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Canine Renal Receptors for Parathyroid Hormone

DOWN-REGULATIONIN VIVO BY EXOGENOUS

PARATHYROIDHORMONE

CYNTHIA A. MAHONEYand ROBERTA. NISSENSON, with the technical assistance of
PHILIP SARNACKIand KONGPUA, Divisions of Nephrology and Endocrinology,
Department of Medicine, Veterans Administration Medical Center and
University of California School of Medicine, San Francisco, California 94121

A B S T R A C T Chronic elevation of circulating para-
thyroid hormone (PTH) is associated with decreased
target cell responsiveness to PTH. To study the sub-
cellular mechanism of this phenomenon we evaluated
PTH receptors and adenylate cyclase activity in renal
cortical membranes prepared before and after infusion
of bovine parathyroid gland extract (PTE) into thy-
roparathyroidectomized dogs. PTE infusion resulted
in a 53% decrease in the number of high-affinity re-
ceptors (P < 0.01) associated with a 66% decrease in
PTH-stimulated adenylate cyclase (P < 0.01) relative
to paired base-line values. Both the equilibrium con-
stant of dissociation (KD) for PTH binding and the
concentration of PTH that caused half-maximal stim-
ulation of adenylate cyclase were in the range of 1 to
4 nM, and were unaffected by the PTE infusion. Re-
sponsiveness of the renal adenylate cyclase to sodium
fluoride was 88% of base-line values. Infusion of the
PTE vehicle alone did not affect PTH receptor number
or blunt the adenylate cyclase response to PTH.

Pretreatment of the membranes made after PTE
infusion with guanosine triphosphate (GTP), which is
known to produce dissociation of receptor-bound PTH,
failed to restore either receptor number or PTH-stim-
ulated adenylate cyclase. This finding was not due to
a lack of efficacy of the GTP pretreatment, because
identical GTP pretreatment restored PTH binding to
base-line values in membranes partially occupied by
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incubation with PTH in vitro. Thus, simple residual
occupancy of PTH receptors by the infused hormone
did not appear to account for the observed receptor
loss.

The results of this study suggest that target cell re-
sistance to PTH in patients with hyperparathyroidism
might occur, at least in part, due to down-regulation
of PTH receptors by circulating hormone.

INTRODUCTION

Hyperparathyroid states in man are often associated
with renal and skeletal resistance to the action of ex-
ogenous parathyroid hormone (PTH)l (1-5). The renal
resistance is manifested by blunting of the phospha-
turic and urinary cyclic (c)AMP responses to exoge-
nous PTH, and appears to be related to the level of
endogenous PTH (2). A similar state of PTH resistance
has been induced by infusion of parathyroid extract
(PTE) into normal humans (2). Although vitamin D
deficiency may have additional effects, experimental
evidence in calcium- and vitamin D-deficient rats sup-
ports the conclusion that elevated levels of PTH per
se, and not alterations in extracellular phosphate or
calcium concentrations, largely account for the loss of
PTH responsiveness (desensitization) in the skeleton
(6) and kidney (7). The subcellular mechanism(s) of
this phenomenon has not been clearly defined. Forte
et al. (8) and Carnes et al. (9) have demonstrated that
the blunted phosphaturic response to PTH in rats with
chronic secondary hyperparathyroidism is related to
decreased activation of the renal cortical adenylate

' Abbreviations used in this paper: Gpp(NH)p, 5'-guan-
ylimidodiphosphate; GTP, guanosine triphosphate; PTE,
parathyroid extract; PTH, parathyroid hormone; TPTX, thy-
roparathyroidectomy.
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cyclase. Activation by sodium fluoride (NaF) and other
hormones was intact, suggesting a defect at the level
of the PTH receptor, or of receptor-adenylate cyclase
coupling (8, 9).

A variety of other peptide hormones, including in-
sulin, glucagon, catecholamines, and gonadotropins
are known to down-regulate their own receptors, and
thereby attenuate target cell response (10, 11). Thus,
down-regulation of PTH receptors is likely to account
for the observed desensitization to PTH. However, loss
of hormone receptors cannot be assumed to occur in
all states of peptide hormone excess. Exposure of target
cells to high levels of hormone in some cases results
in altered binding affinity (12) or even an increase in
receptor concentration (13). Furthermore, under some
conditions, persistent occupancy of receptors by the
desensitizing hormone mimics the appearance of re-
ceptor loss (10, 11). This has in fact been shown to
occur in an in vitro model of PTHdesensitization (14).

The hypothesis that increased levels of circulating
PTH in vivo result in a decrease in PTH receptor num-
ber or affinity has not been tested directly. The recent
report that the number of PTH receptors is decreased
in chicks with chronic calcium or vitamin D deficiency
does provide presumptive evidence that hyperpara-
thyroidism results in a decrease in measured PTH re-
ceptors (15). However, the role of persistent occupancy
has not been fully evaluated. We studied a canine
model of PTH desensitization to evaluate the effects
of increased levels of circulating PTH in vivo on renal
PTH receptors and adenylate cyclase. Desensitization
was produced by infusion of parathyroid extract (PTE)
into thyroparathyroidectomized (TPTX) dogs. The
PTH receptor in canine renal cortical plasma mem-
branes has been characterized extensively (16-19) and,
like that of human kidney (20), displays guanyl nu-
cleotide-sensitive binding of PTH. This property was
exploited to evaluate the role of simple residual oc-
cupancy in the down-regulation of PTH receptors.

