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Abstract

Parathyroid hormone (PTH) produced a dose-dependent im-
mediate stimulation of inositol triphosphate and diacylglycerol
production in the opossum kidney cell line, primary culture
proximal tubular cells, and basolateral membranes from canine
proximal tubular segments. The increase in inositol triphosphate
production was accompanied by a minor increase in inositol
phosphate and no significant increase in inositol bisphosphate
production. Associated with the changes in inositol triphosphate
and diacylglycerol, there was an immediate hydrolysis of phos-
phatidylinositol 4'5-bisphosphate. The effect on phospholipid
hydrolysis was followed by stimulation of phosphorylation of
phosphatidylinositol 4' monophosphate and phosphatidylinositol.
P11I produced a sudden increase in cytoplasmic Ca?+ in oppos-
sum kidney cells that persisted for ~-1 min. Inositol triphosphate
transiently increased cytoplasmic Ca2+ in saponin-treated opos-
sum kidney and primary culture proximal tubule cells. The effects
of PTHwere not mimickedhby cyclic nucleotides. In fact, cyclic
AMPappeared to diminish inositol triphosphate production.
These results demonstrate that PTHmay activate renal tubular
epithelial cells by the production of inositol triphosphate and
diacylglycerol.

Introduction

Phosphatidylinositol 4,5-bisphosphate (Ptdlns(4,5)-P2)' is a
negatively charged phospholipid which, quantitatively, is a minor
component of the plasma membrane phospholipid of renal tu-
bular cells. Phosphorylation of PtdIns and Ptdlns(4,5)-P2 hy-
drolysis by phospholipase Cproduces a high membrane turnover
rate of Ptdlns(4,5)-P2 making it an effective source of second
messages for cell activation. In recent years, a variety of hor-
mones and neurotransmitters have been shown to produce cell
activation by stimulating phosphodiesteratic hydrolysis of
Ptdlns(4,5)-P2 (1, 2). The products of phospholipase C-stimu-
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1. Abbreviations used in this paper: BLM, basolateral cell membrane;
[Ca2+]j, cytoplasm calcium; C-kinase, phospholipid-dependent protein
kinase; DAG, diacyiglycerol; FCCP, (carbonyl) cyanide p-trifluoro-
methoxyphenylhydrazone; GPI, glycerophosphoinositol; GPIP, GPI
phosphate; GPIP2, GPI diphosphate; IP, inositol phosphate; OK, opossum
kidney; PA, phosphatidic acid; PTC, proximal tubular cells; Ptdlns,
phosphatidylinositol; PTdIns 4-P, Ptdlns 4'-monophosphate; PtdIns(4,5)-
P2, Ptdlns 4,5-biphosphate; TBAS, tetrabutylammonium sulfate.

lated hydrolysis, diacylglycerol (DAG), and inositol 1,4,5-tri-
phosphate (UP3)2, are messages which in turn activate phospho-
lipid-dependent protein kinases (C-kinase) and produce transient
rises in cytoplasmic calcium ([Ca2]i). Thus, DAGand IP3 control
two branches of the calcium messenger system, the C-kinase
branch and the calmodulin branch (4). The action of IP3 to
increase [Ca2J]i results from calcium release from the endo-
plasmic reticulum (5-7). However, there are additional mech-
anisms of cell signalling through Ca2+, because several hormones
increase calcium entry from the extracellular space to produce
their biologic effect (4,8-11). The increase in [Ca2+]i produced
by agonist stimulated IP3 production or influx across the plasma
membrane activates cellular secretion, contraction, and several
other functions (1, 2, 12). Many of the functions stimulated by
the rise in [Ca2+]i are mediated by calmodulin or other intra-
cellular Ca2" receptor proteins, thus its designation as the cal-
modulin branch of the Ca2+ messenger system (4).

Cell activation by parathyroid hormone (PTH) remains en-
igmatic. Most reports (13, 14) suggest that PTHbinds to a single
class of noninteractive receptors, although Scatchard analysis of
the binding of '251-labeled (Nle8, Nle18, Tyr34) b-PTH 1-34
revealed possible heterogeneity of receptors (15). PTH-receptor
complexes clearly stimulate cell function through coupling to
adenylate cyclase (16). However, recent studies have demon-
strated that PTHincreases [Ca2+]j in proximal tubular cells (PTC)
of the mammalian kidney (17) independent of cyclic nucleotides.
This indicates that the PTH-receptor complex also couples to
a mechanism producing a Ca2+ transient. One such mechanism
would be receptor-mediated Ptdlns(4,5)-P2 hydrolysis and
Ins(1,4,5)-P3 production. Several investigators (18-21) have
shown an effect of PTHon renal tubular phosphoinositide me-
tabolism, and one report shows the effect was present in the
apical membrane of the proximal renal tubule (18). Somehave
reported that the stimulation of phosphoinositide metabolism
by PTHwas cyclic AMPdependent (19). This would remove it
from a mechanism of cell activation, and place it in the realm
of a biologic response. However, other investigators (20, 21)
have not found a stimulation of phosphoinositide metabolism
by cyclic AMPin the renal cortex. To date, no report has dem-
onstrated production of the messages of Ptdlns(4,5)-P2 hydrolysis
(1P3 and DAG) by PTH. Thus, the question of whether cell ac-
tivation by PTHinvolves stimulation of a calcium-related signal
remains a critical biologic issue.

