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Effects of Dietary-induced Hyperparathyroidism
on the Parathyroid Hormone-Receptor-
Adenylate Cyclase System of Canine Kidney

EVIDENCE FOR POSTRECEPTORMECHANISMOF DESENSITIZATION

JUAN TAMAYO, EZEQUIEL BELLORIN-FONT, and KEVIN J. MARTIN, Renal Division,
Department of Internal Medicine, Washington University School of
Medicine, St. Louis, Missouri 63110

A B S T R A C T The present studies were designed to
examine the consequences of chronic mild elevations
of endogenous parathyroid hormone (PTH) in vivo on
the PTH receptor-adenylate cyclase system of canine
kidney cortex. Hyperparathyroidism was induced in
normal dogs by feeding a diet low in calcium, high in
phosphorus to the animals for a period of 6-9 wk. This
maneuver resulted in a two to threefold increase in
the plasma levels of carboxy-terminal immunoreactive
PTH. This degree of hyperparathyroidism is similar
to that seen in patients with hyperparathyroidism and
normal renal function. After 6-9 wk on the diet the
animals were killed and basolateral renal cortical
membranes prepared for the study of the PTH recep-
tor-adenylate cyclase system in vitro. The dietary hy-
perparathyroidism resulted in desensitization of the
PTH-responsive adenylate cyclase (Vmax 3,648±654
pmol cyclic (c)AMP/mg protein per 30 min in hy-
perparathyroid animals vs. 5,303±348 in normal con-
trols). The Ka.t (concentration of PTH required for
half-maximal enzyme activation) was unchanged.
However, PTH receptor binding ('25I-norleucyl8-nor-
leucyl' tyrosinyl34, '251[Nle , Nle'8, Tyr34] bPTH (1-
34) NH2 as radioligand) was not different in the two
groups of animals. Thus, dietary hyperparathyroidism
resulted in an uncoupling of the PTH receptor-ade-
nylate cyclase system. This defect was not corrected
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by guanyl nucleotides in vitro, and the effects of guanyl
nucleotides on PTH binding and enzyme activation
appeared normal. NaF-stimulated enzyme activity
was reduced in the hyperparathyroid animals
(8,285±607 pmol cAMP/mg protein per 30 min vs.
10,851±247 in controls). These data indicate that de-
sensitization of the PTH-responsive adenylate cyclase
system of canine kidney as a result of mild chronic
elevations of endogenous PTHis due to a postreceptor
defect, demonstrable by NaF activation, not corrected
by guanyl nucleotides, leading to abnormal PTH-re-
ceptor adenylate cyclase coupling.

INTRODUCTION

Constant exposure of the parathyroid hormone (PTH)'
receptor-adenylate cyclase system of the renal cortex
to high levels of PTH results in a decreased response
to further stimulation of the enzyme with the same
hormone. This general phenomenon, known as desen-
sitization, has been demonstrated both in vivo and in
vitro not only for PTH but also for a variety of other
hormone- and neurotransmitter-sensitive adenylate
cyclase systems (1-9). This phenomenon may be an
important mechanism for the regulation of the effects
of these hormones and/or neurotransmitters (10). The
precise alterations that can lead to desensitization

' Abbreviations used in this paper: bPTH, bovine PTH;
C, catalytic subunit; G/F, nucleotide regulatory protein;
Gpp(NH)p, 5'-guanylyl imidodiphosphate; GTP, guanosine
triphosphate; iPTH, immunoreactive PTH; K.C,, concentra-
tion of PTH required for half-maximal enzyme activation;
'25I[Nle8, Nle'8, Tyr34], '251-norleucyl8-norleucyl'8-tyrosinyl34;
PTH, parathyroid hormone; syn, synthetic.
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within the hormone-receptor-adenylate cyclase system
are ill defined and vary according to the tissue studied
and the experimental conditions (10, 11). Adenylate
cyclase activation is dependent on the interaction of
at least three classes of components: the hormone-re-
ceptor complex, the nucleotide regulatory protein (G/
F), and the catalytic subunit (C). Accordingly, the
desensitization process can potentially involve differ-
ent regulatory steps in the adenylate cyclase complex.

Previous studies have examined the mechanisms of
desensitization of the PTH-responsive adenylate cy-
clase system of kidney cortex in different experimental
models in vivo. Mahoney and Nissenson (12) used the
constant infusion of bovine parathyroid extract to
parathyroidectomized dogs for a period of 20 h and
demonstrated that desensitization of PTH-responsive
adenylate cyclase in vitro was due, at least in part, to
apparent receptor loss. Similar findings were obtained
by Forte et al. (13) in renal cortical membranes from
chickens rendered hyperparathyroid for up to 3 wk
by dietary calcium and/or vitamin D restriction.
While high concentrations of PTH were achieved in
plasma in the studies in dogs, no direct measurements
of plasma PTH were obtained in the studies in chick-
ens. However, it is likely that the degree of hyper-
parathyroidism was severe due to persistent marked
hypocalcemia. The present studies were designed to
examine the PTH-receptor-adenylate cyclase system
of canine kidney cortex during a mild chronic hyper-
parathyroid state, similar in degree to that seen in
human parathyroid disease states.

