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Summary. The cellular distribution (apical vs.  basolateral) of para- 
thyroid hormone (PTH) signal transduction systems in opossum 
kidney (OK) cells was evaluated by measuring the action of PTH 
on apically located transport processes (Na/Pi cotransport and 
Na/H exchange) and on the generation of intracellular messengers 
(cAMP and IP3). 

PTH application led to immediate inhibition of Na/H-ex- 
change without a difference in dose/response relationships be- 
tween apical and basolateral cell-surface hormone addition (half- 
maximal inhibition at ~5 x 10 -~2 M). PTH required 2-3 hr for 
maximal inhibition of Na/P i cotransport with a half-maximal inhi- 
bition occurring at --~5 x 10 -j~ M PTH for basolateral application 
and ~5 x 10 12 M for apical application. PTH addition to either 
side of the monolayer produced a dose-dependent production of 
both cAMP and IP 3. Half-maximal activation of 1P 3 was at about 
7 x 10 t2 M PTH and displayed no differences between apical 
and basolateral hormone addition, while cAMP was produced 
with a half maximal concentration of 7 • 10 -9 M for apical PTH 
application and 10 -9 M for basolateral administration. 

The PTH analog [nleS'lS,tyr34]PTH(3-34), (nlePTH), pro- 
duced partial inhibition of Na/Pi cotransport (agonism) with no 
difference between apical and basolateral application. When ap- 
plied as a PTH antagonist, nlePTH displayed dose-dependent 
antagonism of PTH inhibition of Na/P i cotransport on the apical 
surface, failing to have an effect on the basolateral surface. Inde- 
pendent of addition to the apical or basolateral cell surface, 
nlePTH had only weak stimulatory effect on production of cAMP, 
whereas high levels of IP 3 could be measured after addition of 
this PTH analog to either cell surface. Also an antagonistic action 
of nlePTH on PTH-dependent generation of the internal messen- 
gers, cAMP and 1P 3, was observed; at the apical and basolateral 
cell surface nlePTH reduced PTH-dependent generation of 
cAMP, while PTH-dependent generation of IP 3 was only reduced 
by nlePTH at the apical surface. 

Pertussis toxin (PT) preincubation produced an attenuation 
of both PTH-dependent inhibition of Na/P i cotransport and IP 3 
generation while producing an enhancement of PTH-dependent 
cAMP generation; these effects displayed no cell surface polarity, 
suggesting that PTH action through either adenylate cyclase or 
phospholipase C was transduced through similar sets of G-pro- 
teins at each cell surface. 

* P r e s e n t  a d d r e s s :  National Institutes of Health, Building 
10, Room IA06, Bethesda, MD, 20892. 

It is concluded that apparent receptor activities with high 
and low affinity for PTH exist on both cell surfaces; those with 
apparent high affinity seem to be coupled preferentially to phos- 
pholipase C and those with apparent low affinity to adenylate 
cyclase. The differences in apparent affinity of receptor events 
coupled to adenylate cyclase and the differences in PTH/nlePTH 
interaction on the two cell surfaces are suggestive of the existence 
of differences in apparent PTH-receptor activities on the two cell 
surfaces. 

K e y  W o r d s  cell polarity �9 pertussis toxin �9 parathyroid hor- 
mone (PTH) �9 PTH-analogs �9 internal messengers 

Introduction 

Parathyroid hormone (PTH) is an important regula- 
tor of renal proximal tubular reabsorption of phos- 
phate (Pi) and bicarbonate, and its action involves 
an inhibition of apically located Na/P i cotransport 
and Na/H exchange, respectively (Alpern, 1990; 
Murer et al., 1991). Cell model systems, particularly 
that from the opossum kidney (OK), have contrib- 
uted to the understanding of the mechanisms in- 
volved in the regulation of these transport processes 
by PTH. Studies with OK cells cultured on plates 
(impermeant supports) and measuring the dose/re- 
sponse PTH relationships between intracellular 
messenger production, the stimulation of PKA and/ 
or PKC activity and membrane protein phosphoryla- 
tion patterns have suggested that PTH action may 
be mediated by both protein kinase A and C; this 
conclusion was also supported by studies of pharma- 
cological activation of protein kinases (Cole et al., 
1987; MalmstrBm, Stange & Muter, 1988; Quamme, 
Pfeilschifter & Muter, 1989; Dunlay & Hruska, 1990; 
Murer et al., 1991; Reshkin & Muter, 1991). These 
studies might suggest that, in OK cells, PTH concen- 
trations below l 0  - l ~  M function preferentially 
through the PKC pathway, while above 10- I0 M both 
signal transduction systems function together 
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(Murer et al., 1991). Furthermore, studies with ago- 
nist/antagonist-PTH analogs (Cole et al., 1987, 1988, 
1989; Caulfield & Rosenblatt, 1990; Muff, Caulfield 
& Fischer, 1990) and receptor studies (see Nissen- 
son & Klein, 1987; Caulfield & Rosenblatt, 1990; 
Dunlay & Hruska, 1990) have suggested that there 
may be separate classes of PTH receptors linked to 
the different regulatory cascades. 

In most of the previous studies using the OK- 
cell system, monolayers were grown on impermeant 
supports; thus, it has to be assumed that the signal 
transducing mechanisms were accessible at the api- 
cal cell surface. However, recent use of OK-cell 
monolayers grown on permeant filters has permitted 
the elucidation of both the distribution of PTH- 
responsive transport systems and the 'polarity' 
of PTH-dependent signal transduction systems 
(Reshkin, Forgo & Murer, 1990a,b; Helmle-Kolb, 
Montrose & Muter, 1990a). Although PTH inhibits 
only transport systems located on the apical cell 
surface (Na/P i cotransport, Nai l  exchange), PTH 
action can be initiated by hormone addition to either 
cell surface, suggesting the existence of receptors 
on both cell surfaces of the monolayer. Though both 
transport systems displayed equal concentration de- 
pendence for inhibition by apical PTH application, 
the Na/H exchanger was about a 100-fold more sen- 
sitive to basolateral PTH than was the Na/Pi cotrans- 
porter (Helmle-Kolb et al., 1990a; Reshkin et al., 
1990b). These data suggest that there may be distri- 
butional and/or functional differences between the 
PTH receptors located on the two cell surfaces. 