The studies reported here have been designed to examine
the action of PTHon phosphoinositide metabolism in the opos-
sum kidney (OK) cell line (which exhibits proximal tubular
characteristics). Primary cultures of canine proximal tubules,
and basolateral cell membranes (BLM) prepared from isolated

2. The product of Ptdlns(4,5)-P2 hydrolysis may be inositol 1,2(cyclic)-
4,5-triphosphate (3). This compound is converted to IP3 by acidic ex-
traction procedures, and is not discussed separately from IP3 for the
purposes of this paper.
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segments of the proximal tubule were also studied. The BLM
of proximal tubular cells is known to contain specific PTH re-
ceptors and adenylate cyclase sensitive to PTH (13-15). The
studies reported here demonstrate that PTH stimulates phos-
phoinositide turnover through activation of phospholipase C,
resulting in the production of DAGand IP3. The studied using
the BLMin vitro indicate that this effect is closely associated
with receptor binding. The stimulation of IP3 may participate
in the production of an elevated [Ca2+]i that follows stimulation
of cultured renal tubular cells by PTH.

Methods

Sources of chemicals. Myo-[2-3H]inositol (1.25 uCi/ml) was obtained
from American Radio Label (St. Louis, MO) and [1-'4C]arachidonic
acid (0.42 qCi/ml) was obtained from Amersham Corp., (Arlington
Heights, IL). Other chemicals were the highest purity available.

Experimental protocol
The OKcell line passages (Nos. 78-83), were grown in Dulbecco's min-
imal essential medium containing 10% fetal calf serum in a 5% C02/
95%air atmosphere at 370C in 25 cm2 polystyrene flasks. At confluency,
and 72 h before study, the growth medium was changed to an inositol-
free culture medium. 24 h before the experiments, the media was changed
to one containing myo-[2-3H]inositol (3-4 X 106 cpm/3 ml) or
['4C]arachidonic acid 9-9.5 X 104 cpm/ml). Preliminary experiments
(data not shown), revealed that labeling of the various inositol pools was
at equilibrium by 24 h. On the day of the experiment, bPTH 1-84 at
varying concentrations or its vehicle (0.01 Macetic acid), were added to
the culture media, and the flasks were gently shaken and returned to the
incubator for variable periods.

The reactions were stopped by removing the media, adding 1 ml of
H20 at 4VC, and immediate freezing at -50'C. For analysis, cells were
thawed, removed from flasks with a rubber policeman, and rinsed with
water. After removing appropriate samples for determination of DNA,
the tissue was extracted according to Grove (22). To the tissue suspension,
2 ml of chloroform/methanol (1 :1) with 10 mMtetrabutylammonium
sulfate (TBAS) was added, then 1 ml of 0.1 N HCl, and an additional 1
ml of chloroform were added. The extracts were vortexed and centrifuged.
The upper phases were removed and the organic phases washed with 1
ml chloroform/0. 1 NHCl (1:1 vol/vol). The aqueous phases of the washes
were added to the original aqueous phases.

Chromatographic techniques. Aqueous phases of the cell extracts were
added to columns containing 1.5 ml of anion exchange resin AG 1-X8
(Bio-Rad Laboratories, Richmond, CA). The IPs were eluted as described
by Berridge (23, 24) with 15 ml of water followed by 9 ml of 5 mM
tetraborate, 60 mMsodium formate followed by 16 ml of 0.1 Mformic
acid, 0.15 Mammonium formate followed by 10 ml of 0.1 M formic
acid, 0.3 Mammonium formate, followed by 10 ml of 0.1 M formic
acid, 0.75 Mammonium formate, and finally 10 ml of 0.1 M formic
acid and I Mammonium formate.

The lipid phases of the cell extracts were deacylated by the transac-
ylation procedure of Clark and Dawson (25). The deacylated lipids were
added to columns containing anion-exchange resins similar to those used
for the aqueous phases of the extracts and eluted by 5 mMsodium
tetraborate, 0.15 M ammonium formate (for glycerophosphoinositol
[GPI]); 0.1 mMformic acid, 0.3 Mammonium formate (for GPI phos-
phate [GPIP]); and 0.1 Mformic acid, 0.75 Mammonium formate (for
GPIP2). Recovery of radiolabeled phospholipid from the deacylation
procedure as GPIPs was 99% or greater. Overall, between 25 and 35%
of the myo-[2-3H]inositol added to the culture media was incorporated
into the cells. Recoveries from the extractions and chromatographic pro-
cedures were between 80 and 90%, and PTHhad no effect on recovery.
Between 50 and 60% of the myo-[2-3Hlinositol in the aqueous phases
of the cell extracts eluted as free inositol.

For the determination of ['4C]DAG, lipid phases of the cell extracts

and authentic standards were spotted on activated silica gel G-25 thin-
layer chromatographic plates and developed in the solvent system of
hexane/ethylether/acetic acid (80:20:2). The lipids were identified by
staining with iodine and scrapped from the thin-layer plate. [14CJDAG
in the spots was determined by liquid scintillation spectroscopy.

Determination of[Ca],i. OKcells were removed from tissue culture
flasks by a 20-min exposure to 5 mMEDTAat 370C. Cell suspensions
were allowed to reequilibrate in growth media for 1 h in a shaking water
bath at 370C, and [Ca2]i was determined using the fluorescent indicator
indo- 1 of Grynkiewicz et al. (26) as previously described (27). The ace-
toxymethylester of indo- 1 (10 MM)was added to cell suspensions for 40
min. Cells were centrifuged at 200 g for 1 min and resuspended in a 10
mMbuffer containing 127 mMNaCl, 3.8 mMKCl, 1.2 mMKH2PO4,
1.2 mMCaC12, 0.8 mMMgCI2, 5 mMglucose, and 10 mMHepes (pH
7.40). These cell suspensions were placed in a 2-ml quartz cuvette in a
spectrofluorometer (model 4800; SLMInstruments, Inc., Urbana, IL).
The chamber was constantly stirred and the temperature maintained at
370C. Excitation was at 355 nm with an 8-nm slit width, and emission
was monitored at 400 nmwith an 8-nm slit width and at 490 nMusing
an interference filter (Corion Corp., Holiston, MA). The ratio of emitted
light 400/490 nmwas continuously recorded and used to calculate [Ca2+']
as described by Grynkiewicz et al. (26).