METHODS

Protocol. The objective of the study was to evaluate the
effects of increased circulating levels of PTHin vivo on renal
PTH receptors and adenylate cyclase. Adult mongrel dogs
were studied 1-2 wk after parathyroidectomy. Weadmin-
istered a crude preparation of bovine PTE by continuous
intravenous infusion for 20 h (n = 5). Immediately before
the infusion a left unilateral nephrectomy was performed
for preparation of base-line renal cortical plasma mem-
branes. At the end of the 20-h infusion period, the remaining
kidney was removed for preparation of a second set of renal
cortical plasma membranes (final). The paired renal mem-
branes (base-line and final) from each individual animal
were always assayed simultaneously. Thus, by expressing the
effect of the infusion (final) as a percentage of the base-line
values in the same animal, variability between both indi-
vidual dogs and assays was decreased.

Controls (n = 5) were studied in an identical manner, but
were infused with the PTE vehicle alone. By comparing the
results of the PTE infusion to those of the vehicle infusion,
we could differentiate the effects of the PTE per se from
those of the procedure, including unilateral nephrectomy.

Animal preparation. Adult mongrel dogs weighing 15-
25 kg underwent surgical TPTX 1-2 wk before study. TPTX
was considered successful if the fasting plasma calcium fell
by at least 2.0 mg/dl within 48 h after surgery. Animals
were then maintained on levothyroxine 2.5 Ag/kg per d; oral
calcium carbonate (30-60 gm/d) and dihydrotachysterol (0-
0.25 mg/d) to maintain the plasma calcium at -8.0 mg/dl.
At least 4 d before study, dihydrotachysterol was discontin-
ued. This resulted in a fall of plasma calcium of 2.0±0.5
mg/dl by the time of study. Oral calcium supplements were
continued, and intravenous calcium gluconate was given as
needed to prevent tetany.

Infusion procedure. Surgery was performed under so-
dium pentobarbital anesthesia with mechanical ventilation.
The left (base-line) kidney was removed via a flank incision.
Prophylactic antibiotics (cephazolin [0.5 gm], and benza-
thine penicillin [1.2 million U]) were given as intramuscular
injections. After recovery from anesthesia the awake animal
was placed in a sling for the infusion. Bupivicaine was used
for local anesthesia of the incision site and xylazine was given
as needed for mild sedation. The experimental group was
given an infusion of bovine PTE suspended at 2-5 U/ml in
5% dextrose, 0.2% NaCl, 1 mMacetic acid, 0.1% bovine
serum albumin (BSA). The PTH preparations used are de-
scribed under materials. Dogs 1-4 received a urea-TCA ex-
tract of bovine parathyroid gland. Dog 5 was given a Lilly
bovine PTE. The PTE was continuously infused by a Sigma
motor pump (Sigma Motor, Inc., Middleport, NY) into a
forelimb vein at 2.0 ml/kg body wt per h for 20 h. The first
two dogs received a bolus of PTH at the beginning of the
infusion to ensure rapid attainment of steady-state levels of
PTH. Measurement of PTH levels showed this to be unnec-
essary in the subsequent animals. The average total dose of
PTE was 184±18 U/kg. At the end of the 20-h infusion
period, the right (final) kidney was removed via a midline
incision. Plasma samples for bioactive PTH levels and cal-
cium were obtained every 2 h; plasma phosphate and cre-
atinine every 6 h. Control animals were infused with the
vehicle alone. Intravenous calcium gluconate was given to
two control animals during the infusion to prevent tetany.

Renal cortical membrane preparation. Highly purified
renal cortical plasma membranes were prepared from kid-
neys immediately after removal by a modification (21) of
the method of Fitzpatrick et al. (22). Membranes were stored
in aliquots at -80°C. No loss of receptor or adenylate cyclase
activity was seen over a 1-yr period. Membrane protein was
assayed by the method of Lowry et al. (23) using BSA as
standard. Na+-K+ ATPase, a marker for renal basolateral
membranes (24), was measured to exclude any systematic
effect of the PTE infusion, or of unilateral nephrectomy, on
the purity of the renal plasma membrane preparation. The
specific activity of Na+-K+ ATPase was similar in final mem-
branes of both groups: 436±53 nmol P04/min per mgprotein
PTE (n = 4); 470±49 control (n = 5). Enrichment of Na+-
K+ ATPase activity over homogenate was also similar in final
membranes of both groups: 7.4±0.7-fold PTE; 6.9±0.7-fold
control.

Measurement of 1251-bPTH (1-34) binding. Binding as-
says were done in a final volume of 0.1 ml containing 25
mMTris/HCl (pH 7.5), 2.0 mMMgCl2. 0.1% BSA, -9,000
cpm (30-150 pg) receptor-purified 125I-bPTH (1-34), 0-700
nM unlabeled bPTH (1-34), and 250 Ag/ml of plasma mem-
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branes. Incubations were carried out for 60 min at 30°C.
Bound '25I-bPTH (1-34) was separated by filtration through
0.2-sgm cellulose acetate filters and analyzed as previously
described (21). Binding in the presence of 700 nM bPTH
(1-34) was considered nonspecific. Nonspecific and blank
binding totaled <2.0% of the added '25I-bPTH (1-34), and
was routinely subtracted from all binding values. The num-
ber and equilibrium dissociation constant of high-affinity
binding sites was determined by Scatchard analysis of the
displacement binding curves between 0 and 7 nM unlabeled
hormone. Putative low-affinity binding sites are not deter-
mined by this method.

In vitro PTH exposure. Membranes were incubated in
1-ml aliquots at 30°C for 60 min under the standard con-
ditions used to assay PTH binding, with or without the ad-
dition of 24 nMbPTH (1-34). Membranes were then washed
using the following procedure: the incubation was termi-
nated by dilution with 4 vol of ice-cold incubation medium.
Membranes were sedimented at 10,000 g for 10 min at 4°C.
The pellet was resuspended in 5 ml of ice-cold 0.25 M su-
crose/1.0 mMEDTA/5 mMTris, pH 7.5 (SET buffer), and
resedimented as above. The final pellet was resuspended at
1 mg/ml in SET buffer.