Although much has been learned about the PTH- 
dependent secondary messenger pathways from the 
above described studies of cells grown on imperme- 
ant supports, nothing is known about the intermedi- 
ary steps from basolateral PTH/receptor interaction 
to final physiological event at the apical membrane. 
In the present report we describe an analysis of 
'polarity' (apical vs. basolateral) of PTH-dependent 
signal transducing mechanisms. Although we ob- 
serve receptor-linked events with high affinity, most 
likely coupled to phospholipase C, and those with 
low affinity, coupled to adenylate cyclase, on both 
cell surfaces, the use of the PTH analog 
[nleS'18,tyr34]PTH(3-34) as agonist/antagonist sug- 
gests some differences between apically and basolat- 
erally located signal transduction systems. The use 
of pertussis toxin disclosed that there were no differ- 
ences between the apical and basolateral cell sur- 
faces in the involvement of G-proteins in PTH-de- 
pendent signal transduction. 

Materials and Methods 

All cell culture supplies were obtained from Amimed, Basel, 
Switzerland, or GIBCO, Basel, Switzerland. Bovine PTH-(I-34) 
and [Nle 8"18, Tyr34]PTH-(3-34) was purchased from Calbiochem 

(Basel, Switzerland). 2-3[H]-inositol(l,4,5)trisphosphate (20-60 
Ci/mmol), 3[HI-cAMP (20-30 Ci/mmol) and their unlabeled ana- 
logs were purchased from Amersham International. All salts were 
analytical grade and purchased from commercial sources. 

CELL CULTURE 

OK cells, an established continuous cell culture from opossum 
kidney (Koyama et al., 1978; Malmstr6m & Murer, 1986) were 
grown in monolayer culture in Dulbeccos modified Eagle's me- 
dium (DMEM/Hams FI2) (1 : 1) supplemented with 10% fetal calf 
serum (FCS), 22 mM NaHCO 3, 20 mM HEPES, 2 mM L-glutamine, 
50 IU/ml penicillin and 50/xg/ml streptomycin in a humidified 
atmosphere of 5% CO2, 95% air at 37~ Subcultures were pre- 
pared by trypsinizing and reseeding at high density (approx. 5 x 
105 cells/ml) in either 75 cm 2 flasks or on filters (Malmstr6m & 
Murer, 1986; see also below). 

Monolayers on permeable filter support were grown on Milli- 
cell| filter inserts (Millipore, 12 mm diameter, 0.45 gm pore 
size) coated with a very thin film of rat-tail collagen (R-type, 
Serva; 0.5 mg/ml in 50% EtOH). Cells from confluent monolayers 
were trypsinized and seeded at approximately 1-2 x 105 cells/ 
filter in the above growth medium under a 5% CO 2 atmosphere. 
The medium was changed after 1-2 hr of seeding, and then cells 
were refed flesh medium every 12 hr. Monolayers just reached 
confluency in 24 hr and transport or messenger level studies were 
commenced 36 hr after seeding (Reshkin et al., 1990a). 

TRANSPORT ASSAYS 

Transport measurements were performed in uptake media con- 
sisting of(in mM) 137 NaCI (replaced by TMA-CI for Na-indepen- 
dent transport); 5.4 KCI; 2.8 CaCI2; 1.2 MgSO 4 and 10 HEPES/ 
Tris (pH 7.4). For Na/Pi-cotransport transport assays, growth 
medium was aspirated and both sides of the monolayer were 
gently rinsed twice in substrate-free TMA uptake solution at 25~ 
(Reshkin et al., 1990a). For Na/H-exchange assays, monolayers 
were first acidified by the ammonium-prepulse method as de- 
scribed by Haggerty et al. (1990) and then quickly treated as in 
the Pi-transport assay. For uptake assay, filter insert monolayers 
were then placed in a 24-well culture plate (Nunclon). TMA-CI 
solution was added to the compartment opposite that in which 
transport would be measured. Transport was initiated by adding 
500/zl of the NaCI uptake solution containing the desired radioac- 
tive substrate to the opposite filter insert compartment. Na/Pi 
cotransport was measured at 0.1 mM 32P i and Na/H exchange at 
2 mM 22Na. At the end of the incubation period uptake was stopped 
and nonspecifically bound radioactivity effectively removed (data 

not shown) by rapid aspiration of the uptake solution and careful 
rinsing (6 x ) of the filter and filter insert in an ice-cold isotonic 
solution containing 100 mM of the cold substrate. Nonspecific 
binding (blanks) was assessed measuring zero time uptake by 
starting uptake, and immediately aspirating the uptake solution 
and processing the filters as above. Nonspecific binding was be- 
low 10% of radioactivity associated with any experimental point. 
Total radioactivity incorporated into the monolayer was mea- 
sured by liquid scintillation counting of the whole filter insert in 
10 ml of Packard | 399 scintillation fluid in a Kontron | counter. 

CYCLIC A M P  ASSAY 

Cyclic-AMP (cAMP) formation in response to hormones was 
measured essentially as previously described (Malmstr6m & 
Murer, 1986; Malmstr6m et al., 1988). Briefly, cell monolayers 



S.J. Reshkin et al.: Effects of PTH in OK Cells 229 

that had been treated with hormone (_+ 1 mM IBMX depending on 
the experiment) were rinsed twice with ice-cold assay buffer A 
(in mM: 50 Tris/HCI, 16 fl-mercaptoethanol, 8 theophylline, pH 
7.4). The reaction was stopped by dipping the monolayer directly 
into liquid nitrogen and the filter apparatus was stored at - 20~ 
until assayed (generally within 24 hr). The monolayer was cut 
out of the filter apparatus and placed into an Eppendorf tube 
containing 100/~1 of the assay buffer plus 10/A 0.1 N HCI, and 
the cells were disrupted by sonication with three pulses of 1 sec 
using a Labsonic 1510 (Braun, Zurich, Switzerland) at approxi- 
mately 200 watts/pulse. The sample was then neutralized with 10 
p.l 0.1 N NaOH, and the filter/disrupted cells were removed by 
rapid centrifugation in an Eppendorf centrifuge ( 14000 rpm for 15 
sec). The cAMP was determined in a 50/xl aliquot of the superna- 
tent by a competitive protein binding assay as described by 
Brown, Ekins and Albano (1972). 