Primary culture ofproximal convoluted tubule cells. Proximal tubular
cells (PTC) from the cortex of canine kidneys were isolated and cultured
as previously described (17). The experimental protocols used for studies
with PTC was the same as those described above for the OKcell line
except for the differences in culture techniques.

Calcium uptake in permeabilized cells. OKand PTCwere grown in
24-well culture plates to confluency in their respective growth media.
Cells were permeabilized with 75 gg/ml saponin for 10 min at 37°C.
Plates were then washed with a cytoplasm-like buffer containing 100
mMKCI, 20 mMNaCI, 5 mMMgSO4, 0.96 mMNaH2PO4, 25 mM
NaHCO3, and I mMEGTA. The calcium concentration was adjusted
to either 20 nMor 3.3 uM. Ca2l concentrations were determined using
the method of Bers (28). Then 0.5 ml of cytoplasmic medium containing
1 MCi/mI 45CaCl and an ATP regeneration system (5 mMcreatine phos-
phate, 5 U/ml creatine phosphokinase, and 1.5 mMATP) was added to
the cells. Incubation was carried out at 37°C, and calcium uptake was
terminated by aspiration of the medium and washing with ice-cold cy-
toplasmic buffer X2. Then 0.5 ml of Trypsin (0.05%)-EDTA (0.02%)
was added to the wells and incubated for 30-60 min at 37°C. 250 41
was aspirated from each well and counted for radioactivity in a liquid
scintillation spectrometer.

Isolated proximal tubular segments. Proximal tubular segments were
isolated from the cortex of mongrel dog kidneys as previously described
(20). The isolated proximal tubular segments were suspended in a mod-
ified Krebs-Hensleit bicarbonate buffer containing 5 mMglucose, 5 mM
alanine, and 5 mMsodium lactate. They were gassed with 95% 02/5%
CO2. The tubules were resuspended in 50 ml of Krebs-Ringer bicarbonate
containing 7 mMATP and 100 giCi of myo-[2-3H]inositol for 3 h. BLM
were prepared from the tubular segments as previously described (29).
BLMwere suspended in a buffer containing 130 mMsucrose, 26 mM
KC1, 5 mMMgCl2, and 50 mMTris-HCI (pH 7.5). Characterization of
the BLMpreparation was previously reported (29), and the results of
the characterization in the present studies were similar. Enrichment of
Na+/K+ ATPase activity was 8.2±1.5, n = 10, compared with the su-
perficial cortical homogenate. Enrichment of alkaline phosphatase was
0.8±0.3, n = 7 and that of 6-NAD hydrogenase was 1.0±0.3, n = 7. The
activities of the above enzymes were used as markers of the BLM, the
apical cell membrane, and the mitochondrial membrane, respectively.

Phosphorylation of BLM. Phosphorylation of BLMwas carried out
as previously described (30, 31) for proximal tubular brush border mem-
branes. Suspensions of BLM containing 200-400 qg of protein were
incubated in a water bath at 37°C for 1 min. Then 4 vol of solutions
containing 1 mMMg2-ATP and 5-20 ,Ci of [-y32P]-ATP, 26 mMKCI,
5 mMMgCI2, 1 mMEDTA, and 1 MMfree Ca2+, 50 mMTris-HCl (pH
7.6) with or without PTHand/or calmodulin according to the experiment,
were added to the membrane suspension. This solution was hypotonic

Stimulation of Phosphoinositide Metabolism in Renal Tubular Cells 231



compared with the membrane suspension to cause swelling of vesicles
in the preparation (which is -50% sheets, reference 29), and to increase
the access of reagents to both sides of the membranes. Preliminary ex-
periments revealed the lipid products of phosphorylation to be phos-
phatidic acid (PA), PtdIns 4-P, and PtdIns(4,5)-P2.

The phosphorylation reaction was stopped at various times of in-
cubation by addition of 3 ml ice-cold chloroform/methanol (1:1 vol/
vol) containing 10 mMTBAS. Extraction and chromatography were
completed as described above.

Analysis of 32Pi phospholipids of BLM. Lipid extracts of BLMwere
spotted on Silica gel 60 thin-layer chromatographic plates (E. Merck,
Darmstadt, Germany) and developed in two different solvent systems.
The first system consisted of chloroform/methanol/15 N ammonium
hydroxide/water (90:90:5:20, vol/vol), and it was used for separation of
the polyphosphoinositides. The second system consisted of chloroform/
acetone/methanol/acetic acid/water (10:40:20:20:10, vol/vol) for PA.
Phospholipids were localized by exposing to iodine vapors and spots
labeled with 32Pi were detected by autoradiography on Kodak X-Omat
RP film. Authentic standards were used for identification of the phos-
phoinositides and PA. Phospholipid spots were scraped from the plates
and their radioactivity counted in a Tri-Carb 460CD liquid scintillation
counter (Packard Instrument Co., Inc., United Technologies, Downer's
Grove, IL).