GTP pretreatment. Membranes were incubated for 5
min at 30°C under standard conditions used to assay binding,
with or without 1.0 mMGTP. The washing procedure de-
scribed above was repeated before measurement of total and
nonspecific PTH binding.

Measurement of adenylate cyclase. Adenylate cyclase
was measured by conversion of [a-32P]ATP to [32P]cAMP.
Standard incubations were carried out in a final volume of
0.1 ml containing 50 mMTris-Hepes, pH 7.5; 2.0 mMMgCl2;
1.0 g/liter BSA; 0.1 mM[a-32P]ATP (100-300 cpm/pmol);
1.0 mMcAMP; an ATP-regenerating system (30 ,g creati-
nine phosphokinase; 10 mMcreatine phosphate); with or
without bPTH (1-34). NaF (10 mM) or 5'-guanylimidodi-
phosphate [Gpp(NH)p] (0.1 mM) were added where indi-
cated. The assay was initiated by addition of 25 gg of mem-
brane protein. Incubation at 30°C for 30 min was terminated
by adding 0.1 ml, 50 mMTris-HCI buffer containing 10 mM
unlabeled ATP; 2.0% sodium dodecyl sulfate; and 1.0 mM
[3H]cAMP (-30,000 cpm). Assay tubes were placed imme-
diately in a boiling water bath for 3 min. The double-column
method of Salomon et al. (25) was used to isolate ["2P]cAMP.
Each sample was corrected for recovery of [3H]cAMP, which
averaged 60%. All values given are the mean of triplicate
determinations of 1-3 assays. Adenylate cyclase stimulation
by PTH, NaF, and Gpp(NH)p is given as the increase over
basal activity.

Biologically active PTH. Circulating levels of biologi-
cally active PTH were measured in a bioassay using guanyl
nucleotide enhancement of canine renal cortical adenylate
cyclase in vitro, as previously described by Nissenson et al.
(26). The adenylate cyclase assay was performed as described
here, with the addition of 100 MMGpp(NH)p and 10 Ml
plasma. Hypoparathyroid canine plasma served as the ve-
hicle for the PTH standards.

Measurement of Na+-K+ ATPase. Na+-K+ ATPase was
measured as previously described (27), with the following
modifications. Renal cortical homogenates and plasma mem-
branes were incubated for 30 min on ice in 0.08% deoxy-
cholate. Fractions were then incubated for 5 min at 370C
in 500-Ml volume containing 75 mMTris-HCl (pH 7.6), 100
mMNaCl, 20 mMKCI, 6 mMMgSO4, and 3 mMATP. Na+-
K+ ATPase activity was calculated as that portion of total
ATPase activity inhibited in the presence of 2.0 mMouabain.

Statistics. Student's paired t test was used to test for sta-

tistical significance of the infusion procedure within groups
(as a percentage of base line). The nonpaired t test was used
for comparison between groups (28). All values given are the
mean±SE.

Electrolytes. Plasma calcium was measured by atomic
absorption spectrophotometry (29); phosphorus and creati-
nine by a colorimetric method (Technicon Autoanalyzer,
Technicon Instruments Corp., Tarrytown, NY).

Materials. Partially purified bPTH (75 U/mg), was a
generous gift of Dr. Claude Arnaud/University of Califor-
nia, San Francisco, CA. This material was derived by urea/
HCl/cysteine extraction of pooled bovine glands carried
through the TCAprecipitation stage described by Rasmussen
et al. (30). More than 95% of the biological activity (renal
adenylate cyclase assay) in this preparation coeluted with
purified bPTH (1-84) from Bio-Gel P-150 gel filtration col-
umns (31). PTH extract (48 U/ml) was obtained from Eli
Lilly & Co. (Indianapolis, IN). Highly purified synthetic
bPTH (1-34) (6,000 U/mg) was obtained from Beckman
Bioproducts, Palo Alto, CA. Receptor-purified, electrolyti-
cally labeled '25I-bPTH (1-34) was prepared as previously
described (21). Chromatoelectrophoresis demonstrated >95%
radiohomogeneity. The specific activity of the radiolabeled
PTH was 50-150 MCi/Mpg. [a-32P]ATP was purchased from
Amersham Corp., Arlington Heights, IL; [3H]cAMP from
New England Nuclear, Boston, MA; GTP and Gpp(NH)P
from Boehringer Mannheim Biochemicals, New York; BSA,
fraction V, fatty acid free, from Miles Laboratories, Elkhart,
IN. All other reagents were purchased from standard labo-
ratory suppliers.

RESULTS

Effects of PTE infusion on plasma bioactive PTH
and electrolytes. Infusion of PTE for 20 h produced
steady-state plasma levels of bioactive PTH ranging
from 0.2 to 3.2 ngeq b-PTH (1-34)/ml (mean 2.2±0.7
ngeq/ml). A calcemic effect was seen in four animals
in the PTE group, with an increase of plasma Ca from
6.6±0.8 mg/dl at base line, to a final value of 8.5±1.1
mg/dl. Plasma phosphate in the PTE group fell from
5.2±0.19 to 4.1±0.60 mg/dl. The control group did
not differ significantly from the PTE group, in either
base-line (7.8±0.3 mg/dl Ca; 5.6±0.7 mg/dl P04)
or final plasma values (7.8±0.3 mg/dl Ca; 5.1±0.4
mg/dl P04).