INOSITOL ( I ,4 ,5) -TRISPHOSPHATE (IP3) ASSAY 

Previous to experimental manipulation, monolayers were prein- 
cubated with growth media containing 20/zM LiCI for 20 min in 
order to inhibit the inositol phosphate phosphomonoesterases 
(Dean & Beaven, 1989). After treatment for the prescribed time 
with the various effectors, the monolayers were quickly rinsed 
with the above assay buffer and dipped into liquid nitrogen to 
stop the reaction. Filters were stored at -70~ until analysis 
(generally within 24 hr). The filter was removed as above from 
the filter insert and placed in 50/zl 10% TCA in an Eppendorf 
tube. The monolayer was extracted for 20 min at 4~ spun 2 min 
at 14000 rpm, the supernatent removed and the filter rinsed with 
50 /zl H20, spun again and the two supernatents were added 
together. The pH of this solution (5% TCA) was adjusted to 
approximately 8 with 1 N NaOH. The IP3 concentration in this 
solution was determined by a competition protein binding assay, 
utilizing binding protein obtained from the membrane fraction of 
bovine adrenal cortex (Bredt, Mourey & Snyder, 1989; Nibbering 
et al., 1990). Briefly, 20/~1 of the above extract was incubated 
with 20 /zl assay buffer B (in mM): 50 Tris/HCl, 2 EGTA, 1 
3-mercaptoethanol, pH 8.2), 50/zl 3H-IP3 (~4500 cpm) and 20/xl 
binding protein (~15 mg/ml) for 20 min on ice. The sample was 
centrifuged for 4 min at 14000 rpm in an Eppendorf Centrifuge 
(4~ to separate bound from unbound IP 3. The pellet was sus- 
pended in 100/zl assay buffer B and counted. The IP3 content of 
each sample was determined from the standard curve. 

EXPERIMENTAL REPETITIONS 

All experiments were repeated at least three times with qualita- 
tively identical behavior. Between individual experiments abso- 
lute values varied by a factor of up to 2. Throughout the paper 
we show single experiments performed in replicates. 

STATISTICS 

Significance was determined using a two-tailed t test for paired 
or unpaired means. A value o f P  < 0.05 was accepted as signifi- 
cant. All values are presented as means + SE. 
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Fig. 1. Concentration dependence of either apical (squares) or 
basolateral (stars) application of PTH on apical Na/P i cotransport 
(A) and apical Na/H exchange (B). Monolayers were incubated 
with PTH for 3 hr for Na/Pi cotransport and 5 min for Na/H 
exchange, and then transport was measured as described in Mate- 
rials and Methods. Values are the mean -+ SE for three replicates. 
The values for inhibition of Na/Pi cotransport (A) are significantly 
different ( P  < 0.05) between apical and basolateral hormone 
addition at PTH concentrations between 10 -12 and 10 9 M. 

Results 

BASIC TRANSPORT STUDIES 

The concentration dependence of PTH inhibition of 
Na/P i cotransport and Na/H exchange are shown in 
Fig. IA and B, respectively. Similar to our previous 
findings, the apical and basolateral dose/response 
curves were strikingly different for PTH inhibition 
of Na/P i cotransport (Fig. 1A) (Reshkin et al., 1990b) 
while displaying no difference for Na/H exchange 
(Fig. 1B) (Helmle-Kolb et al., 1990a). The apical 
half-inhibition value (Ka) for both transport systems 
was about 5 • 10 ,2 M PTH, as was also the case 
for the basolateral inhibition of Na/H exchange 
while the Kd of basolateral inhibition of Na/P~ co- 
transport was about a 100-fold higher (5 • 10- J0 M). 
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Table 1. Time dependence and polarity of PTH-dependent inhibi 
tion of apical Na/P i cotransport and of apical Na/H exchange 

Time of exposure Apical Basolateral 
to PTH FI'H addition PTH addition 
(rain) (pmol/mg/5 rain) (pmol/mg/5 min) 

a) Na/Pi-cotransport 
0 min 3410 3410 

20 min 2321 2436 
45 min 2008 1986 
90 min 1492 1524 

180 min 1408 1436 

b) Na/H-exchange 
0 1248 1248 
2 976 912 
4 712 706 
5 402 411 

Monolayers were incubated with 10 -9 M PTH for the time indi- 
cated and then transport was measured as described in Materials 
and Methods, Values are the means of three replicates with SE 
values below 7%. 

It should be noted that for the two transport systems 
the time required for inhibition after application of 
PTH was very different (Table 1). As has been pre- 
viously reported, Na/H exchange was maximally 
inhibited in a few minutes (Table lb) (Helmle-Kolb 
et al., 1990b), while more than 2 hr were necessary 
for maximal inhibition of Na/P i cotransport (Table 
la) (Malmstr6m & Muter, 1986). 

The above different pattern of PTH inhibition 
of two apically located transport systems suggests 
some differences in PTH-dependent signal transduc- 
tion systems on the two cell surfaces. Therefore, we 
have analyzed in more detail the 'polarity' (apical 
vs. basolaleral PTH addition) of the PTH-dependent 
generation of the messengers cAMP and 1P3, the 
'polarity' of interaction with a PTH-analog agonist/ 
antagonist on transport inhibition and messenger 
generation (for review see Caulfield & Rosenblatt, 
1990) and, finally, the 'polarity' of the action of the 
G-protein ribosyltransferase, pertussis toxin, on 
transport inhibition and messenger generation. 

BASIC INTRACELLULAR MESSENGER STUDIES 

The time course of messenger generation was mea- 
sured at 10 -8 ~ PTH, a concentration giving maxi- 
mal generation of both cAMP and IP  3 (Fig. 2A and 
B; c o m p a r e  to Fig. 3). These experiments showed 
that (i) at this PTH concentration there was no appar- 
ent 'polarity' in the time-dependent generation of 
internal messengers that could explain the differ- 
ences in time required for transport inhibition and 
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Fig. 2. Time-course of PTH stimulation of generation ofintracel- 
lular cAMP (A, without IBMX) and IP 3 (B) applied to the apical 
(squares) or basolateral (stars) cell surface. PTH (10 8 M) was 
applied to the monolayer for the indicated time and cAMP or IP3 
measured as described in Materials and Methods. Values are 
mean -+ sE for three replicates of a representative experiment, 
Only one symbol is included if values are identical after apical or 
basoLateral application, 

(ii) for both messengers there was a decrease in 
messenger levels some time after PTH stimulation. 
From these measurements the time of incubation for 
further experiments on second messenger produc- 
tion was chosen as 20 sec for IP 3 and 5 min for 
cAMP. 