METHODS
Studies were performed in 14 adult normal mongrel dogs.
The experimental group (seven dogs) received a low calcium,
normal phosphorus diet (0.01% g/dry wt of Ca, 0.8-1% g/
dry wt of Pi) supplemented with 6 g of inorganic phosphorus
for a period of 6-9 wk. The control group (seven dogs) re-
ceived normal dog chow (0.8-1% g/dry wt of Ca, 0.8-1%
g/dry wt of Pi). Blood for determination of the levels of
immunoreactive (i)PTH, total and ionized calcium, phos-
phorus, magnesium, blood urea nitrogen, and creatinine
were obtained weekly in the experimental animals through-
out the study. After a period of 6-9 wk, under general anes-
thesia (pentobarbital 30 mg/kg of body wt i.v.) and heparin
(5,000 IU, i.v.), the kidneys were removed, perfused with
ice-cold saline to remove residual blood and basolateral
membranes were prepared from the cortex by differential
centrifugation and sucrose gradient ultracentrifugation as
previously described (14, 15). The enrichment in Na-K-
ATPase was identical in membranes from both groups of
animals. All values shown are mean±SEM. Statistical analysis
was performed by Student's t test for paired or unpaired
data as appropriate.

Adenylate cyclase assay. Adenylate cyclase activity was
measured in this preparation by quantitating the formation
of cyclic (c)AMP from ATP according to the method of Stei-
ner et al. (16) with the following modifications. Incubations
were carried out at 25°C for 30 min in a mixture containing

50 mMTris HCI, 25 mMKCI, 1 mM3-isobutyl-1-meth-
ylxanthine, 0.2 mMEDTA, pH 7.5, 5% hypoparathyroid dog
serum, 0.2 mMATP, 25 mMphosphocreatinine, 1 mg/ml
creatinine phosphokinase, 5 mMMgCl2 and 20-50 Mg mem-
brane protein in a total volume of 100 Ml. When necessary,
divalent cations, PTH, guanosine triphosphate (GTP), or 5'-
guanylyl imidodiphosphate (Gpp[NH]p) were added at the
indicated concentrations. The reaction was initiated by ad-
dition of the membranes and terminated by boiling the sam-
ples for 3 min. The samples were diluted 1:10 in 50 mM
sodium acetate, pH 6.2 and the cyclic (c)AMP was measured
by radioimmunoassay by the method of Steiner et al. (17),
using the antibody BR-1 produced in our laboratory (18).

Receptor binding assay. Receptor binding was measured
by incubating the basolateral membranes (30-50 ug protein)
with 30,000-50,000 cpm of the agonist radioligand 125I[Nle8,
Nle'8, Tyr34] bovine bPTH (1-34) NH2 (sp act 280-320 MCi!
,ug) in 50 mMTris HCI, 25 mMKCI, and 5% hypoparathy-
roid dog serum as described (18). Synthetic (syn) bPTH (1-
34) was added at the indicated concentrations. The binding
of the radioligand to kidney membranes is specific and sat-
urable and correlates with biologic activity in the adenylate
cyclase assay (14, 19, 20). The incubations were performed
at 16°C for 60 min. Free radioligand was separated from
membrane-bound radioligand by the microcentrifuge
method. Radioactivity in the tips of the microcentrifuge
tubes containing membrane-bound hormone was counted in
a gammacounter (model 4600, Micromedic Systems Div.,
Rohm & Haas Co., Horsham, PA). Under the experimental
conditions used, nonspecific binding (radioactivity remain-
ing in the tips of the microfuge tubes from incubations con-
taining membranes and 10-5 M syn bPTH (1-34) was
5.9±0.6% of the total radioactivity added. The specific bind-
ing calculated by subtracting the nonspecific binding from
the total binding was 17.8±1% of the total radioactivity
added in the absence of exogenous guanyl nucleotides.

To evaluate PTH receptor binding in membranes from
control and hyperparathyroid kidneys, inhibition of binding
of '251[Nle8, Nle'8, Tyr34] bPTH (1-34) NH2 was measured
in the presence of increasing concentrations of syn bPTH
(1-34). PTH bound was calculated by multiplying the frac-
tion of the radioligand bound by the quantity of syn bPTH
(1-34) added. However, since displacement of the radioli-
gand by [Nle8, Nle'8, Tyr34] bPTH (1-34) NH2and syn bPTH
(1-34) give parallel curves with slightly different affinities
(14, 19), these calculations will overestimate the amount of
PTH bound by a factor equal to the difference in affinities
for the two peptides (approximately twofold) (14). Accord-
ingly, the amount of PTHbound is expressed as femtomoles
equivalents of [Nle8, Nle'8, Tyr34] bPTH (1-34) NH2. Thus,
1 fmol equivalent of the analogue is the amount of syn bPTH
(1-34) required to produce an equivalent inhibition of ra-
dioligand binding as 1 fmol of [Nle8, Nle'8, Tyr'] bPTH (1-
34) NH2. The amount of PTH bound as femtomoles equiv-
alents of [Nle8, Nle'8, Tyr34] bPTH (1-34) NH2 is the fraction
of syn bPTH (1-34) added that results in the same fractional
binding of the radioligand.