BLMprotein phosphorylation. BLMand 0.2-0.4 mg protein, were
suspended in 26 mMKCI, 130 mMsucrose, 5 mMMgCl2, and 50 mM
Tris-HCI (pH 7.5). They were reacted with similar solutions for phos-
phorylation without sucrose containing I mMMg-ATP, and 5-20 MC
of [9y2Pi]-ATP, and where appropriate: I MMCa2+, I mMEGTA, 3
X 10-7 Mcalmodulin, l0-7 MbPTH 1-84, 10-6 M3'5'-cAMP, and 2
X I0' MWI 3. Reactions were stopped by addition of an ice-cold, 60
mMTris-HCI (pH 5.8) containing 10% sodium dodecyl sulfate (wt/vol)
and 30% glycerol (wt/vol). Samples were boiled for 2 min, cooled, and
frozen at -70°C. BLM samples containing 100-200 Mg protein were
added to 10% acrylamide slab gels and electrophoresis was performed
for 4 h with 6 milliA/gel. Gels were stained with Commassie Blue, dried,
and exposed to radiographic film. Autoradiograms were developed after
3-7 d of exposure.

Chemical analyses. DNAcontent of renal tubular cells was deter-
mined by the method of Labarca and Paigen (32). Na+/K+ ATPase, 6
NADhydrogenase and alkaline phosphatase were measured by methods
previously described (29).

Statistical analysis. The significance of differences between the results
for vehicle-treated and PTH-treated cells and membranes were deter-
mined by the use of the unpaired t test.

Results
Myo-[2-3H]inositol labeling of OKcells and separation of phos-
phoinositols. The OKcells were grown as described in Methods
for 7-10 d to confluency. After incubation in inositol-free media
and labeling with myo-[2-3H]inositol as described in Methods,
the cells were exposed to PTH, cyclic nucleotides, or the re-
spective vehicle for variable periods. After the experimental in-
cubations, the tissues were extracted and the aqueous phases of
the extracts were added to columns containing an anion-ex-
change resin, and eluted as described in Methods. Fig. 1 A shows
a representative elution profile. There were six peaks of myo-
[2-3H]inositol representing inositol (I), GPI, IP, IP2, and IP3 (23,
24, 33)3. These were identified by the elution pattern of pure

3. The finding that IP3 as identified in this paper is a mixture of inositol
1,3,4-triphosphate and inositol 1,4,5-triphosphate is beyond the objective
of this paper (34). Ins 1,3,4, P3 may be a breakdown product of Ins
1,3,4,5 P4 formed by phosphorylation of Ins 1,4,5 P3 (35). The generic
term IP3 will be used to refer to the product isolated from the anion-
exchange columns which probably represents both Ins 1,4,5 P3 and Ins
1,3,4 P3.
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Figure 1. Anion-exchange chromatography of aqueous IPs, and deacy-
lated phosphoinositides extracted from OKcells. Confluent cells in an
inositol-free media were incubated with myo-[2-3H]inositol (3-5
X 10-6 cpm/3 ml) for 24 h. Experiments were conducted as described
in Methods. Aqueous phases of the cell extracts were applied to col-
umns containing AG 1X-8 formate form anion-exchange resin and
eluted with: a, water for inositol; b, 5 mMsodium tetraborate/60 mM
sodium formate for GPI; c, 0.1 Mformic acid/0. 15 Mammonium
formate for IP; d, 0.1 Mformic acid/0.3 Mammonium formate for
IP2; e, 0.1 Mformic acid/0.75 Mammonium formate for IP3; and f,
0.1 Mformic acid/l Mammonium formate. The lipid phases of the
extract were deacylated as described in Methods and applied to similar
anion-exchange columns and eluted with the deletion of solutions b
and f and substitution of 5 mMsodium tetraborate/ !50 mMsodium
formate for solution c. Fractions of 1 ml were collected and counted
for 3H by liquid scintillation spectroscopy.

standards. The acidic extraction procedure eliminated inositol
cyclic phosphates from the elhtion profile (23). The small peak
eluting after IP3 has not been identified as yet.

The lipid phases of the extracts were deacylated and eluted
from columns containing anion-exchange resins as described in
Methods. Myo-[2-3H]inositol was present in four peaks: free
inositol, GPI, GPIP, and GPIP2. The latter three peaks repre-
sented the original inositol phospholipids, PtdIns, Ptdlns 4-P,
and Ptdlns(4,5)-P2, respectively (Fig. 1 B).

Table I shows the distribution of incorporated myo-[2-
3H]inositol among the various inositides. Most of the label ap-
peared in Ptdlns, whereas the levels of Ptdlns 4-P and
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Table I. Incorporated Myo42-31fH]inositol in OKCells

Inositide DNA Distribution

cpm/g %

GPI 7,250±540 4.1
IP 19,293±1,590 11.0
IP2 500±110 0.3
IP3 1,417±173 0.8
Ptdlns 145,624±2,074 83
Ptdlns 4-P 1,084±74 0.6
Ptdlns(4,5)-P2 370±12 0.2

Data are mean±SE, n = 4.

Ptdlns(4,5)-P2 in the cell extracts were low. The largest fraction
in the aqueous phases of the cell extracts was IP, as expected
from the pattern of phospholipid labeling.

Effect of PTHon IP3 release. Addition of PTHto OKcells
labeled with myo-[2-3H]inositol incubations produced a prompt
and sustained increase in IP3 production (Table II). Although
the levels of IP, which were the largest IP fraction, also tended
to increase, this effect was smaller than the effect on IP3. IP2
levels were not affected by PTH. In concert with the stimulation
of IP3 production, DAGlevels were also increased by PTH
(Fig. 2).