The levels of the intracellular messengers cAMP 
and IP3 were then determined as a function of the 
PTH concentration given either to the apical or baso- 
lateral side of the monolayers (Fig. 3). As has been 
reported from OK-cell monolayers grown on imper- 
meant supports (Quamme et al., 1989), IP  3 w a s  pro- 
duced at much lower PTH levels after administration 
to the apical side than was cAMP, with a half-maxi- 
mal response concentration of approximately 7 x 
10-12 M PTH for [P3 generation. The PTH-dependent 
generation of IP 3 after administration of the hormone 
to the basolateral cell surface was not different from 
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Fig. 3. PTH dose-response curves for cAMP (open symbols) and 
IP 3 (filled symbols) when applied to either the apical (squares) 
or basolateral (diamonds) cell surface. PTH was applied to the 
monolayer at the indicated concentration for either 5 min for the 
cAMP determination (in the presence of 1 mM IBMX) or 20 
sec for the 1P3 determination and then the level of messenger 
measured as described in Materials and Methods. Values are 
mean + sE for three replicates of a representative experiment. 
For the cAMP determinations values are significantly different 
between apical and basolateral PTH addition at concentrations 
between 10 -10 and 10-7 M ( P < 0.05). Only one symbol is included 
if values are identical after apical or basolateral application. 
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Fig. 4. Effect of nlePTH(3-34) as an ag0nist and antagonisl on 
PTH-dependent inhibition of Na/Pi cotransport when applied to 
either the apical (slant bars) or basolateral (stippled bars) cell 
surface. Solid bar represents the control value of Na/Pi cotrans- 
port measured as in Materials and Methods. PTH represents 
transport values after 3 hr incubation with 10 9 M PTH, NLE 
represents transport values after 3 hr incubation with 10 .6 M 

nlePTH (agonism) and BOTH is transport after 3 hrjoint incuba- 
tion of both at the above concentrations (antagonism). The statis- 
tical treatment of values obtained in a similar set of experiments 
are reported in the legend to Table 2. 

that after addition to the apical side, while cAMP 
generation was more sensitive to basolateral PTH 
administration as compared to apical administration 
(Kj ~ 10 -9 M vs.  7 • 10 9 M, respectively). 

TIlE ACTION OF [nleS'r8,Tyr34]PTH(3-34) 

In OK-cell monolayers cultured on impermeant sup- 
port, the PTH analog [nleS'lS,Tyr34]PTH(3-34) 
(nlePTH) has been reported to act as a partial agonist 
on inhibition of  Na/P i cotransport  without stimulat- 
ing cAMP formation and as an antagonist of PTH- 
stimulated adenylate cyclase activity (Cole et al., 
1987, 1988, 1989; Muff et al., 1990). To determine 
the 'polarity '  of  agonist and antagonist properties of 
nlePTH(3-34) on Na/P i cotransport,  this analog was 
added to either side of  the monolayer  in the absence 
(agonism) or presence (antagonism) of  10 -8 M PTH. 
Figure 4 displays the data for one experiment con- 
ducted at 5 x 10 6 M nlePTH, and data for its action 
at three concentrations are shown in Table 2 as either 
the percent (%) of  the maximum PTH inhibition (ag- 
onism) or as the percent reduction of  PTH inhibition 
of Na/P i cotransport  activity (antagonism). The ana- 
log displayed a concentration-dependent agonist in- 
hibition of  Na/P i cotransport  (maximal effect of the 
PTH analog was at 10 5 M); this inhibitory potency 
was equal on both cell surfaces and -~46% of the 
inhibition by 10 8 M PTH. As a PTH antagonist, 

nlePTH displayed very different effects: It had a 
strong concentration-dependent antagonist effect 
only from the apical cell surface. Thus, although 
both apical and basolateral receptor systems were 
equally sensitive to the agonist properties of  
nlePTH, only the apical receptor systems had any 
sensitivity to antagonism by this analog. 

The agonist and PTH-antagonist properties of  
nlePTH on the levels of the intracellular messengers 
cAMP and IP3 were next determined. This analog 
had only a small effect on cAMP levels, if compared 
to PTH stimulation (Fig. 5A, c o m p a r e  to Fig. 3) but 
stimulated the production of  IP3 to levels compara- 
ble to PTH stimulation (Fig. 5B, c o m p a r e  to Fig. 3). 
These data are supportive of  earlier suggestions that 
nlePTH must function as an agonist through IP 3- 
1inked receptors (Cole et al., 1987, 1988, 1989). As 
was found above for the agonist effect in inhibition 
of Na/P i cotransport (Fig. 4), there was no 'polari ty '  
of the agonist action of  nlePTH on IP 3 generation. 

The antagonistic action of nlePTH on PTH-de- 
pendent generation of  the messengers was more 
complex with different characteristics on the two 
cell surfaces (Fig. 6A and B). The application of  10 8 
M PTH to the basolateral surface stimulated greater 
cAMP production than apical hormone application, 
as was also found in the concentration curve (Fig. 
3). While the higher concentration of  nlePTH (5 • 
10 -6 M) severely attenuated the PTH-dependent  
cAMP increase on both cell surfaces, the lower con- 
centration of  analog used (5 x 10 7 M) actually fur- 
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Table 2. 'Polarized' effect of [nleS'18,Tyr34]bPTH(3-34) on apical Na/P i cotransport and on bPTH(1-34)- 
dependent inhibition of apical Na/Pi cotransport 

nlePTH(3-34) Side of Agonist property: Antagonist property: 
(M) hormone nlePTH(3-34) nlePTH(3-34) 

addition inhibition of reduction of 
Na/P i cotransport PTH activity 
(% of maximum of PTH effect) (% of reduction of PTH effect) 

10 -6 Basolateral 36 -+ 6 3.5 -+ 2 
Apical 38 -+ 5 13 -+ 3 

5 • 10 -6 Basolateral 38 + 7 2 + 1 
Apical 44 -+ 5 21 -+ 4 

10 -5 Basolateral 43 -+ 4 -4  + 2 
Apical 49 -+ 7 33 -4- 4 

Values are mean -+ SE. PTH (10 -8 M) and/or analog were added to culture medium and monolayers 
incubated for 3 hr. The effect of the analog (agonist property) was calculated as percent of the PTH 
inhibition of Na/Pi cotransport at 10 -8 M PTH. The effect of the analog on PTH-dependent inhibition 
of Na/P i cotransport (antagonist property) is reported as the percent suppression of the PTH-inhibitory 
effect. All values, with the exception of the antagonist property after basolateral application on the 
PTH analog, are significantly different from the control values (P < 0.05). 

ther augmented the apical PTH-st imulated increase 
on the apical and not on the basolateral  cell surface. 

This same protocol  was also used to examine 
the effect of  n lePTH(3-34)  on the PTH-dependent  
stimulation of  IP 3 (Fig. 6B). As in Fig. 3, there was 
no difference between the two cell surfaces in the 
stimulation of IP3 by I0 ~1 M PTH. On the apical cell 
surface the analog was found to antagonize fairly 
strongly this PTH-st imulat ion of  IP3 cell levels while 
having no effect on P T H  stimulation of  IP 3 f rom the 
basolateral  cell surface. The same relationships were 
observed at 10 -s M PTH,  a concentrat ion at which 
both internal messengers  were produced (data not 
shown). 