Determination of iPTH. Immunoreactive PTHwas mea-
sured in serum by radioimmunoassay using the antibody CH-
9 that has antigenic determinants for the middle and car-
boxy-terminal regions of the PTH molecule as previously
described (21). Hyperparathyroid dog serum was used as
assay standard. Plasma samples were extracted and concen-
trated following the procedure of Bennett et al. (22) with
the following modifications: briefly C18 ODS-Silica cartridges
(Sep-Pak, Waters Associates, Millipore Corp., Milford, MA)
were equilibrated with 5 ml of a solution containing 0.1%
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trifluoroacetic acid (vol/vol) and 80% (vol/vol) acetonitrile
and washed with 5 ml of 0.1% (vol/vol) trifluoroacetic so-
lution. Then 2 ml of plasma was applied followed by 20 ml
of 0.1% trifluoroacetic acid solution. Finally, the cartridges
were eluted with 3 ml of the solution containing 80% ace-
tonitrile and 0.1% trifluoroacetic acid. This eluate was col-
lected lyophylized and reconstituted with 1 ml of PTHassay
buffer and assayed for iPTH. Preliminary studies with
plasma containing high levels of canine PTH showed good
agreement between the results obtained with extracted and
unextracted plasma.

RESULTS

As a result of the low calcium, high phosphorus diet,
iPTH values rose from control values of 46±12 gleq/
ml to 80±17 ,uleq/ml after 4-5 wk, to 107±19 ,uleq/
ml at the completion of the study as shown in Fig. 1.
The levels of iPTH in the control period were not
different from those of normal control dogs (45±11
i,leq/ml, range 17-81 ;leq/ml). The values for ionized
calcium, phosphorus, and creatinine in the dogs fed
low Ca diet are shown in Table I. There was an increase
in ionized calcium after 4-5 wk of the diet, which was
not maintained at 8-9 wk. Plasma phosphorus de-
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FIGURE 1 Changes in serum iPTH in seven dogs before,
during, and at the completion of treatment with a low cal-
cium, high phosphorus diet. The dashed line represents the
detection limit of the assay. The numbers in circles represent
individual animals. The mean values are 46±12 gleq/ml in
the control period, 80±17 uleq/ml after 4-5 wk (P < 0.05),
and 107±19 jleq/ml at the end of the study period
(P < 0.01).

creased throughout the period of the experimental
diet, consistent with the elevation in plasma iPTH.
Plasma creatinine values did not change significantly.
The dogs were healthy at the completion of the diet
as judged for their weights and physical activity.

Adenylate cyclase activity. The data of basal and
syn bPTH (1-34)-stimulated adenylate cyclase activity
in renal cortical membranes from experimental and
control animals are shown in Table II. Basal enzyme
activity was slightly but not significantly reduced in
the membranes of the hyperparathyroid dogs (352±42
pmol cAMP/mg protein per 30 min vs. 506±68 in con-
trol animals, NS). PTH-stimulated enzyme activity
was significantly reduced in the experimental animals.
As shown in Fig. 2, net PTH-stimulated enzyme ac-
tivity was significantly decreased (P < 0.05) in the
membranes of the hyperparathyroid animals (Vmax
3,648±654 pmol cAMP/mg protein 30 min vs.
5,303±348 in control). The concentration of PTH re-
quired for half-maximal enzyme stimulation (Kact) was
not changed. The correlation between maximal PTH-
stimulated adenylate cyclase activity and the final
plasma level of iPTH is shown in Fig. 3.

Basal and glucagon (10-6 M)-stimulated adenylate
cyclase activities in renal cortical homogenates from
these two groups of animals were not different (basal
150±19 vs. 160±20, glucagon stimulated 354±34 vs.
355±25 pmol/mg protein per 30 min) in control
plus experimental animals, respectively.

PTH-receptor binding. In sharp contrast to the
decrease in adenylate cyclase activity there was no
difference in the amount of PTHbound per microgram
of membrane protein in both groups (Fig. 4). B...
2.76±0.2 fmol equivalent bound/4g protein in hyper-
parathyroid animals and 2.85±0.2 in controls (Table
III). The concentration of syn bPTH (1-34) required
to demonstrate half-maximal binding of radioligand
was identical in both groups.

Effects of exogenous guanyl nucleotides on ade-
nylate cyclase activity. Based on the known effects
of guanyl nucleotides in the regulation of the hormone-
receptor-adenylate cyclase interactions, additional ex-
periments were performed in the presence of the nat-
urally occurring nucleotide GTP or its nonhydrolyz-
able analogue Gpp(NH)p.