The effect of PTHon the levels of myo-[2-3Hlinositol-con-
taining lipids were as predicted by the effects on IP production.
There was a rapid decrease in the levels of [3H]Ptdlns(4,5)-P2
(Table III). Thereafter, [3H]Ptdlns(4,5)-P2 levels recovered to
values not different from control in 1 min and increased above
control at 5 min.

The effect of PTH was dose related (Table IV). Maximal
effects were observed at 10-7 M. At 1010 MPTH, the effects
on IP3 production were still detectable. The dose-dependent
stimulation of IP3 production was more sensitive than the re-
ported dose response of cAMPproduction in these cells (36).
However, modulation of cAMPand IP3 by PTH in OKcells
will have to be studied together to adequately address the ques-
tions of sensitivity and modulation of one pathway without the
other. The IP3 response Table IV shows still reflected an insen-
sitivity to PTH. The accessibility of the receptor for hormone

Table II. Effects of PTHand cAMP
on IP3 and IP Production by OKCells

los 30 s 5 min

cpm/lg DNA cpm/ug DNA cpm/ug DNA

IP3
Control n= 7 1,314±137 1,417±173 1,404±195
PTH, 10-7 Mn = 4 1,717±270* 2,128±270* 2,165+292*
cAMP, 10-3 Mn = 3 1,313±281 1,277+179 1,685±298

IP
Control n = 7 19,950±1,000 19,256+810 19,256±1,300
PTH, 10-7 Mn=4 21,115±890 20,602±1,460 21,001±2,357
cAMPX 10-3 Mn = 3 17,900±358 16,711+240 17,825±900

* P<0.05.
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Figure 2. Effects of PTHon DAGpro-
duction in OKcells. Experiments were
conducted as described in Methods, and
['4C]arachidonic acid was substituted for
myoinositol 24 h before the experiment.
Analysis of DAGcontent in the lipid ex-
tracts was performed as described in
Methods. Results are mean±SE of three
experiments, PTH > control, P < 0.05.
Hatched bars, control; open bars, 10-'
MPTH.

binding, the expression of PTH receptors in OKcells, and in-
sensitivity of the detection methods must be considered as po-
tential and unexplored factors leading to apparent lack of sen-
sitivity to PTH in this model system of polarized anchorage-
dependent cells on a solid support.

Stimulation ofIP releasefrom PTCgrown in primary culture
by PTH. As a transformed cell line, OKcells may potentially
exhibit a response to PTH not found in nontransformed cells.
Thus, the effects of PTHon PTCgrown in primary culture were
tested. PTC were grown to confluency in a defined media as
previously described (17). When the experimental protocols de-
scribed in Methods for the OKcells were repeated in the primary
culture of PTC, there were significant differences in the incor-
poration of myo-[2-3H]inositol. In primary culture of PTC, in-
corporation of the myo-[2-3H]inositol label was 5- 10%compared
with the 25-35% observed in the OKcells. Despite the lower
level of inositol labeling, the aqueous phases of the cell extracts
of the primary culture of PTC had IP levels that were readily
detectable. The predominance of Ptdlns and IP shown in the
OKcells was again present in the PTC. PTHproduced a prompt
increase in the production of the IPs by 30 s Table V shows.
The largest effect was on IP3 production as in the OKcells.

Effects ofPTHon [Ca+]i]in OKcells. If PTHindeed increases
IP3 production, an effect of the hormone to transiently increase
[Ca2+J would be expected. Wehave previously shown (17) that
PTH increases [Ca2J]i in confluent PTCgrown in defined media.
As Fig. 3 shows, PTHalso produced a prompt calcium transient
in suspensions of OKcells. Basal [Ca2+]i was 145±15 nM, n
= 15. During multiple experiments similar to that shown in Fig.
5, PTHproduced an immediate 40-50% increase in [Ca2+]J which
returned to basal levels in the course of -1 min.

Calcium uptake in saponin-treated OKand PTC. An effect
of IP3 production in other cells, has been to cause a transient
release of Ca2` from an intracellular nonmitochondrial pool

Table III. Effect of PTHon Phosphatidylinositol
4,5-bisphosphate, PtdIns(4,5)-P2, Hydrolysis in OKCells

PtdIns(4,5)-P2

lOs 30s 5min

cpm/lg DNA cpm/jsg DNA cpmlug DNA

Control n = 4 390±20 370±21 195±14
PTH n = 4 187±17* 217±22* 233±23

* P<0.05.
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Table IV. Dose-dependent Effect of PTHon IP3 Production

Control

cpm/ug DNA %

Control 1354±117
bPTH 1-84 10-7 M 2107±24* 155
bPTH 1-84 10-8M 1714±112* 127
bPTH 1-84 10-9 M 1648±10* 122
bPTH 1-84 10-10 M 1600±100* 118

Data are mean±SE of three experiments performed in duplicate or trip-
licate.
*>C, P<0.01.
t>C, P<0.05.