Effects of PTE infusion on renal cortical adenylate
cyclase in vitro. In vivo PTE infusion resulted in a
marked loss of PTH-stimulated adenylate cyclase in
renal cortical plasma membranes. Maximal PTH-stim-
ulated adenylate cyclase activity in membranes made
after PTE infusion (final) fell to one-third the activity
seen in membranes made from base-line kidneys in
the same animals (Fig. 1). This decrease in maximal
PTH-stimulated activity occurred without a change
in the concentration of PTH producing half-maximal
adenylate cyclase activation (apparent KA :4 nM). Basal
adenylate cyclase activity was not affected by the PTE
infusion (105±4% of base line).

NaF and Gpp(NH)p stimulation of adenylate cy-
clase activity were tested to determine whether the
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FIGURE 1 Effect of PTE infusion on PTH-stimulated adenylate cyclase activity of renal mem-
branes in vitro. Renal cortical plasma membranes were prepared from one kidney before (base
line) and the other kidney after (final) infusion of bovine PTE (n = 5) for 20 h. Results are
expressed as a percentage of the maximum PTH-stimulated activity of the paired base-line
membranes (627±72 pmol cAMP/30 min per mg protein). Basal adenylate cyclase activity has
been subtracted from each point (104±7 pmol cAMP/30 min per mg protein base line vs.
109±6 final). Data represent mean±SE.

observed desensitization to PTH could be attributed
to a postreceptor defect. Table I shows the adenylate
cyclase activity of the base line and final membranes

after PTE infusion compared with base-line and final
membranes made after infusion of the vehicle alone
(control, n = 5). The two groups did not differ signif-

TABLE I
Adenylate Cyclase Activity of Renal Cortical Plasma Membranes

Basal bPTH (1-34) 700 nM NaF, 10 mM Cpp(NH)p 0.1 mM'

Base line Final Base line Final Base line Final Base line Final

(pmol cAMP/30 min/mg protein)

PTE infusion
Dog No. 1 78 90 423 131 3,130 2,930 1,580 1,990

2 110 116 814 277 8,780 7,060 1,540 2,460
3 121 126 607 212 7,160 6,900 3,300 5,130
4 99 108 762 284 8,940 7,110 3,410 4,940
5 114 104 531 168 NDt NDI 3,180 2,710

Mean±SE 104±7 109±6 627±72 214±30§ 7,000±1,352 6,000+1,024 2,600±426 3,480±660

Control infusion
Dog. No. 6 97 150 533 766 4,200 6,350 1,270 2,650

7 200 214 1,207 638 11,360 8,960 5,920 5,480
8 97 92 973 685 9,830 7,420 1,570 1,470
9 125 172 519 685 12,620 9,850 6,710 8,330

10 131 142 826 589 10,650 8,130 6,480 7,200

Mean±SE 130±19 154±20 812±131 673±29 9,730±1,454 8,140±603 4,390+1,217 5,210±1,304

e Basal activity has been subtracted from all stimulated values.
I Not determined.
§ P < 0.001 compared with base-line PTE and final control.
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icantly at base line. After the infusion, maximal PTH-
stimulated adenylate cyclase activity was significantly
lower in the PTE group than control (214±30 pmol
cAMP/30 min per mg protein, final PTE vs. 673±29
final control, P < 0.001). In contrast, basal, NaF-, and
Gpp(NH)p-stimulated activity did not differ signifi-
cantly in final membranes of the two groups. Fig. 2
presents the adenylate cyclase activity of the final
membranes as a percentage of the activity in the
paired base-line membranes. The decrease of PTH-
stimulated adenylate cyclase activity seen after PTE
infusion (34±2% of base line) appeared to be a specific
effect of the PTE, as no desensitization to PTH was
seen in controls (94±18% of base line). In contrast, the
effect of PTE infusion on basal, NaF-stimulated, and
Gpp(NH)p-stimulated adenylate cyclase activity did
not differ from control. NaF-stimulated adenylate cy-
clase activity was maintained at >88% of base-line
activity after PTE infusion, while Gpp(NH)p-stimu-
lated activity was even higher than base line, sug-
gesting that the availability of catalytic cyclase was
not limiting PTH responsiveness. These results support
the conclusion that PTE infusion induced a state of
refractoriness of the renal adenylate cyclase to sub-
sequent PTH stimulation, which is likely to involve a
lesion at the level of the PTH receptor.

Studies of 1251-bPTH (1-34) binding. To test di-
rectly the hypothesis that the observed desensitization
to PTH involves a decrease in the number of PTH
receptors, we evaluated binding of '25I-bPTH (1-34)
to the renal cortical plasma membranes in vitro. A
representative pair of binding curves for one PTE-in-
fused dog is shown in Fig. 3 A. Maximum binding fell
in the final membranes of all five PTE-infused dogs,
to 61±3% of base-line values, but remained at 99±6%
of base-line values after infusion of the vehicle alone
(Table II). Scatchard transformation of the binding
curves (Table II) showed that a decrease in the number
of PTH receptors from 1.89 pmol/mg protein at base
line to 0.88 pmol/mg protein after PTE infusion (P
< 0.001) accounted for the decreased binding seen in
the final membranes of the PTE group. No significant
change in receptor number occurred in controls. The
equilibrium constant of dissociation (KD) was not al-
tered in either group (Table II).