As shown in Fig. 5, PTH-stimulated adenylate cy-
clase activity in the presence of Gpp(NH)p (10' M)
remained markedly reduced in the membranes from
the hyperparathyroid animals. Maximal enzyme ac-
tivity was 6,453±896 pmol cAMP/mg protein per 30
min in the hyperparathyroid group vs. 9,080±577
pmol cAMP/mg protein per 30 min in controls
(P < 0.05). The concentration of PTH required for
half-maximal enzyme activation was similar in both
groups. Similar results were obtained with GTP (10'
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TABLE I
Plasma Ionized Calcium, Phosphorus, and Creatinine Before and During Administration

of Low Calcium, High Phoshorus Diet

Low calcium, high phosphorus diet

Animal no. Normal diet 2 wk 4-5 wk 8-9 wk

Ionized calcium (mg/dl)
1 4.88 5.16 5.44 5.60
2 4.82 4.94 5.08 4.58
3 5.14 5.14 5.14 4.56
4 5.08 5.18 5.20 4.90
5 4.06 4.96 5.06 5.16
6 5.14 5.22 5.58 5.26
7 4.36 5.06 5.04 4.92

Mean±SEM 4.78±0.16 5.09±0.05 5.22±0.07 4.99±0.14
NS p < 0.02 NS

Phosphorus (mg/dl)
1 4.81 4.16 4.82 3.66
2 4.10 2.96 3.03 2.71
3 4.35 3.80 3.81 2.87
4 4.09 3.56 3.68 3.55
5 4.06 2.81 2.72 2.65
6 6.69 5.05 5.17 5.00
7 3.81 3.70 2.87 2.86

Mean±SEM 4.56±0.37 3.72±0.28 3.72±0.36 3.32±0.32
p<0.0l p<O.Ol p<O.00l

Creatinine (mg/dl)
1 1.00 0.72 0.59 0.77
2 0.61 0.55 0.58 0.50
3 0.73 0.68 0.57 0.58
4 0.65 0.64 0.75 0.61
5 0.52 0.60 0.59 0.62
6 0.80 0.65 0.68 0.71
7 0.77 0.78 0.75 0.71

Mean±SEM 0.73±0.06 0.66±0.03 0.64±0.03 0.64±0.03
NS NS NS

M). It is important to note that the ratio of PTH-stim-
ulated enzyme activity in the presence of Gpp(NH)p
was identical in both groups to that in the absence of
the guanyl nucleotide. Furthermore, adenylate cyclase
activity in response to Gpp(NH)p in the absence of
PTH was similar in both groups (Fig. 6).

Effects of guanyl nucleotides on PTH receptor
binding. Fig. 7 illustrates the influence of increasing
concentrations of Gpp(NH)p on the equilibrium bind-
ing of '25I[Nle8, Nle'8, Tyr34] bPTH (1-34) NH2 to
membranes of both groups of animals. It is clear that
under these circumstances the guanyl nucleotide de-
creased equilibrium binding to the same extent in both
sets of membranes.

Effects of NaF on adenylate cyclase activity. In
view of the results obtained with guanylnucleotides,
it was of interest to examine the NaF-stimulated en-
zyme activities as an additional probe for the inter-
action of G/F and the catalytic moiety of the enzyme.
Fig. 8 shows the adenylate cyclase activity in the pres-
ence of 10 mMNaF. It is clear that the membranes
from the hyperparathyroid dogs have a decreased re-
sponse to NaF compared with control animals
(8,285±607 pmol cAMP/mg protein per 30 min vs.
10,851±247 in control, P < 0.01).

Effects of manganese on adenylate cyclase activity.
Since basal adenylate cyclase activity was slightly
lower (albeit not significantly) in the membranes from
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TABLE II
Basal and Syn bPTH (1-34)-stimulated Adenylate Cyclase Activity in Renal Cortical Membranes

from Control and Experimental Animals

Experimental animals

Syn bPTH 1-34

Animal nio. Basal 0.1 1 2 5 10 100

nM

Experimental animals
1 197 285 731 900 1,256 1,220 1,639
2 440 622 1,531 1,975 2,217 2,474 2,378
3 529 688 1,979 3,120 3,982 4,322 5,336
4 380 545 1,657 2,351 3,143 4,045 3,954
5 273 441 1,472 1,584 2,069 2,127 2,865
6 280 753 3,156 3,634 4,657 5,598 5,619
7 369 657 2,928 4,112 5,680 6,116 6,216

Mean±SEM 352±42 570±61 1,922±323 2,525±435 3,286±594 3,700±691 3,999±669

Control animals
1 633 1,038 2,334 2,612 3,223 3,812 5,052
2 548 896 2,697 3,496 4,107 4,411 4,452
3 632 1,009 3,626 5,473 7,524 7,327 7,212
4 430 706 2,890 3,559 6,152 5,904 6,153
5 740 841 2,370 3,296 4,708 5,694 6,533
6 249 577 3,065 3,745 6,221 6,268 5,994
7 316 351 2,953 3,340 5,851 5,441 5,003

Mean±SEM 506±68 774±93 2,847±168 3,645±333 5,398±553 5,551±440 5,771±368
NS NS p < 0.05 NS p < 0.05 p < 0.05 p < 0.05

All values shown are picomoles cyclic AMPper milligram protein per 30 min.

hyperparathyroid animals compared with normal an-
imals, the last series of experiments were designed to
analyze enzyme activity in the presence of high con-
centrations of Mn (20 mM) and in the absence of mag-
nesium. Under these conditions, adenylate cyclase ac-
tivity is devoid of the influence of hormone or guanine
nucleotides (15, 23), which may have influenced en-
zyme activity in vivo. It was found that adenylate cy-
clase activity in the presence of 20 mMMn++ was
identical in both groups of membranes (1,631±142
pmol cAMP/mg protein per 30 min in hyperparathy-
roid vs. 1,744±133, NS, in control animals).