(4-6). To study the homeostasis of cellular calcium in the PTC
and OKcells, the cells were grown as described in Methods and
exposed to Saponin. Then the media were changed to a buffer
made to resemble the cytosol as described in Methods. The up-
take of 4'Ca was examined in the presence and absence of an
uncoupler and a mitochondrial ATPase inhibitor, (carbonyl)
cyanide p-bifluoromethoxyphenylhydrazone (FCCP), and ohi-
gomycin. At low media calcium concentrations (0.02 ,gM), ATP-
stimulated calcium uptake was similar in both conditions (Fig.
4). Whenthe media calcium was raised to 3 ,gM, ATP-stimulated
calcium uptake in the FCCPand oligomycin-treated cells was
similar to the calcium uptake observed at 0.02 MMcalcium.
However, in the untreated cells there was a dramatic increase
in ATP-stimulated calcium uptake. These results indicate that
at low calcium concentrations, a nonmitochondrial intracellular
organelle is largely responsible for ATP-stimulated calcium up-
take. However, at higher calcium concentrations, the mito-
chondria represents a much larger potential calcium reservoir
than the nonmitochondrial pool. These data are similar to those
of Bonventre et al. in procine kidney-derived continuous cell
line cells (37). At extracellular calcium concentrations of 0.02
MuM, ATP-stimulated calcium uptake was rapidly released by
adding 5.0MgM IP3. The release of calcium by IP3 was short lived
and by 5-10 min ATP-stimulated calcium uptake was restored.
These results demonstrate that IP3 produces a prompt release
of calcium from the intracellular store accumulating calcium in
the presence of ATP. Data from other investigators suggest that
the nonmitochondrial store, which is responsible for this ATP-
dependent calcium uptake, is the endoplasmic reticulum
(4-6, 38).

Effects of PTHon IP and PtdIns(4,5)-P2 turnover in BLM.

Table V. Effect of PTHon Production of Inositol Phosphates
in Primary Cultures of Canine Proximal Tubule Cells

IP Ip2 IP3

cpm/ug DNA cpm/ug DNA cpm/Ig DNA

Control 7500±400 1075±100 2625±250
PTH (10-7) 8725±550* 1550±105* 3900±300*

Data are mean±SE, n = 4 at 30 s of incubation.
* P<0.05.

300
.

225 1-

160~~~~~~~-
1 min

Figure 3. Effect of PTH on [Ca2+]i in OKcells. OKcells grown to con-

fluency were suspended with indo-l as described in Methods. The ra-

tio of emitted light at 400/490 nmwas continuously recorded. The
break in the tracing represents the addition of l0-' MPTH.

Because we have previously shown that PTH produces an in-
crease in the phosphoinositides of the brush border membrane
of PTC (18), experiments were designed to analyze whether PTH
could directly effect Ptdlns(4,5)-P2 turnover in isolated basolat-
eral membranes. This would indicate that the effect of PTHon

IP3 release and Ptdlns(4,5)-P2 turnover was closely linked to
receptor binding. To perform these experiments, isolated prox-

imal tubular segments were prepared from the cortex of canine
kidneys as described in Methods. The segments were labeled
with myo-[2-3H]inositol as described in Methods. After labeling
with myo-[2-3H]inositol, BLMwere prepared from the proximal
tubular segments. Characterization of the BLMwere similar to
results previously reported from this laboratory for freshly pre-

pared BLM. Incorporation of the labeled inositol into the prox-
imal tubular segments was only 2-5% of the label. Despite these
low rates of incorporation, the levels of IPs in the aqueous phases
of the extracts for BLMwere detectable although the levels of
IP released were much lower than that observed in the whole
cell extracts of OKand PTC cultures. This is probably due to
the cytoplasmic nature of a PtdIns-specific phospholipase-C
(unpublished results, Suzuki, Y., and K. Hruska), whereas the

A

E

E
c

B
0.02 jM[Ca2-],

C
3 0,M [Co2-]e 0 .02pM [CO2l]e

min

Figure 4. Effect of IP3 on ATP-stimulated calcium uptake in saponin-
treated OKand PTC. Suspensions of OKand PTCwere treated with
saponin as described in Methods. The results are shown for OKcells
but they were exactly similar in PTC. A, calcium uptake stimulated by
ATP in an extracellular calcium buffer of 0.2 ,uM. B, ATP-stimulated
calcium uptake in the presence and absence of FCCPand oligomycin
at 3.0 uMextracellular calcium. C, effects of IP3 0.5 uMon ATP-stim-
ulated calcium uptake with an extracellular calcium concentration of
0.2 MM. Results are the mean of four experiments done in triplicate.
Solid circles, control; open circles, FCCP-oligomycin.
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Figure 5. Effect of PTHon IP3 release from BLM. BLMwere pre-
pared from isolated proximal tubular segments labeled with myo-[2-
3H]inositol as described in Methods. The elution of IPs (steps a-e, C)

was described in the legend to Fig. 1. Data are the mean of two experi-
ments. 10-7 MPTHproduced a prompt and sustained increase in IP3
(fractions 39-43) release from the BLM. Similar results were observed
in two other experiments, but with lower counts in all of the IP frac-
tions. Solid circles, b-PTH 1-84; open circles, control.

membrane-bound phospholipase-C is specific for Ptdlns(4,5)-
P2. As Fig. 5 shows, PTH produced a prompt and sustained
increase in the production of IP3. The effect of PTH on the
production of IP2 lagged behind IP3 and was transient, whereas
the effect on IP was less.

To further study the effects of PTH on phosphoinositide
turnover in BLM, the effects of PTHon 32Pi incorporation into
phospholipids from [932Pi]ATP was studied as described in

PA

C - a 15

60 180 300 1800 60 180 300
TIME (S)

Figure 6. Effect of PTHon phospholipid phosphorylation of BLM.
BLMwere prepared and phosphorylated as described in Methods. The
incorporation of 32Pi from y32P-ATP was increased in BLMtreated
with PTH at 5 min. Data are shown as 32Pi incorporated into phos
pholipid as the mean±SE of five experiments. * PTH> control, P
< 0.05. Solid triangles, b-PTH 1-84 101 M; solid circles, control.