Fig. 3 B shows the number of PTH receptors in the
final membranes of both groups, expressed as a per-
centage of the paired base-line values. The number of
receptors fell to 47% of base-line values after PTE
infusion, while no significant change occurred in the
controls (P < 0.01). The magnitude of the decrease in
the number of PTH receptors after PTE infusion is

Basal 700nM bPTH(1-34) 10mMNa F 0.1mM Gpp(NH)p

FIGURE 2 Adenylate cyclase activity of renal cortical plasma membranes prepared after PTE
(n = 5) or control (n = 5) infusions. Membranes were assayed in triplicate for basal adenylate
cyclase activity and maximal activity stimulated by 700 nM bPTH (1-34), 10 mMNaF, and
0.1 mMGpp(NH)p. Results are expressed as a percentage of the activity seen in paired mem-

branes made from the opposite kidney of the same animal before infusion (percent base line).
Data represent mean±SE. eP < 0.02 compared with control.
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bPTH (1-34) nM
FIGURE 3 (A) Competitive binding of 1251-bPTH (1-34) to renal membranes before (base-line)
and after (final) infusion of bovine PTE for 20 h. Each point is the mean±SE of quadruplicate
determinations. Percent bound refers to the percent of added 125I-bPTH (1-34) specifically
bound. Scatchard transformation of this binding curve is shown in the inset. The data shown
are representative of results in five PTE-infused animals. (B) Effect of PTE infusion on the
number of PTH receptors in renal cortical plasma membranes. PTH receptor number was

derived by Scatchard analysis of 1251-bPTH (1-34) competitive binding between 0 and 7 nM
unlabeled hormone as shown in A. Receptor number is expressed as a percentage of the number
of PTH receptors in paired base-line membranes in PTE-infused (n = 5) and control (n = 5)
animals. Base-line receptor number was 1.89±0.35 pmol/mg protein, PTE; 1.58±0.49, control.
Data represent mean±SE. °P < 0.01 compared to preinfusion values and to control.

sufficient to account for at least 80% of the previously
demonstrated decrease in PTH-stimulated adenylate
cyclase activity (53% decrease in receptor number;
66% decrease in PTH-stimulated adenylate cyclase
activity).

Effect of guanyl nucleotides on desensitized mem-

branes. To determine whether persistent occupancy

of receptors by infused PTE could account for the loss
of hormone binding and adenylate cyclase stimulation,
we exploited the ability of guanyl nucleotides to in-
duce dissociation of PTH bound to canine renal re-

ceptors (17-19). Wefirst established that pretreatment
of membranes with GTP reversed the persistent oc-

cupancy of receptors that occurred when membranes
were exposed to PTH in vitro. Base-line membranes
were incubated with a concentration of PTH chosen
to reproduce the same magnitude of binding loss seen

after PTE infusion. GTPpretreatment completely re-

stored subsequent '25I-bPTH (1-34) binding in these
membranes (Fig. 4). In contrast, GTP pretreatment
did not alter binding in final membranes prepared
after exposure to PTE in vivo.

To ensure that the failure of guanyl nucleotide treat-
ment to restore PTH receptors was not due to rapid
metabolism of GTPby the membranes, we measured
1251-bPTH (1-34) binding to desensitized membranes
in the presence of the hydrolysis-resistant GTP ana-

logue Gpp(NH)p (Table III). There was a 60% decrease
in PTH binding to all membranes in the presence of
Gpp(NH)p, consistent with the reported effect of
Gpp(NH)p to decrease binding affinity (16). Because
PTHbinding fell proportionately in both base-line and
final membranes, binding in the desensitized mem-

branes remained at only 65% of base line. Thus, al-
though Gpp(NH)p clearly affected binding, it failed
to equalize the PTH binding of desensitized mem-

branes to that of base line.
In theory, guanyl nucleotide treatment of the final

PTE membranes could release persistently bound
PTH, thus restoring receptor number, but fail to re-

store maximal 1251-bPTH (1-34) binding because of a

change in binding affinity of the reexposed receptors.
To evaluate this possibility, receptor number and af-
finity were remeasured after GTP pretreatment in
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TABLE II
Binding of 125i-bPTH (1434) to Desensitized Canine Renal Membranes

1l-bPTH (1-34) maximum bound No. of PTH receptors' Binding affinity (KD)

Base line Final Base line Final Base line Final

% pmol/mg protein nM

PTE infusion
Dog. No. 1 11.3 7.1 0.84 0.44 1.6 1.4

2 17.8 12.8 1.25 0.55 1.2 0.9
3 18.9 11.7 2.28 1.14 2.2 1.9
4 14.2 8.3 2.69 1.20 3.8 3.5
5 9.7 5.0 2.27 1.05 3.4 3.9

Mean±SE 14.4±1.8 9.0±1.4t 1.89±0.35 0.88±0.16t 2.4±0.5 2.3±0.6

Control infusion
Dog. No. 6 6.5 6.8 0.98 1.11 1.7 2.1

7 14.8 12.3 0.55 0.35 2.4 0.7
8 9.9 9.3 0.84 0.62 1.8 1.5
9 13.7 13.0 2.61 2.76 3.7 4.6

10 10.2 12.2 2.94 2.45 3.2 4.2

Mean±SE 11.0±1.5 10.7±1.2 1.58±0.49 1.46±0.49 2.6±0.4 2.7±0.8

Determined by Scatchard analysis of displacement binding curves.
t P < 0.001 compared with base-line values.

both base-line and final membranes of the PTE-inf used
group (n = 4). The absolute number of receptors de-
termined after GTP pretreatment (1.76±0.43 pmol/
mg protein base-line [+JGTP; 0.83±0.20 final [+]GTP)
was virtually identical to the values previously ob-
tained without GTP pretreatment (1.89±0.39 pmol/
mg protein base line; 0.81±0.18 final PTE). Binding
affinity decreased slightly in all GTPpretreated mem-
branes (KD = 4 nM).