THE ACTION OF PERTUSSIS TOXIN (PT) 

Monolayers  were preincubated overnight in the ab- 
sence or presence  of 5 or 50 ng/ml of  PT and then 
assayed for inhibition by PTH of  Na/P~ cotransport  
and stimulation by PTH of  internal messenger  pro- 
duction. Figure 7 shows that PT pre t rea tment  par- 
tially released the inhibition observed  with PTH 
alone; this effect of  PT was observed after apical 
administrat ion of  P T H  (Fig. 7A) and basolateral  ap- 
plication (Fig. 7B). At the lower PTH concentrat ion 
(10 -1' M) the at tenuation was increasing with in- 
creasing PT concentrat ion ( P  < 0.05), while at the 
higher PTH (I0 8 M) 5 ng/ml PT at tenuated slightly 
the PTH-dependent  t ransport  inhibition ( P  < 0.05), 
with no significant effect at 50 ng/ml PT. 

To determine the effect of  PT on PTH-depen-  
dent product ion of  cAMP, PT-pretreated mono- 

layers were incubated for 5 rain with low PTH (Fig. 
8A: basolateral ,  5 • 10 -~~ M; apical, 5 • 10 9 N) 
and medium PTH (Fig. 8B: basolateral ,  10 .9 M; api- 
cal, 10 -s  M). At the low PTH,  5 ng/ml PT induced a 
higher enhancement  of  PTH-st imulated cAMP pro- 
duction than 50 ng/ml PT (Fig. 8A), while at the 
intermediate PTH concentrat ion the enhancement  
of  PTH stimulation of cAMP was greater  with 
greater  PT concentrat ion (Fig. 8B). The PT enhance-  
ment at l0 7 M PTH was also measured and was 
identical in form but proport ionally less than that 
seen at intermediate PTH (data not shown). 

After PT pre t rea tment  monolayers  were also 
treated for 20 sec with 10- j~ M PTH,  a concentrat ion 
with no measurable  PTH-dependent  cAMP genera- 
tion (see Fig. 3). As can be seen in Fig. 8C, increasing 
PT resulted in increasing attenuation of the PTH-  
stimulated IP3 signal, equally for both sides of  hor- 
mone addition. An identical pattern was observed 
when monolayers  were incubated at 10 -8 M PTH and 
the intracellular concentrat ion of  IP 3 was measured 
(data not shown). 

Discussion 

In the last decade there have been substantial ad- 
vances in our understanding of  the cellular mecha-  
nisms of  PTH-dependent  regulation of  the t ransport  
of  inorganic phosphate  (P~) and protons in renal epi- 
thelia (proximal tubule). At present ,  it might be sug- 
gested, primarily based on exper iments  with cul- 
tures of  established cell lines (OK cells) grown on 
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Fig. 6. Effect of  nlePTH(3-34)  as a PTH antagonist  on cAMP (A) 
and IP3 (B) generation when applied to apical (slanted bars) or 
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monolayers  (10 -8 for cAMP and 10 -H for IP 3) for the same time 
periods as in Fig. 3 without added nlePTH or with 10 -7 M (Nlel) 
or 10 6 M (Nle2) nlePTH, cAMP and IP3 were measured  as de- 
scribed in Materials and Methods .  Values are mean -+ SE of  three 
replicates of  a representat ive exper iment .  For cAMP determina-  
tions the addition of the PTH analog produced significant alter- 
ation in compar ison to cAMP generat ion observed in the presence 
of  PTH alone ( P  < 0.05). For IP 3 determinat ions  only apical 
administrat ion of  the  analog produced significant al terations in 
PTH-dependent  generation of intracellular messengers  ( P  < 
0.05). 

impermeant supports, that PTH action at low con- 
centrations (< 10-10 M) is transduced preferentially 
through activation of the phospholipase C/protein 
kinase C pathway, while higher PTH concentrations 
additionally lead to activation of the adenylate 
cyclase/protein kinase A pathway (for review s e e  

Dunlay & Hruska, 1990; Murer et al., 1991). Evi- 
dence suggests that at the higher concentrations both 
transduction systems work together to produce full 
PTH-dependent inhibition and that both cascade 
systems must be functional for complete PTH action 
(Quamme et al., 1989; Miyauchi et al., 1990; Segal 
& Pollock, 1990). Work on both the agonist and 

antagonist action of PTH analogs, primarily nlePTH, 
on inhibition of Na/P i cotransport and on adenylate 
cyclase stimulation/cAMP production has suggested 
that on the apical surface there may exist multiple 
PTH-dependent signal transduction systems (Cole et 
al., 1987, 1988, 1989; Caulfield & Rosenblatt, 1990; 
Muff et al., 1990). 

The recent use of OK cells grown on filters has 
demonstrated the presence of PTH receptors on 
both cell surfaces capable of initiating regulatory 
cascades involved in inhibition of apically located 
Na/H exchange and Na/P~ cotransport; interest- 
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Fig. 7. Effect of pertussis toxin (PT) on PTH-dependent inhibi- 
tion of Na/Pi cotransport applied to either the apical (A) or baso- 
lateral (B) cell surface. Monolayers were incubated 16 hr in 
growth media with either 5 ng PT/ml (PTI) or 50 ng PT/ml (PT2). 
The monolayers were then incubated with either 10 -It M PTH 
(slanted bars) or 10 -8 M PTH (stippled bars) for 3 hr. Na/Pi 
cotransport was then measured as described in Materials and 
Methods. Values are mean • SE for three replicates of a represen- 
tative experiment. At the lower PTH concentration addition of 
pertussis toxin attenuated PTH-dependent transport inhibition 
significantly after either apical or basolateral hormone addition 
( P  < 0.05). At the higher PTH concentration only the lower 
concentration of pertussis toxin produced a significant alteration 
of the transport inhibition ( P < 0.05). 

ingly, differences in time and concentration required 
for hormone-dependent inhibition of the transport 
systems were observed for the two cell surfaces 
(Reshkin et al., 1990; Helmle-Kolb et al., 1990a,b). 
In contrast to the study with OK cells grown on 
impermeant supports, where predominantly apical 
events were analyzed, nothing is known about distri- 
butional or functional identification of the PTH re- 
ceptors at the two cell surfaces in cells grown on 
permeant supports, e.g. as a function of the PTH- 
dependent activation of the internal signal cascade 

systems or of the interaction of these receptors with 
G-proteins, or with PTH analogs. 