Methods. As reported previously (18, 30), the phospholipids la-
beled in these experiments were PA, PtdIns 4-P, and Ptdlns(4,5)-
P2. PtdIns(4,5)-P2 turnover stimulates 32Pi incorporation from
ATPas a result of phosphorylation of PtdIns and PtdIns 4-P (1,
2, 20, 39). Also, the product of Ptdlns(4,5)-P2 turnover, DAG,
is phosphorylated to PA. The enzyme DAGkinase has been
shown to maintain very low DAGlevels in the plasma membrane
using substrate in the reaction to near completion in producing
PA (39, 40). As Fig. 6 shows, incubation of BLMwith PTH
produced an increase in 32Pi incorporation into PA, PtdIns
4-P, and Ptdlns(4,5)-P2 at 5 min. After 5 min, the levels of
[32Pi]PA, [32PiJPtdIns 4-P, and [32Pi]Ptdlns(4,5)P2 declined in
BLMtreated with PTH. By 30 min of incubation, the levels of
[32Pi]Ptdlns(4,5)-P2 were significantly lower in the PTH-treated
BLM, which indicated a greater rate of Ptdlns(4,5)-P2 hydrolysis
in PTH-treated BLMas capacity for [32Pi] phosphorylation was
exhausted. These data indicate that PTH-stimulated phospho-
inositide turnover in BLMresulted in an increased rate of 32Pi
incorporation into the polyphosphoinositides through phos-
phorylation of PtdIns and PtdIns 4-P. The hydrolysis of

A B
o 1,poo C cAMP
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.1

(0

X 100

FRACTION NUMBER

Figure 7. Effect of dibutyryl c-AMP on IP2 and IP3 production in
BLMprepared from proximal tubular segments. Shown are the termi-
nal phases of the elution from anion-exchange columns, fractions 30-

38, IP2, and 40-45, IP3. Results are mean of an experiment per-
formed in triplicate. A, control incubations. B, incubations with dibu-

tyryl cAMP(10-3 M). At 10 s (l0r) IP2 and IP3 levels were decreased

in the incubations of BLMwith dibutyryl cAMPas compared with

control. Solid circles, 10"; open triangles, 1', 1'+; solid squares, 5',5'+.
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Ptdlns(4,5)-P2 decreased product inhibition of PtdIns kinase and
the stimulation of phosphorylation resulted (41).

Effect of 3'5'-cAMP on Ptdlns(4,5)-P2 turnover. To study the
effects of cyclic nucleotides on the turnover of Ptdlns(4,5)-P2
hydrolysis and IP3 release, experiments identical to those Figs.
5 and 6 show were repeated using additions of dibutyryl cAMP
l0-' Minstead of PTH. BLMwere prepared from isolated prox-
imal tubular segments prelabeled with myo-[2-3H]inositol as de-
scribed in the previous section and Methods. Fig. 7 shows pro-
duction of IP2 and IP3 from labeled BLM. The results suggested
that IP3 production was decreased by dibutyryl cAMPat 10 s
of incubation but not affected at 30 s and 5 min of incubation.
In addition, dibutyryl 3'5'-cAMP did not mimic the PTH effect
on 32Pi incorporation from [.y32Pi]ATP into PA, PtdIns 4-P, and
Ptdlns(4,5)-P2 (Fig. 8).

Effect of PTHon calmodulin-dependent phosphorylation of
BLM. To study direct stimulation of Ca2+-calmodulin-depen-
dent functions in BLM, the effects of PTH on calmodulin-de-
pendent protein phosphorylation was studied. As Fig. 9 shows,
PTHadded to BLMstimulated the phosphorylation of a protein
with a molecular weight of -38,000 D. The phosphorylation
of this protein was stimulated by calmodulin and inhibited by
specific calmodulin inhibitors. Thus, PTH was shown to stim-
ulate calmodulin-dependent protein kinases in the BLMin vitro.
PTHaddition in the absence of Ca2+-calmodulin failed to stim-
ulate phosphorylation of the 38,000-D protein (data not shown).
Although the mechanism of the PTH effect on the Ca2+-cal-
modulin-dependent protein kinase requires further study, these
results indicate the presence of a system in the BLMdependent
on Ca2+-calmodulin and responsive to PTH. Thus, the Ca2+
transient produced by PTH in PTC may affect the activity of
this kinase.

Discussion

In three experimental settings, OKcells, PTC, and BLM, the
data presented above demonstrate a prompt increase in IP3 pro-
duction, DAGproduction, and Ptdlns(4,5)-P2 hydrolysis after
PTH addition. The high rate of incorporation of myo[2-
3H]inositol by OKcells was used to unequivocally demonstrate
the stimulation of IP3 and DAGproduction by PTH. The studies
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Figure 8. Effect of dibutyryl cAMPon BLMphospholipid phosphory-
lation. BLMwere prepared and phosphorylated as described in Fig. 8
and Methods. Addition of dibutyryl cAMP 10-3 Mhad no significant
effect on 32Pi incorporation of 732P ATP. Similar results were ob-
served with additions of 8-bromo cAMP(10-s M). Open circles, 10-4
Mdb-cAMP.

in PTCand BLM in vitro indicate that this is an effect of PTH
directly associated with receptor binding in nontransformed cells.
The effects of PTH on Ptdlns(4,5)-P2 hydrolysis and IP3 pro-
duction were not mimicked by cAMP. In OKcells, PTH (10-10
M) was sufficient to stimulate production of IP3 and DAG. This
dose-dependent stimulation of IP3 production compared favor-
ably with previous reports of PTH-stimulated cAMPproduction
in these cells (34).