GTP pretreatment also failed to restore PTH-stim-
ulated adenylate cyclase activity to base-line values in
the desensitized membranes (Fig. 5). Absolute PTH-
stimulated activity was increased in all membranes
after GTPpretreatment, presumably due to a residual
effect of tightly bound GTPon the membranes. How-
ever, activity in both the base-line and final mem-
branes was increased proportionately (2,845±603 pmol
cAMP/30 min per mg protein, base line; 1,436±456,
final). Basal adenylate cyclase activity in desensitized
membranes was not affected by GTP pretreatment,
either in absolute terms (119±19 pmol cAMP/30 min
per mg protein [+] GTP; 110±7 [-] GTP) or relative
to base-line values (Fig. 5).

In summary, although GTP pretreatment restored
the loss of binding seen after exposure of isolated mem-
branes to PTH in vitro (Fig. 4), GTP pretreatment
reversed neither the receptor loss nor the adenylate
cyclase desensitization induced by PTE exposure in
vivo (Fig. 5).

DISCUSSION

The results of this study demonstrate that maintenance
of circulating, biologically active PTH at hyperpara-
thyroid levels for 20 h induces a state of renal refrac-
toriness to the hormone that can largely be attributed
to a loss of available PTH receptors on renal cortical
plasma membranes. Thus, administration of PTE to
thyroparathyroidectomized dogs resulted in a 53% loss
of renal PTH receptors, which was associated with a
66% decrease in maximal PTH-stimulated adenylate
cyclase activity. Wesuggest that down-regulation of
PTH receptors by circulating hormone may play a
primary role in the PTH resistance associated with
hyperparathyroidism in man.

This hypothesis is consistent with previous data from
animal models of secondary hyperparathyroidism.
Loreau et al. (32) reported decreased binding of hu-
man [3H]PTH (1-34) to renal membranes from rats
fed a calcium- and vitamin D-deficient diet. This could
not be attributed to hypocalcemia per se because para-
thyroidectomy of rats fed a normal diet resulted in
increased renal PTH receptor binding despite marked
hypocalcemia. Similarly, Forte et al. (10) have recently
reported decreased binding of an 1251-labeled PTH
analogue, norleucyl8-norleucyl'8-tyrosinyl34 [Nle8, Nle'8,
Tyr34] bPTH (1-34) amide, to renal membranes from
chicks maintained on either a calcium- or vitamin-D
deficient diet. Neither of these studies, however, di-
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FIGURE 4 Effect of GTPpretreatment on PTH binding after in vitro vs. in vivo PTH exposure.
Base-line membranes of the PTE group (n = 4) were pretreated with PTH in vitro (E) to
achieve the same degree of binding loss seen in the final membranes (in vivo PTH exposure
0). All membrane pairs were then treated with GTP (EN), followed by extensive washing.
Binding is expressed relative to that seen in the paired base-line membranes that had not been
exposed to PTH (range 7 to 15% specific binding at base line). Data represent mean±SE. °P
< 0.01 vs. in vitro (-) GTP treatment and in vivo (+) GTP treatment.

rectly establishes that circulating PTH plays a causal
role in regulating receptor activity in these models of
secondary hyperparathyroidism. The decreased PTH
receptor activity seen in the present study following
infusion of PTE clearly implicates PTH as the causal
factor in this phenomenon. This is presumably due to
a direct effect of infused PTH to down-regulate its

TABLE III
Effect of Gpp(NH)p on PTHBinding to Desensitized Renal

Cortical Plasma Membranes

25I bPTH (1-34) Specific Binding

Final

Base line Percent base line

(-)Gpp(NH)p 16.8±1.8 11.2±1.7 66±5
(+)Gpp(NH)p' 7.1±1.7 4.0±1.4 64±40

Data represent mean±SE.
Incubated in the presence of 0.1 mMGpp(NH)p.

I NS from (-)Gpp(NH)p.

renal receptors, although we cannot rule out a mod-
ulating role of indirect factors (such as vitamin D
metabolites) potentially altered by circulating PTH.

The molecular mechanism of PTH-induced down-
regulation of its own receptor is uncertain. However,
this phenomenon almost certainly did not occur as a
result of simple residual occupancy of PTH receptors
by infused hormone. Thus, pretreatment of renal
membranes from PTE-infused animals with GTP,
which is known to produce dissociation of receptor-
bound PTH (17-19), failed to restore available PTH
receptors to preinfusion levels. Our findings differ from
those of Tamayo et al. (14) who recently reported that
down-regulation and desensitization of PTH receptors
following perfusion of isolated dog kidneys with bPTH
(1-34) in vitro were attributable to persistent occu-
pancy of receptors by infused hormone. In those stud-
ies, pretreatment of desensitized membranes with GTP
restored PTH receptor binding and PTH stimulation
of adenylate cyclase to control values. The basis for
the difference between these results and our own, al-
though undefined, is not a lack of efficacy of GTP
treatment under our experimental conditions because
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FIGURE 5 Effect of GTPpretreatment on the number of PTH receptors and on PTH-stimulated
adenylate cyclase activity in desensitized membranes. Both base-line and final membranes of
the PTE group (n = 4 pairs) were pretreated with GTP, followed by extensive washing. The
number of PTH receptors was determined by Scatchard analysis of '251-bPTH (1-34) compet-
itive-binding curves. PTH-stimulated adenylate cyclase activity was measured in the presence
of 700 nM bPTH (1-34). Values for final membranes are presented as a percentage of the
paired base-line values. Data represent mean±SE.