DISCUSSION

The administration of a low calcium, high phosphorus
diet to adult normal dogs resulted in the development
of secondary hyperparathyroidism (24, 25), as re-
flected in a rise in plasma iPTH and a decline in plasma
phosphorus. The two- to threefold elevation of plasma
carboxy-terminal iPTH is similar in degree to that seen
in patients with hyperparathyroidism and normal
renal function. Thus, this experimental maneuver pro-
vides the basis for the study of the consequences of
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FIGURE 2 Adenylate cyclase activity in response to increas-
ing concentrations of syn bPTH (1-34) in basolateral renal
cortical membranes from normal (0) and hyperparathyroid
(0) dogs. The data are shown as mean±SEMfor results of
seven dogs in each group. Basal enzyme activities have been
subtracted from each point (506±68 pmol cAMP/mg protein
per 30 min in control and 352±42 in hyperparathyroid an-
imals, NS).
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chronic exposure to mildly elevated concentration of
endogenous PTH in vivo on the PTH-receptor-ade-
nylate cyclase system of canine kidney.

Dietary-induced hyperparathyroidism resulted in
desensitization of the PTH-sensitive adenylate cyclase

0

z

CO2)
0 OT

0*E

SYN-b-PTH (1-34)
CONCENTRATIONnM

FIGURE 4 Specific binding of syn bPTH (1-34) expressed
as femtomoles equivalents per microgram protein to mem-
branes from control (0) and hyperparathyroid (m) dogs in
the presence of increasing concentrations of syn bPTH (1-
34).

system of kidney cortex, as reflected in a diminished
response to in vitro stimulation of the enzyme by syn
bPTH (1-34) when compared with membranes of con-
trol animals. The affinity of the enzyme for PTH was
not changed. This decrease in PTH-stimulated enzyme
activity correlated with the increased plasma levels of
iPTH achieved by the experimental diet (Fig. 3). An-
imals 6 and 7, with the lowest final levels of plasma
iPTH, showed no reduction in PTH-stimulated ade-
nylate cyclase activity while animal 1, with the highest
level of plasma iPTH, showed the greatest reduction
in enzyme activity. The correlation of final plasma
iPTH values with in vitro PTH-stimulated adenylate
cyclase activities is not apparent, however, if the fold
rise in plasma iPTH is considered. Thus, animals 3 and
4, with the highest fold rise in iPTH had PTH-stim-
ulated adenylate cyclase activities in vitro within or
slightly below the range found in the control animals.
Further studies will be required to clarify the rela-
tionship of in vitro PTH-stimulated adenylate cyclase
activity to circulating levels of biologically ac-
tive PTH.

Since the degree of desensitization of PTH-stimu-
lated adenylate cyclase activity was greatest in animals
1 and 2, it is necessary to consider whether these two
animals were anomalous in some way at the start of
the study. However, they were normal healthy-looking
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TABLE III
PTH Receptor Binding in Renal Cortical Membranes from Normal Aninals and

Animals with Dietary-induced Hyperparathyroidism

Normal animals Experimental animals

Animal no. KD B. Animal no. KD B,X

nM fmol equiv/ nM fmol equiv/
pg protein pg protein

1 1.8 2.58 1 2.4 2.46
2 2.0 3.36 2 1.8 2.41
3 1.8 2.87 3 1.9 2.44
4 2.2 3.43 4 1.8 2.79
5 2.1 2.24 5 2.0 2.65
6 1.9 2.60 6 2.1 3.37
7 1.7 2.87 7 2.0 3.24

Mean±SEM 1.93±0.07 2.85±0.16 2.0±0.08 2.76±0.15
NS NS

animals with normal serum chemistry profiles, normal
iPTH values, and without any abnormal findings at
laparotomy. Furthermore, in renal cortical membranes
prepared in our laboratory from >50 normal dogs,
adenylate cyclase activity was never close to that seen
in these animals. Thus, one has to attribute the findings
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in these animals as due to an effect of the dietary-
induced hyperparathyroidism.

The desensitization of the adenylate cyclase was not
accompanied by down-regulation of PTH receptors,
which showed normal binding capacity and affinity in
each animal. These observations indicate that the de-

SYN-b-PTH (1-34) [M]
FIGURE 5 Syn bPTH (1-34)-stimulated adenylate cyclase activity in the presence of Gpp(NH)p
10-4 M in membranes from control (0) and hyperparathyroid animals (@). Basal enzyme
activities in the absence of hormone have been subtracted from each point (1,556±121 pmol
cAMP/mg protein per 30 min in hyperparathyroid dogs and 1,928±160 in control, NS).

428 J. Tamayo, E. Bellorin-Font, and K. J. Martin



, E
>0
o_ co 2000

0-.<: '
a)4-'0._

>aO)
0 Eo

- 1000

-6-
co0 0

-0

_

_m

Basal

:3
1

-6 -5 -4

Gpp (NH)p [Ml

FIGURE 6 Adenylate cyclase activity in the presence of increasing concentrations of Gpp(NH)p
and in the absence of PTH in basolateral cortical membranes from control (O) and hyper-
parathyroid animals (M).

sensitization to PTH produced during dietary hyper-
parathyroidism is due to an uncoupling lesion of the
PTH-receptor-adenylate cyclase complex.