The time-course of PTH inhibition displayed a 
rapid onset of inhibition for Na/H exchange (min- 
utes) and a slower onset for inhibition of Na/P i co- 
transport (hours), without any observable polarity 
in development of inhibition for either transport sys- 
tem. Application of PTH to either cell surface re- 
sulted in a dose-dependent decrease in the transport 
rate of either Na/Pi cotransport or Na/H exchange 
and an increase in the intracellular levels of IP3 and 
cAMP (Figs. 1-3). As previously reported for the 
'polarity' of the effect of PTH on the transport sys- 
tems, Na/Pi cotransport displayed a differential sen- 
sitivity to PTH with the apical surface half-inhibition 
constant being about a 100-fold less than that for 
application of the hormone at the basolateral cell 
surface, while PTH inhibition of Na/H exchange 
was equally sensitive from the two cell surfaces. 
These effects of PTH on transport properties and 
production of second messengers might imply that 
there could be some sort of cell surface 'polarity' 
with respect to PTH interaction with receptors pres- 
ent on the apical and basolaterat surfaces, respec- 
tively. This 'polarity' could be: (i) of the receptors 
themselves, e.g. in sensitivity to PTH including PTH 
analogs; (ii) of their time dependence with regard to 
generation of second messengers; or (iii) in proper- 
ties of the receptor-messenger link after the hor- 
mone/receptor step, e.g. in G-protein interaction. 
'Polarity' in any or all of these properties could result 
in the difference observed between the two cell sur- 
faces in the pattern of final inhibition of the apical 
transport systems. To learn more about these pro- 
cesses, we have first measured the 'polarity' of the 
basic characteristics "of the receptor/internal mes- 
senger generation and then the interaction of a PTH- 
analog agonist/antagonist (nlePTH) and a G-protein 
ribosyltransferase (pertussis toxin) with both PTH- 
dependent inhibition of Na/P~ cotransport and gener- 
ation of second messengers (cAMP and IP3). 

The PTH-dependent generation of IP3 was very 
sensitive to PTH concentration and showed no 'po- 
larity' with respect to PTH application. For hormone 
application to both cell surfaces the generation of 
IP 3 mirrored closely the PTH-dependent inhibition 
of Na/H exchange and inhibition of Na/Pi cotrans- 
port after apical PTH addition, consistent with previ- 
ous reports on cells grown on impermeant supports 
(Quamme et al., 1989), or for the apical cell surface 
in cells grown on permeant supports (Reshkin et al., 
1990b). Interestingly, PTH-dependent cAMP gener- 
ation after basolateral hormone administration was 
more sensitive than after apical hormone addition 
(Fig. 3). 

The PTH analog nlePTH(3-34) has been used to 
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further characterize the interaction of PTH recep- 
tors and their associated secondary messenger sys- 
tem(s) (for review: Caulfield & Rosenblatt, 1990). In 
OK cells grown o n  impermeant support, nlePTH 
inhibited apical Na/P i cotransport with a K a approxi- 
mately four orders-of-magnitude greater than PTH 
without a concurrent stimulation of cAMP produc- 
tion (Cole et al., 1987, 1988, 1989; Muffet  al., 1990). 
As an antagonist, nlePTH completely antagonized 
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Fig. 8. Effect of pertussis toxin (PT) on FrH-dependent genera- 
tion of cAMP and IP 3 when applied to the apical (slanted bars) or 
basolateral (stippled bars) cell surface. Monolayers were treated 
as in Fig. 7. For cAMP determination monolayers were incubated 
for 5 min in the presence of 1 mM IBMX in the following PTH 
concentrations: (A) basolateral 5 • 10 -I~ M, apical 5 • 10 -9 M; 
(B) basolateral 10 9 M apical 10 -8 M. For the IP3 determination 
(C) monolayers were incubated in 10- li M PTH for 20 sec. Levels 
of internal messengers were determined as described in Materials 
and Methods. Values are mean -+ SE for three replicates of a 
representative experiment. At the lower PTH concentration (A) 
5 ng PT/ml (PTI) produced a significantly higher increase in PTH- 
dependent generation of cAMP than 50 ng PT/ml (PT2); at both 
concentrations of pertussis toxin cAMP generation was increased 
as compared to the absence of pertussis toxin. At the higher 
concentration of PTH (B), both pertussis toxin conditions in- 
creased PTH-dependent cAMP generation with the effect being 
higher at higher toxin concentrations. For IP 3 determinations 
pertussis toxin attenuated the PTH-dependent generation of IP 3 
with significantly different effects between high and low toxin 
concentration only for the basolateral cell surface. 

PTH-stimulated cAMP production (Cole et al., 1988, 
1989; Muff et al., 1990) while antagonizing PTH- 
dependent inhibition ofNa/Pi cotransport only about 
20% (Muffet al., 1990). These data led these authors 
to conclude that, on the apical membrane, nlePTH 
acts as a partial agonist at receptors not related to 
cAMP generation (i.e., IP 3 production), while acting 
as an antagonist primarily at receptors coupled to 
cAMP generation. This differential activity at puta- 
tively different PTH-dependent signal transduction 
systems led us to utilize nlePTH as a probe to further 
analyze the two cell surfaces for potential differ- 
ences in PTH-dependent effects on transport and 
messenger-generation. As can be seen in Fig. 4 and 
Table 2, nlePTH showed identical partial agonist 
activity with respect to inhibition of Na/P~ cotrans- 
port on both cell surfaces, while displaying antago- 
nism of PTH (10 -8 M)-dependent inhibition of Na/P i 
cotransport only on the apical surface. The level 
of transport antagonism on the apical surface was 
similar to that reported by Muff et al., 1990). 

The effect of nlePTH on the production of inter- 
nal messengers (agonism) and on their PTH-depen- 
dent generation (antagonism) also demonstrated dif- 
ferences between apical and basolateral application 
of hormone and hormone analog, respectively. In 
the present study, nlePTH functioned as an agonist 
through IP 3 generation, supporting this suggestion 
by previous workers (Cole et al., 1987). As has been 
reported for the apical membrane (Cole et al., 1987, 
1988, 1989; Muff et al., 1990), nlePTH at the higher 
concentration effectively antagonized the PTH- 
stimulated cAMP production at both cell surfaces. 
However, at the apical cell surface the lower nlePTH 
concentration used actually augmented the PTH- 



236 S.J. Reshkin et al.: Effects of PTH in OK Cells 

stimulated increase in cAMP generation. A similar 
apical cell surface stimulation of cAMP production 
by a very low level of a hormone antagonist of vaso- 
pressin stimulation has been reported for primary 
cultures of rat inner medullary collecting tubule cells 
(Teitelbaum, Strasheim & Berl, 1989). 

