ / ~  
cotransport is characterized by an increase of the 
Vm~ v~ue with no change in the apparent K m for 
~ (Tab~ I). An increase in the Vm~ of the ~ans- 
po~ sys~m could be expl~ned Other by an 
activation of preexisting ~anspon sys~ms or by 
an increase of the number of transport systems in 
the apic~ membrane due to a ~pedfic or non- 
spedfic) stimulation of proton de novo synthefis. 
Experimen~ performed in the presence of cydo- 
heximide have shown that pan of the TPA effect 
on N a ÷ / ~  co~anspo~ is via a proton 
synthesis-independent pathway. In the presence of 
cydoheximide, TPA still enhanced N a + / ~  
cotransport by a factor of tw~ TPA action showed 
the same lag-period of 1 h in the presence or 
absence of cydohexirnide. Howeve~ the maxim~ 
effect of TPA in the presence of cydoheximide 
was ~ready reached a~er 2 h of incubation and 
rem~ned stab~ thereafter. Therefor~ TPA seems 
to act via two different pathways with respect to a 
stimulation of N a + / ~  cotransport in LLC-PK~ 
cells. 0) A Frotein synthesi~independent stimula- 
tion of N a ÷ / ~  cotranspo~ by TPA occur. This 
effect was fully devOoped after 2 h and was 
rdated to an increase in the Fm~, suggesting an 
activation of preexisting N a + / ~  co~anspo~ sys- 
tems. (fi) Prolonged (more than 2 h) incubation of 
the cells w~h TPA ~ads to a fu~her stimulation 
of transport by increased protein de novo synth~ 
~s. This increased protein syn the~  howeve~ is 
not parallelled by an increased DNA synthe~s 
rate (proliferation) as measured by [3H]thymidine 
incorporation (see Table II). Interesting observa- 
tions with respect to this ' b i p h a ~  action of TPA 
are ~ven in Figs. 2 and 4. Upon remov~ of TPA 
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(Fig. 4) a further increase was prevented and the 
initi~ increase (2 h) remNned during further in- 
cubation (13 h) in the presence or absence of 
cydohe~mide. This observation could indicate 
that it was posfible to wash out the TPA (see Fig. 
4A). However, it is puzzling that N a + / ~  cotrans- 
port does not return to its con~ol levd. As it is 
rather unlikdy that ' fasf and protNn synthesN-in- 
dependent activation is '~reverfiblC, another ex- 
plan~ion seems to be more plausible. We would 
fike to speculate that the TPA senfitivity of the 
fast and protNn synthefisqndependent activation 
requires very small concentrations of TPA, whereas 
the protein synthefi~dependent portion only o~ 
curs at the higher concentrations. This speculation 
seems to be supported by the dos~response curve 
Nven in Fig. 2, where at, e.g., 3 ng/ml  of TPA 
only a minimM protNn synthes~-dependent 
actNafion occurs, whereas the protein synthefi~ 
dependent stimulation is large ~, e.g., 10 ng 
TPA/ml. Thus, by an incomplete 'removN' of 
TPA we would abolish on~ the mechanism with 
'low' senfiti~ty to TPA, i.e., the protein 
synthefi~dependent portion. RefiduN amoun~ of 
TPA remNning in the sys~m, e.g., in the ap~N 
membran~ may guarantee a mNntenance of pro- 
tNn synthefisqndependent activation. CertNnly 
this speculation requires fu~her experimentation. 

The ef~ct of TPA on N a + / ~  co~anspo~ can- 
not be regarded as a speNfic one, fince fimilar 
effects of TPA were observed on the Na~depen- 
dent ~-Nanine ~anspo~ (Fig. 6). After 2 h of 
incubation with TPA Na~dependent L-Nanin~ 
uptake in whole cells was stimulated. This ~imu- 
lation could Nso be prevented in part by cydo- 
he~mide. In contrast to our observation Am~er et 
N. [8] reposed comple~ inhibition by cydohe~- 
mide for TPA-~imulated aminoisobutyric acid 
transport in LLC-PKa calls. No explanation can 
be Nven at present for this apparent discrepancy. 

Recent~, our laboratory has shown an 'adap- 
tivC response of ~ ~anspo~ to ~ deprivation in 
LLC-PK~ cells. Similar to the TPA effec~ we 
observed a proton synthesis-dependent and a pro- 
t~n synthe~independent component, the latter 
b~ng expressed after short periods of ~ depriva- 
tion [11,12]. Thus, there might be some ~milarities 
between the TPA-dependent and deprivation-d~ 
pendent activation of phospha~ ~anspo~. How- 

eve~ in the contrast of ~ deprivation both the 
suggested pathways of the TPA action seem not to 
be speofic for the N a + / ~  co~anspo~ sys~m, 
since Na÷-dependent L-~anine transport was ~so 
stimulated. Thus, one might specula~ that activa- 
tion of protein kinase C initials an 'adaptivC 
regulation (changes in the number of operating 
un~s) of various Na~dependent ~anspo~ sys- 
tems ~a protein synthefi~dependent and protein 
synthesis-independent pathways. In this respect it 
is cert~nly of in,rest  to note that a treatment 
with phorbol esters activates Mso transport sy~ 
tems in other c~l membranes, e.~, Na~H ÷ ex- 
change [23] and glucose uptake in lymphocytes 
[26]. However, the present data are not in favor of 
a m~or ro~ of proton kinase C activation in 
spedfic adaptation of phosphate ~anspoa by 
phosphate deprivation, whi~ phospha~ depriva- 
tion ~ads to increase in phospha~ ~anspo~ but 
not in alanine ~anspo~ [11,12]. 
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