Since guanine nucleotides play a major role in the
regulation of receptor-cyclase coupling (14, 26), ex-
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periments were performed to examine the effects of
GTP and GppNHp (a nonhydrolyzable analogue of
GTP) on PTH-stimulated enzyme activity. Although
in the presence of guanine nucleotides PTH-stimulated
enzyme activity increased in both membranes from

p (NH)p [Ml

FIGURE 7 Equilibrium binding of '25I[Nle8, Nle"8, Tyr34] bPTH (1-34) NH2 in the presence
of increasing concentrations of Gpp(NH)p in membranes from control (0) and hyperparathy-
roid (0) dogs.
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FIGURE 8 Adenylate cyclase activity in the presence of NaF
10 mMin basolateral cortical membranes from control and
hyperparathyroid dogs. Data shown represent the mean±SEM
for results obtained in seven dogs in each group. Basal en-
zyme activities were 352±42 pmol/mg protein per 30 min
in control and 506±68 in hyperparathyroid dogs.

control and hyperparathyroid animals, the relative
difference between the two groups was preserved.
Moreover, GppNHp-stimulated enzyme activity in the
absence of PTH was not different between hyper-
parathyroid 'and normal animals. These findings sug-
gest that desensitization was not due to abnormal reg-
ulation of the system by guanine nucleotides. Fur-
thermore, the effects of guanine nucleotides in
decreasing the equilibrium binding of the radioligand
1251[Nle8, Nle'8, Tyr34] bPTH (1-34) NH2 was com-
parable in both groups of membranes.

Accordingly, further experiments were performed
using NaF as an additional probe for the interaction
of G/F and the catalytic subunit (C). Enzyme activity
in the presence of NaF was significantly reduced in
the membranes from the hyperparathyroid animals.
The magnitude of this reduction was similar in degree
to the reduction in PTH-stimulated enzyme activity
in the presence or absence of guanine nucleotides.
Thus, as assessed with NaF, the interaction of G/F
with C appears to be impaired in the membranes from
the hyperparathyroid animals. The explanation for the
different results obtained with nonhormonal stimula-
tors of adenylate cyclase (GppNHp and NaF) is not
clear. It is possible that this difference is related to the
markedly greater enzyme activity attained with NaF

compared with Gpp(NH)p. Alternatively, since there
I is evidence that the effects of NaF and GppNHp on

the regulatory protein have some differences, for ex-
ample, heat stability, trypsin sensitivity, and other in-
direct criteria (27, 28) (hence the designation G/F),
it is possible that the nature of the defective G/F to
C interaction in the membranes from the hyper-
parathyroid animals is more closely related to the site
(or nature) of the action of NaF than to Gpp(NH)p.
Since there is increasing evidence for the existence of
other poorly characterized factors (cytoskeletal or in-
trinsic to the membrane) that can play a role in the
regulation of the interactions between the components
of adenylate cyclase system (29-33), it is possible that
such factors may play a role in the mechanisms of
the altered receptor-cyclase coupling of the present
studies.

The results of the present studies differ from pre-
vious investigations by our laboratory (18) and others
(12, 13) on PTH desensitization in vitro or in vivo.
Thus, we have shown that in the isolated perfused dog
kidney, short-term constant exposure to syn bPTH (1-
34) results in desensitization, which can be attributed
to persistent receptor occupancy (18). Studies of short-
term infusions of bovine parathyroid gland extract in
the dog in vivo by Mahoney and Nissenson (12) have
suggested that desensitization in this model is due to
receptor loss. Similar results were obtained by Forte
et al. (13) in calcium- or vitamin D-deprived chicks.
Therefore, it is evident that different results may be
obtained according to the experimental circumstances.
The refractoriness to agonist-induced adenylate cy-
clase activation in many tissues with several receptor
types in both intact cells and cell-free systems have
also revealed that several mechanisms within the mul-
ticomponent adenylate cyclase system (11) may be in-
voked to explain this phenomenon.

It is important to emphasize that the present studies
were performed in an experimental model with mild
elevations of endogenous PTH similar to those seen in
clinical parathyroid dysfunction. This situation may
not be strictly analogous to results obtained during
constant exposure of high levels of exogenous PTH
(or PTH fragments) from a different species. For ex-
ample, since there is evidence that PTH secretion in
the dog is episodic (34-36), it is possible that such
episodic exposure to PTH may influence the PTH re-
ceptor-adenylate cyclase system in a manner different
from constant exposure to the hormone. Further stud-
ies will be required to evaluate this possibility.

In summary, the induction of dietary hyperpara-
thyroidism in adult mongrel dogs results in a variable
degree of desensitization of the PTH-responsive ade-
nylate cyclase system of kidney cortex to further stim-
ulation with syn bPTH (1-34) without any alteration
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in PTH receptor binding. This defect, demonstrable
by NaF activation, not corrected by guanyl nucleo-
tides, appears to be due to a postreceptor event leading
to abnormal receptor-cyclase coupling. The precise
nature of the factor(s) other than guanyl nucleotides
that may regulate receptor-adenylate cyclase inter-
actions will require further investigation.