Previous authors have concluded from similar 
studies on the use of this PTH analog (Cole et al., 
1987, 1988, 1989) that the difference between 
nlePTH antagonism on transport and cAMP genera- 
tion implied that nlePTH has no antagonistic effect 
on IP 3 generation. In analogy, from the present data 
on polarity of nlePTH antagonism of PTH-depen- 
dent transport and eAMP production, it could be 
expected that IP 3 should move in parallel with inhibi- 
tion of Na/P i cotransport. That is, at the apical sur- 
face nlePTH should have some antagonizing effect 
on PTH stimulation of IP 3, but that at the basolateral 
surface no effect should be observed. As seen in 
Fig. 6, nlePTH, in fact, had no antagonist properties 
when applied to the basolateral surface together with 
either 10 -8 M PTH, as shown, or at 10 -1~ M PTH 
(data not  shown) .  However, on the apical surface, 
nlePTH was able to antagonize PTH-dependent IP 3 
production, implying that the dynamics of PTH ac- 
tion are not simple and that there might be differ- 
ences in receptor properties between cells grown on 
permeant supports and cells grown on impermeant 
supports. 

The data of experiments involving the use of the 
PTH analog suggest some differences between PTH- 
dependent signal transduction systems localized at 
the two cell surfaces. The agonist activity on both 
cell surfaces at only the receptor or the equivalent 
component of a dual receptor coupled to IP 3 produc- 
tion, together with the lack of agonist 'polarity' 
(while displaying different polarity as an antagonist), 
provides evidence for the existence of differences 
in transmembrane signaling mechanisms. This was 
particularly true for the very different low nlePTH 
concentration interaction with PTH-dependent 
cAMP- and IP3-generation. 

An additional cause of the variation observed at 
the two cell surfaces in PTH action in both transport 
inhibition and internal messenger generation could 
be due to different couplings of (a) PTH receptor(s) 
to the effector(s) via G-proteins (Spiegel, 1990). The 
pre-application of pertussis toxin (PT), an ADP ribo- 
syltransferase, has been shown to attenuate the 
PTH-dependent inhibition of Na/P i cotransport 
(Garcia et al., 1989) and IP 3 (Miyauchi et al., 1990) 
and enhance cAMP generation in OK cells (Rizzoli 
& Bonjour, 1988) and, recently, to attenuate the 
Epidermal Growth Factor-stimulated IP3 signal in 
mouse collecting duct cells (Teitelbaum, Strasheim 
& Berl, 1990). In OK-cell monolayers, we found a 
complex relationship of pertussis toxin application 

relevant to concentration of PT and PTH but not 
in relation to cellular 'polarity'. That is, PT was 
observed to attenuate both the PTH-dependent inhi- 
bition of Na/P i cotransport (Fig. 7) and stimulation 
of IP 3 production (Fig. 8C), while augmenting the 
PTH-dependent stimulation of cAMP (Fig. 8A and 
B). Although these data suggest that PTH receptors 
can interact with both G z and G s, the observed paral- 
lelism of PT effect on PTH-dependent transport and 
IP 3 production but not cAMP production would sug- 
gest that PTH-dependent inhibition ofNa/Pi cotrans- 
port may be preferentially transduced via the (5;,- 
linked protein kinase C pathway. These effects of 
PT-dependent ADP ribosylation on PTH action were 
found to be equal at both cell surfaces. 

Until recently it has generally been thought that 
the receptor for PTH is located on the basolateral 
membrane and is coupled to adenylate cyclase (see 
Nissenson & Klein, 1987). Studies to date have not 
found evidence for high affinity PTH radioligand 
binding (circa 10 H-10-12 M) on this membrane and 
had not searched for binding on the apical membrane 
(Nissenson & Klein, 1987). With the accumulating 
evidence in cell culture for high affinity PTH recep- 
tors and for apical location of PTH receptors (this 
study and see  Introduction) it becomes important to 
corroborate these cell culture data with in situ data 
from the proximal tubule. Furthermore, these data 
necessitate that PTH be present in the primary proxi- 
mal filtrate in concentrations compatible with the 
function of the apical system. Although this is not 
known for PTH in kidney, there are data demon- 
strating that parathyroid hormone may not be unique 
in having functionally active receptors on both cell 
surfaces of the renal epithelia. Angiotensin II-depen- 
dent regulation of bicarbonate reabsorption in the 
proximal tubule was recently demonstrated to be 
active from both the apical and basolateral cell sur- 
faces (Liu & Cogan, 1988). 

In conclusion, evidence is presented here for the 
existence of different 'PTH-receptor' subtypes on 
the apical and basolateral cell surfaces of OK-cell 
monolayers. The spatial separation of the receptor 
groups on the two cell surfaces could further facili- 
tate their participation in a postulated dual-messen- 
ger mechanism (Cole et al., 1987; Malmstr6m et al., 
1988; Quamme et al., 1989; Dunlay & Hruska, 1990; 
Murer et al., 1991). Such a spatial separation of the 
two receptor classes could permit the epithelial cells 
to respond to PTH from two separate but function- 
ally connected cellular 'pools', i.e., the cells could 
respond to PTH present either in the basolateral 
compartment (plasma) or in the apical compartment 
(primary filtrate). 

We are happy to thank the Geigy JubilS.umsstiftung and the Roche 
Research Foundation for providing a visiting scientist award to 



S.J. Reshkin et al.: Effects of PTH in OK Cells 237 

S JR, and the Swiss National Science Foundation for financial 
support (grant 3.854.088); also financial support from the "Jubi- 
l~iumsspende for die Universit~it Zfirich" is acknowledged. 

References 

Alpern, R.J. 1990. Cell mechanisms of proximal tubule acidifica- 
tion. Physiol. Rev. 70:79-114 

Bredt, D.S., Mourey, R.J., Snyder, S.H. 1989. A simple, sensi- 
tive and specific radioreceptor assay for inositol 1,4,5-tris- 
phosphate in biological tissues. Biochem. Biophys. Res. Com- 
man. 159:976-982 

Brown, B.L., Ekins, R.P., Albano, J.D.M. 1972. Saturation assay 
for cAMP using endogenous binding protein. Adv. Cyclic Nu- 
cleotide Res. 2:25-40 

Caulfield, M.P., Rosenblatt, M. 1990. Parathyroid hormone-re- 
ceptor interactions. Trends Endocrinol Metab. 1:164-168 

Cole, J.A., Carnes, D.L., Forte, L.R., Eber, S., Poelling, R.E., 
Thorne, P.K. 1989. Structure-activity relationship of parathy- 
roid hormone analogs in the opossum kidney cell line. J. Bone 
Miner. Res. 4:723-730 