In OKcells shown here, and in PTC (17), PTHproduces an
increase in [Ca2+]i. Furthermore, in PTC and OKcells whose
plasma membrane has been permeabilized by saponin, ATP
produces an accumulation of calcium in a nonmitochondrial
cellular pool. IP3 releases calcium rapidly and transiently from
this pool. Taken together, the data presented indicate that PTH-
associated receptor binding stimulates the hydrolysis of
Ptdlns(4,5)-P2 producing an increase in IP3 and DAG. These
substances have been shown to be important second messages
for other neurotransmitters and hormones (1-10). The IP3 may
participate in the production of a calcium transient that would
activate calmodulin-dependent processes. The finding that PTH
stimulated calmodulin-dependent protein phosphorylation sup-
ports the contention that PTHactivates the calmodulin-depen-
dent pathway of cell activation through production of a calcium
transient.

To relate IP3 production and PTH-stimulated Ca2+ transients
to biologic effects in PTC, we have studied PTCmembrane to-
pography (42) and gluconeogenesis (43). In these studies, we
were able to differentiate the effects of Ca2+ transients from those
of increased cAMPlevels. For instance, increases in [Ca2+]i pro-
duce a transient shortening and rarefaction of PTCbrush border
membrane microvilli, whereas cAMPproduces elongation (42).
The effect of PTH on brush border membrane topography is
biphasic, immediate shortening and rarefaction followed by re-
covery and elongation after 5 min. In contrast, agents such as
angiotensin II and a1-adrenergic agents produced microvillar
shortening and rarefaction with much longer recovery times.
These latter agents are thought to produce cell activation through
IP3-induced Ca2` transients and Ca2-dependent protein kinases
(C-kinase and calmodulin-dependent kinase) (1, 2, 4) and do
not stimulate cAMP production. In addition, calmodulin in-
hibitors abolished the affects of PTH.

PTHand a,-adrenergic agonists stimulated PTC to become
gluconeogenic (43, 44). This action of PTHand a I agonists was
mimicked by Ca2" ionophores and prevented by buffering the
increase in [Ca2+]i produced by these agents. Whereas high doses
of cAMPalso stimulated gluconeogenesis, PTH in the presence
of an intracellular Ca2" buffering agent was unable to stimulate
gluconeogenesis despite stimulation of cAMPproduction. Thus,
the data suggest that the Ca2+ transient produced by PTHmay
be sufficient to produce activation of certain metabolic processes
independent of cAMP.

Activation of multiple mechanisms of cell signaling by PTH
may be important in regulating the cellular response to any one
signal. Rasmussen et al. have suggested that interaction of cellular
messages stimulated by hormonal activation is an important
feature of cell activation (4, 45). Modulation of one message by
another affects the response to each message. In the setting of
the proximal nephron, activation of adenylate cyclase and cAMP
production may serve to inhibit the effect of diacylglycerol pro-
duction. Diacylglycerol activation of protein kinase C has been
shown to be the mechanism stimulating cell alkalinization
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Figure 9. The effect of PTH on Ca2+-calmodulin-dependent BLM
protein phosphorylation. BLMwere phosphorylated as described in
Methods in the presence or absence of Ca2+-calmodulin, and PTH.
Audioradiograms from two separate experiments are shown (lanes 1-

through the sodium/hydrogen antiport (46). This stimulation of
the sodium/hydrogen antiport producing cell alkalinization has
been shown to be an important step in cell growth and hyper-
trophy (47, 48). PTH has been shown to inhibit the sodium/
hydrogen antiporter of this cell and to produce cellular acidifi-
cation (49). This effect of PTHhas been suggested to be regulated
through cAMP-stimulated phosphorylation. Furthermore,
stimulation of adenylate cyclase activity and production of cAMP
participates in many of the effects of PTHon transport functions
of the PTC (31, 44, 49). However, PTH-stimulated changes in
topography of the apical membrane and its effects on gluconeo-
genesis suggest important roles of the calcium messenger system
in signal tranduction induced by PTH. Further studies will be
required to fully elucidate the role of IP3 and Ptdlns(4,5)-P2
turnover in the control of proximal tubular function by PTH.

The mechanism whereby PTH and its receptor couple to
both adenylate cyclase and phospholipase C also remains to be
elucidated. Receptor coupling to adenylate cyclase is through
the guanine nucleotide binding protein (G, reference 50). The

-alpha subunit of G, confers the stimulatory effect, but the beta-
gammasubunit may induce an inhibitory effect on another gua-
nine nucleotide binding protein (Gi). The Gi protein stimulates
the activity of phospholipase-C in some systems (50, 51). For
PTH, if, as most of the available experimental data suggests a
single class of PTH receptors exist in the BLMof renal tubular
cells ( 13, 14), then signal transduction through a single receptor
is responsible for activation of both adenylate cyclase and
Ptdlns(4,5)-P2 phospholipase C. This unique mechanism of cell
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W13
12). The additions for each lane are listed under the respective lane.
W13 is a specific calmodulin antagonist. Similar results were observed
in experiments using W7, another calmodulin antagonist.

stimulation might occur through association of the PTH-recep-
tor complex with both G, and Gi proteins in the plasma mem-
brane in different degrees. Increased levels of both alpha subunits
of the two proteins could result in dual pathway activation.
However, recent data may indicate that a low affinity receptor
for PTHis present in the PTCmembrane (52). If this is in fact
the case, signal transduction by PTH may occur through two
receptors linked to different enzymatic mechanisms. This may
also relate to our previous observation that PTHincreases turn-
over of the PtdIns cycle in the apical membrane of the PTC
(18). Thus, while the present study identifies PTH stimulation
of IP3 and DAGproduction as a mechanism of signal trans-
duction, the mechanism of receptor coupling to phospholipase
C and the biologic roles of these signals await further study.
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