ACKNOWLEDGMENTS

The authors wish to express their thanks to Mrs. Pat Ver-
plancke for her secretarial assistance in the preparation of
this manuscript.

This work was supported by U.S. Public Health Service
and National Institute of Arthritis, Metabolic, and Digestive
Diseases grants AM-09976 and AM-07126.

REFERENCES

1. Hekkelman, J. W., M. P. M. Herrmann-Erlee, M. J. Biet,
A. DiBon, P. M. Boonekamp, and P. J. Nijweide. 1981.
Studies on the regulatory mechanism of the cyclic AMP
response to PTH in bone tissue. In Hormonal Control
of Calcium Metabolism. D. V. Cohn, R. V. Talmage, and
J. L. Matthews, editors. Excerpta Medica, Amsterdam.
169-177.

2. Nickols, G. A., D. L. Carnes, C. S. Anast, and L. R. Forte.
1979. Parathyroid hormone-mediated refractoriness of
rat kidney cyclic AMPsystem. Am. J. Physiol. 236:E401-
E409.

3. Lefkowitz, R. J., D. Mullikin, C. L. Wood, T. B. Gore,
and C. Mukherjee. 1977. Regulation of prostaglandin
receptors by prostaglandin and guanine nucleotides. J.
Biol. Chem. 252:5295-5303.

4. Lefkowitz, R. J., and L. T. Williams. 1978. Moiecular
mechanisms of activation and desensitization of ade-
nylate cyclase-coupled beta adrenergic receptors. Adv.
Cyclic Nucleotide Res. 9:1-17.

5. Shuman, S. J., U. Zor, R. Chayoth, and J. B. Field. 1976.
Exposure of thyroid slices to thyroid-stimulating hor-
mone induces refractoriness of the cyclic AMPsystem
to subsequent hormone stimulation. J. Clin. Invest.
57:1132-1141.

6. Hunzicker-Dunn, M., D. Derda, R. A. Jungmann, and
L. Birnbaumer. 1979. Resensitization of the desensitized
follicular adenylyl cyclase system to luteinizing hor-
mone. Endocrinology. 104:1785-1793.

7. Rajerison, R. M., D. Butlen, and S. Jard. 1977. Effects
of in vivo treatment with vasopressin and analogues on
renal adenylate cyclase responsiveness to vasopressin
stimulation in vitro. Endocrinology. 101:1-12.

8. Huseh, A. J. W., M. L. Dufau, and K. J. Catt. 1977.
Gonadotropin-induced regulation of luteinizing hor-
mone receptors and desensitization of testicular 3'-5'-
cyclic AMPand testosterone responses. Proc. Natl. Acad.
Sci. USA. 74:592-595.

9. Strikant, C. B., D. Freeman, K. McCorkle, and R. H.
Unger. 1977. Binding and biologic activity of glucagon
in liver cell membranes of chronically hypergluca-
gonemic rats. J. Biol. Chem. 252:7434-7436.

10. Iyengar, R., and L. Birnbaumer. 1981. Agonist-specific
desensitization: molecular locus and possible mechanism.
Adv. Cyclic Nucleotide Res. 14:93-100.

11. Zick, Y., R. Cesla, and S. Shalticl. 1982. Exposure of
thymocytes to a low temperature (4°C) inhibits the onset

of their hormone-induced cellular refractoriness. J. Biol.
Chem. 257:4253-4259.

12. Mahoney, C. A., and R. A. Nissenson. 1981. Homologous
down-regulation of renal parathyroid hormone receptors
in vivo. Endocrine Society, Cincinnati, OH. 121a. (Abstr.)

13. Forte, L. R., S. M. Langeluttig, R. E. Poelling, and
M. L. Thomas. 1982. Renal parathyroid hormone recep-
tors in the chick: down-regulation in secondary hyper-
parathyroid animal models. Am. J. Physiol. 242:E154-
E163.

14. Bellorin-Font, E., and K. J. Martin. 1981. Regulation of
the PTH-receptor-cyclase of canine kidney: effects of
calcium, magnesium, and guanine nucleotides. Am. J.
Physiol. 241 :F364-F373.

15. Bellorin-Font, E., J. Tamayo, and K. J. Martin. 1982.
Regulation of PTH receptor-adenylate cyclase system
of canine kidney: influence of Mn++ on the effects of
Ca", PTH, and GTP. Am. J. Physiol. 242:F457-F462.

16. Steiner, A. L., A. S. Pagliara, L. R. Chase, and D. M.
Kipnis. 1972. Radioimmunoassay for cyclic nucleotides.
I. Adenosine 3',5'-monophosphate and guanosine 3',5'-
monophosphate in mammalian tissues and body fluids:
J. Biol. Chem. 247:1114-1120.

17. Steiner, A. L., D. M. Kipnis, R. Utiger, and C. Parker.
1969. Radioimmunoassay for the measurement of aden-
osine 3',5'-cyclic phosphate. Proc. Natl. Acad. Sci. USA.
64:367-373.

18. Tamayo, J., E. Bellorin-Font, G. Sicard, C. Anderson,
and K. J. Martin. 1982. Desensitization to parathyroid
hormone in the isolated perfused canine kidney: reversal
of altered receptor-adenylate cyclase system by guano-
sine triphosphate in vitro. Endocrinology. 111:1311-
1317.