Cole, J.A., Eber, S.L., Poelling, R.E., Thorne, P.K., Forte, L.R. 
1987. A dual mechanism for regulation of kidney phosphate 
transport by parathyroid hormone. Am. J. Physiol. 
253:E221-E227 

Cole, J.A., Forte, L.R., Eber, S., Thorne, P.K., Poelling, R.E. 
1988. Regulation of sodium-dependent phosphate transport 
by parathyroid hormone in opossum kidney cells: Adenosine 
3',5'-monophosphate-dependent and -independent mecha- 
nisms. Endocrinology 122:2981-2989 

Dean, N.M., Beaven, M.A. 1989. Methods for the analysis of 
inositol phosphates. Anal. Biochem. 183:199-209 

Dunlay, R., Hruska, K. 1990. PTH receptor coupling to phospho- 
lipase C is an alternate pathway of signal transduction in bone 
and kidneY. Am. J. Physiol. 258:F223-F231 

Garcia, J.C., McConkey, C.L., Stokes, T.J., Betts, C.R., Martin, 
K.J. 1989. Influence of pertussis toxin on parathyroid hor- 
mone stimulated cyclic AMP production and phosphate trans- 
port in opossum kidney cells. J. Lab. Clin. Med. 114"691-696 

Haggerty, J.G., Agarwal, N., Reilly, R.F., Adelberg, E.A., Slay- 
man, C.W. 1990. Pharmacologically different Na/H antipor- 
ters on the apical and basolateral surfaces of cultured kidney 
cells (LLC-PK0. Proc. Natl. Acad. Sci. USA 85:6797-6801 

Helmle-Kolb, C., Montrose, M.H., Murer, H. 1990a. Parathyroid 
hormone regulation of Na +/H + exchange in opossum kidney 
cells: Polarity and mechanisms. Pfluegers Arch. 416:615-623 

Helmle-Kolb, C., Strange, G., Montrose, M.H., Murer, H. 
1990b. Regulation of Na/H-exchange in opossum kidney cells 
by parathyroid hormone, cAMP and phorbol esters. Pfluegers 
Arch. 415:461-470 

Koyama, H.C., Goodpasture, C., Miller, M.M., Teplitz, R.L., 
Riggs, A.D. 1978. Establishment and characterization of a cell 
line from the American opossum (Didelphys virginia). In Vitro 
14:239-246 

Liu, F.Y., Cogan, M.G. 1988. Angiotensin II stimulation of hy- 
drogen ion secretion in the rat proximal tubule. Modes of 
action, mechanism and kinetics. J. Clin. Invest. 82:601-607 

Malmstr6m, K., Murer, H. 1986. Parathyroid hormone inhibits 

phosphate transport in OK-cells but not in LLC-PK l and JTC- 
12.P3-cells. Am. J. Physiol. 251:C23-C31 

Malmstr6m, K., Stange, G., Muter, H. 1988. lntracellular cas- 
cades in the parathyroid-hormone-dependent regulation of 
Na/phosphate cotransport in OK cells. Biochem. J. 
251:207-213 

Miyauchi, A., Dobre, V., Rickmeyer, M., Cole, J., Forte, L.R., 
Hruska, K.A. 1990. Stimulation of transient elevations of Ca 2+ 
is related to inhibition of Pi-transport in OK-cells. Am. J. 
Physiol. 259:F485-F493 

Muff, R., Caulfield, M.P., Fischer, J.A. 1990. Dissociation of 
cAMP accumulation and phosphate uptake in opossum kidney 
(OK) cells with parathyroid hormone (PTH) and parathyroid 
hormone related protein PTHrP). Peptides 11:945-949 

Murer, H., Werner, A., Reshkin, S., Wuarin, F., Biber, J. 1991. 
Cellular mechanisms in proximal tubular reabsorption of inor- 
ganic phosphate. Am. J. Physiol. 260:C885-C899 

Nibbering, P.H., Zomerdijk, T.P.L., van Haastert, P.J.M., van 
Furth, R. 1990. A competition binding assay for determination 
of the inositol (l,4,5)-trisphosphate content of human leuco- 
cytes. Biochem. Biophys. Res. Commun. 170:755-762 

Nissenson, R.A., Klein, R.F. 1987. Parathyroid hormone recep- 
tors. In: Peptide Hormone Receptors. M.Y. Kalimi and J.R. 
Hubbard, editors, pp. 481-517. de Gruyter, Berlin 

Quamme, G., Pfeilschifler, J., Murer, H. 1989. Parathyroid hor- 
mone inhibition of Na/phosphate cotransport in OK cells: 
Generation of second messengers in the regulatory cascade. 
Biochem. Biophys. Res. Commun. 158:951-957 

Reshkin, S.J., Forgo, J., Muter, H. 1990a. Functional asymmetry 
of phosphate transport and its regulation in opossum kidney 
cells: Phosphate transport. Pfluegers Arch. 416:554-560 

Reshkin, S.J., Forgo, J., Murer, H. 1990b. Functional asymmetry 
of phosphate transport and its regulation in opossum kidney 
cells: Parathyroid hormone inhibition. Pfluegers Arch. 
416:624-631 

Reshkin, S.J., Muter, H. 1991. Parathyroid hormone regulation in 
OK-cells: In situ protein phosphorylation reactions involving 
PKA, PKC and GTP-binding protein. Cell. Physiol. Biochem. 
1:143-159 

Rizzoli, R., Bonjour, J.-P. 1988. Effect of pertussis toxin on 
parathyroid hormone-stimulated cyclic AMP production in 
cultured kidney cells. J. Bone Miner. Res. 3:605-611 

Segal, J.H., Pollock, J.S. 1990. Transfection-mediated expression 
of cAMP-resistant phenotype in the opossum (OK) cell line 
prevents parathyroid hormone-induced inhibition of Na-phos- 
phate cotransport. J. Clin. Invest. 86:1442-1450 

Spiegel, A.M. 1990. Receptor-effector coupling by G-proteins: 
Implications for endocrinology. Trends Endocrinol. Metab. 
1:72-76 

Teitelbaum, I., Strasheim, A., Berl, T. 1989. Adrenergic control 
of cAMP generation in rat inner medullary collecting tubule 
cells. Kidney Int. 35:647-653 

Teitelbaum, 1., Strasheim, A., Bed, T. 1990. Epidermal growth 
factor-stimulated phosphoinositide hydrolysis in cultured rat 
inner medullary collecting tubule cells. J. Clin Invest. 
85:1044-1050 

Received 10 May 1991; revised 22 July 1991 