(a) identical GTP pretreatment restored to base-line
values PTH receptors partially occupied by incubation
with PTH in vitro; and (b) '25I-bPTH (1-34) binding
to membranes from PTE-infused animals remained
depressed (relative to base-line membranes), even in
the presence of the stable GTP analogue Gpp(NH)p.
It is conceivable that the residual occupancy of PTH
receptors observed by Tamayo et al. (14) was due to
in vitro perfusion of PTH at a relatively low temper-
ature (18°-20°C), which might have decreased the
rate of dissociation of perfused PTH from renal re-
ceptors and/or blocked metabolic events subsequent
to PTH binding (e.g., receptor internalization) (33).

In this study, the renal PTH receptors that remained
after the 20-h infusion of PTE appeared to be func-
tionally normal. These high-affinity receptors contin-
ued to be of a single class (i.e., linear Scatchard plot)
with an unaltered affinity for PTH. In addition, they
were able to initiate PTH-dependent activation of ad-
enylate cyclase, albeit at a level reduced proportion-
ally with the loss of total receptors.

Components of the adenylate cyclase system beyond
the PTH receptor appear to be essentially intact in this
model of desensitization. Enzyme activation by NaF
and Gpp(NH)p (which activate adenylate cyclase via

postreceptor mechanisms) were not different than that
seen in controls (34). The slight decrease in NaF-stim-
ulated adenylate cyclase activity and the increase in
Gpp(NH)p-stimulated adenylate cyclase activity that
occurred after PTE infusion appeared after the vehicle
infusion as well, suggesting that these changes might
be related to the compensatory renal hypertrophy
known to occur after unilateral nephrectomy (35, 36).
Wecannot exclude the possibility that the small (12%)
decrease in NaF-stimulated adenylate cyclase activity
seen after PTE infusion plays a role in the observed
desensitization, but its contribution appears minor.

The results of the present study raise the possibility
that target cell resistance to PTH in patients with hy-
perparathyroidism might occur, at least in part, due
to down-regulation of PTH receptors by circulating
hormone. Important in this regard is our observation
that down-regulation occurred at circulating bioactive
PTH levels (0.2-3.2 ngeq bPTH [1-34]/ml), which
although higher than generally seen in primary hy-
perparathyroidism, are similar to those seen in some
patients with hyperparathyroidism secondary to
chronic renal failure (26). However, the duration of
high circulating levels of PTH in the present study was
only 20 h. Further work is needed to determine
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whether loss of PTH receptors and/or additional loci
of desensitization might appear with chronically ele-
vated PTH levels. Nevertheless, down-regulation of
renal PTH receptors in response to elevations in cir-
culating PTH, with resultant desensitization of PTH-
stimulated adenylate cyclase, may constitute an im-
portant etiologic factor in the PTH resistance asso-
ciated with hyperparathyroidism.

ACKNOWLEDGMENTS

We would like to thank Dr. Allen Arieff and Dr. Claude
Arnaud for generous support and encouragement during this
project. Weare grateful to Dr. Gordon Strewler for sugges-
tions regarding the manuscript preparation and to David
Burlew for secretarial assistance.

This work was supported by National Institutes of Health
grants AM27755, AM28127, and AM21614 from the De-
partment of Health and Human Services, and by the Re-
search Service of the Veterans Administration.

REFERENCES

1. Becker, K. L., D. C. Purnell, and J. D. Jones. 1964. Tu-
bular reabsorption of phosphate in primary hyperpara-
thyroidism before and after administration of parathy-
roid hormone. J. Clin. Endocrinol. Metab. 24:347-351.

2. Tomlinson, S., G. N. Hendy, D. M. Pemberton, and
J. L. H. O'Riordan. 1976. Reversible resistance to the
renal action of parathyroid hormone in man. Clin. Sci.
Mol. Med. 51:59-69.

3. Von Lilienfeld-Toal, H., R. D. Hesch, M. Hufner, and
C. McIntosh. 1974. Excretion of cyclic 3',5' adenosine
monophosphate in renal insufficiency and primary hy-
perparathyroidism after stimulation with parathyroid
hormone. Horm. Metab. Res. 6:314-318.

4. Steendijk, R. 1964. The effect of parathyroid extract on
the serum concentrations of calcium and inorganic phos-
phate in active and healing rickets. Acta Paediatr.
53: 105-108.

5. Tucci, J. R., R. S. Perlstein, and L. E. Kopp. 1979. The
urine cyclic AMPresponse to parathyroid extract (PTE)
administration in normal subjects and patients with para-
thyroid dysfunction. Metab. Clin. Exp. 28:814-819.

6. Pavlovitch, H., 0. Fontaine, and S. Balsan. 1977. Mainte-
nance of a calcemic response to parathyroid hormone
in vitamin D-deficient rats by the prevention of severe
hyperparathyroidism. Calcif. Tissue Res. 23:277-281.

7. Carnes, D. L., G. A. Nickols, C. S. Anast, and L. R. Forte.
1980. Regulation of renal adenylate cyclase by parathy-
roid hormone. Am. J. Physiol. 239:396-400.

8. Forte, L. R., G. A. Nickols, and C. S. Anast. 1976. Renal
adenylate cyclase and the interrelationship between
parathyroid hormone and vitamin D in the regulation
of urinary phosphate and adenosine cyclic 3',5' mono-
phosphate excretion. J. Clin. Invest. 57:559-568.

9. Carnes, D. L., C. S. Anast, and L. R. Forte. 1978. Im-
paired renal adenylate cyclase response to parathyroid
hormone in the calcium-deficient rat. Endocrinology.
102:45-51.

10. Catt, K. J., J. P. Harwood, G. Aguilera, and M. L. Dufau.
1979. Hormonal regulation of peptide receptors and tar-
get cell responses. Nature (Lond.). 280:109-116.