19. Segre, G. V., M. Rosenblatt, B. L. Reiner, J. E. Mahaffey,
and J. T. Potts, Jr. 1979. Characterization of parathyroid
hormone receptors in canine renal cortical membranes
using a radioiodinated sulfur-free hormone analog. Cor-
relation of binding with adenylate cyclase activity. J.
Biol. Chem. 254:6980-6986.

20. Nissenson, R. A., and C. D. Arnaud. 1979. Properties of
the parathyroid hormone-receptor-adenylate cyclase
system in chicken renal plasma membranes. J. Biol.
Chem. 254:1469-1475.

21. Hruska, K. A., R. Kopelman, W. E. Rutherford, S. Klahr,
and E. Slatopolsky. 1975. Metabolism of immunoreactive
parathyroid hormone in the dog: the role of the kidney
and the effects of chronic renal disease. J. Clin. Invest.
56:39-48.

22. Bennett, H. P. J., S. Solomon, and D. Goltzman. 1981.
Isolation and analysis of human parathyrin in parathy-
roid tissue and plasma. Use of reversed-phase liquid
chromatography. Biochem. J. 197:391-400.

23. Limbird, L. E., A. R. Hickey, and R. J. Lefkowitz. 1979.
Unique uncoupling of the frog erythrocyte adenylate
cyclase system by manganese. J. Biol. Chem. 254:2677-
2683.

24. Laflamme, G. H., and J. Jowsey. 1972. Bone and soft
tissue changes with oral phosphate supplements. J. Clin.
Invest. 51:2834-2840.

25. Clark, I., and F. Rivera-Cordero. 1974. Effects of en-
dogenous parathyroid hormone on calcium, magnesium,
and phosphate metabolism in rats. II. Alterations in di-
etary phosphate. Endocrinology. 95:360-369.

26. Lad, P. M., T. B. Nielsen, M. S. Preston, and M. Rodbell.
1980. The role of the guanine nucleotide exchange re-
action in the regulation of the fl-adrenergic receptor and
in the actions of catecholamines and cholera toxin on

Renal PTH Receptor-Cyclase in Dietary-induced Hyperparathyroidism 431



audenylate cyclase in turkey erythrocyte membranes. J.
Biol. Chem. 255:988-995.

27. Downs, R. W., A. M. Spiegel, M. Singer, S. Reen, and
C. D. Aurbach. 1980. Fluoride stimulation of adenylate
cyclase is dependent on the guanine nucleotide regula-
tory protein. J. Biol. Chem. 255:954-959.

28. Ross, E. M., A. C. Howlett, K. M. Ferguson, and A. G.
Gilman. 1978. Reconstitution of hormone-sensitive ad-
enylate cyclase activity with resolved cotnponents of the
enzyme. J. Biol. Chem. 253:6401-6412.

29. Perkins, J. P., G. L. Johnson, and T. K. Harden. 1978.
Drug-induced modification of the responsiveness of ad-
enylate cyclase to hormones. Adv. Cyclic Nucleotide
Res. 9:19-32.

30. Chen, T. C., and J. B. Puschett. 1981. Evidence for an
endogenous parathyroid hormone-sensitive adenylate
cyclase activator. Biochem. Biophys. Res. Commun.
100:1471-1476.

31. Rasenick, M. M., P. J. Stein, and M. W. Bitensky. 1981.
The regulatory subunit of adenylate cyclase interacts
with cytoskeletal components. Nature (Lond.). 294:560-
562.

32. Pecker, F., and J. Hanoune. 1977. Activation of epi-
nephrine-sensitive adenylate cyclase in rat liver by cy-

tosolic protein-nucleotide complex. J. Biol. Chem.
252:2784-2786.

33. Katz, M. S., T. M. Kelly, M. A. Pineyro, and R. I. Gre-
german. 1978. Activation of epinephrine and glucagon-
sensitive adenylate cyclases of rat liver by cytosol protein
factors. Role in loss of enzyme activities during prepa-
ration of particulate fractions, quantitation, and partial
characterization. J. Cyclic Nucleotide Res. 5:389-407.

34. Sherwood, L. M., D. A. Hanley, K. Takatsuki, M. E.
Birnbaumer, A. B. Schneider, and S. A. Wells, Jr. 1978.
Regulation of parathyroid hormone secretion. In En-
docrinology of Calcium Metabolism. D. H. Copp and
R. V. Talmage, editors. Excerpta Medica, Amsterdam.
301-307.

35. Parthemore, J. G., B. A. Rova, D. C. Parker, D. F.
Kripke, L. V. Avioli, and L. J. Deftos. 1978. Assessment
of acute and chronic changes in parathyroid hormone
secretion by a radioimmunoassay with predominant
specificity for the carboxy-terminal region of the mol-
ecule. J. Clin. Endocrinol. Metab. 47:284-289.

36. Fox, J., K. P. Offord, and H. Heath III. 1981. Episodic
secretion of parathyroid hormone in the dog. Am. J.
Physiol. 241:E171-E177.

432 J. Tamayo, E. Bellorin-Font, and K. J. Martin