11. Lefkowitz, R. J., M. R. Wessels, and J. M. Stadel. 1980.
Hormones, receptors, and cyclic AMP: their role in tar-

get cell refractoriness. Curr. Top. Cell. Regul. 17:205-
231.

12. Su, Y. F., T. K. Harden, and J. P. Perkins. 1980. Cate-
cholamine-specific desensitization of adenylate cyclase.
J. Biol. Chem. 255:7410-7419.

13. Hauger, R. L., G. Aguilera, and K. J. Catt. 1978. An-
giotensin II regulates its receptor sites in the adrenal
glomerulosa. Nature (Lond.). 271:176-178.

14. Tamayo, J., E. Bellorin-Font, G. Sicard, C. Anderson,
and K. Martin. 1982. Desensitization to parathyroid hor-
mone in the isolated perfused canine kidney: reversal
of altered receptor-adenylate cyclase system by guano-
sine triphosphate in vitro. Endocrinology. 111:1311-
1316.

15. Forte, L. R., S. G. 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-
163.

16. 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 plasma mem-
branes using a radioiodinated sulfur-free hormone an-
alogue. J. Biol. Chem. 254:6980-6986.

17. Teitelbaum, A. P., R. A. Nissenson, and C. D. Arnaud.
1982. Coupling of the canine renal parathyroid hormone
receptor to adenylate cyclase: modulation by guanyl
nucleotides and N-ethylmaleimide. Endocrinology.
111: 1524-1533.

18. Nissenson, R. A., A. P. Teitelbaum, S. R. Abbott, Sr., N.
Pliam, C. Silve, L. Zitner, K. Nyiredy, and C. D. Arnaud.
1981. Parathyroid hormone receptors in kidney and
bone: relation to adenylate cyclase activation. In Hor-
monal Control of Calcium Metabolism. D. V. Cohn,
R. V. Talmadge, and J. L. Mathews, editors. Excerpta
Medica, Amsterdam. 44-54.

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

20. Abbott, S. R., R. A. Nissenson, A. P. Teitelbaum, and
C. D. Arnaud. 1981. Renal receptors for parathyroid
hormone and calcitonin in man. Clin. Res. 29:399a.
(Abstr.)

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

22. Fitzpatrick, D. F., G. R. Davenport, L. Forte, and E. J.
Landon. 1969. Characterization of plasma membrane
proteins in mammalian kidney. J. Biol. Chem. 244:3561-
3568.

23. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin phe-
nol reagent. J. Biol. Chem. 193:265-275.

24. Shlatz, L. J., I. L. Schwartz, E. Kinne-Saffran, and R.
Kinne. 1975. Distribution of parathyroid hormone-stim-
ulates adenylate cyclase in plasma membranes of cells
of the kidney cortex. J. Membr. Biol. 24:131-144.

25. Salomon, Y., C. Londos, and M. Rodbell. 1974. A highly
sensitive adenylate cyclase assay. Anal. Biochem. 58:541-
548.

26. Nissenson, R. A., S. R. Abbott, A. P. Teitelbaum, 0. H.
Clark, and C. D. Arnaud. 1981. Endogenous biologically
active human parathyroid hormone: measurement by a
guanyl nucleotide-amplified renal adenylate cyclase as-
say. J. Clin. Endocrinol. Metab. 52:840-846.

420 C. A. Mahoney and R. A. Nissenson



27. Post, R. L., and A. K. Sen. 1967. Sodium and potassium-
stimulated ATPase. Methods Enzymol. 10:762-768.

28. Snedecor, G. W., and W. G. Cochran. 1980. Statistical
Methods. Seventh ed. Iowa University Press, Ames, Iowa.

29. Bradbury, M. B., C. R. Kleeman, H. Bagdoyan, and A.
Berberian. 1968. The calcium and magnesium content
of skeletal muscle, brain, and cerebrospinal fluid as de-
termined by atomic absorption flame photometry. J.
Lab. Clin. Med. 71:884-892.

30. Rasmussen, H., Y. L. Sze, and R. Young. 1964. Further
studies on the isolation and characterization of parathy-
roid polypeptides. J. Biol. Chem. 239:2852-2857.

31. Flueck, J. A., F. P. DiBella, A. J. Edis, J. M. Kehrwald,
and C. D. Arnaud. 1977. Immunoheterogeneity of para-
thyroid hormone in venous effluent serum from hyper-
functioning parathyroid glands. J. Clin. Invest. 60:1367-
1375.

32. Loreau, N., C. Lajotte, M. Lafaye, and R. Ardaillou.
1980. Renal receptors for parathyroid hormone in nor-
mal, parathyroidectomized, and vitamin D-deficient
rats. In Phosphate and Minerals in Health and Disease.
S. G. Massry, E. Ritz, and H. Jahn, editors. Plenum Press
Publishing Corp., New York. 537-544.

33. King, A. C., and P. Cuatrecasas. 1981. Peptide hormone-
induced receptor mobility, aggregation, and internal-
ization. N. Engi. J. Med. 305:77-88.

34. Ross, E. M., and A. G. Gilman. 1980. Biochemical prop-
erties of hormone-sensitive adenylate cyclase. Annu.
Rev. Biochem. 49:533-564.

35. Buchner, N. L., and R. A. Malt. 1971. Regeneration of
Liver and Kidney. Little, Brown and Co., Boston, MA.

36. Schlondorff, D., and H. Weber. 1976. Cyclic nucleotide
metabolism in compensatory renal hypertrophy and neo-
natal kidney growth. Proc. Natl. Acad. Sci. USA.
73:524-528.

Down-regulation of Canine Parathyroid Receptors In Vivo 421


