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Parathyroid gland calcium receptor mRNA levels are unaffected by 
chronic renal insufficiency or low dietary calcium in rats 
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Extracellular ionized calcium (Ca 2§ is the primary physiological 
regulator of parathyroid hormone (PTH) secretion and the G 
protein-coupled receptor (CAR) that mediates this response has 
been cloned from bovine and human parathyroid glands. The 
Ca 2§ set-point for the regulation of PTH secretion is right-shifted 
in primary hyperparathyroidism (I~ but whether there is a 
similar shift in 2~ is unclear. Additionally, the molecular 
defects associated with such changes in the set-point remain 
uncharacterized. These experiments were designed to determine 
(1) if changes in set-point occur in rats with 2~ induced by 
chronic renal insufficiency (CRI) or dietary Ca deficiency, and 
(2) whether any changes in set-point are mirrored by changes in 
steady-state mRNA levels for the parathyroid CaR. CaR mRNA 
levels were quantified in pairs of glands from individual rats 
using a solution hybridization assay. Blood urea nitrogen and 
PTH levels were "~4-fold higher in rats with CRI induced by 5/6 
nephrectomy 7 weeks earlier. Rats with CRI were also 
significantly hypocalcemic and hyperphosphatemic. The set- 
point was unchanged in CRI rats and CaR mRNA levels were 
also unaffected. Normal rats fed a 0.02% Ca diet for 6 weeks 
were markedly hypocalcemic, and had 10- and 15-fold increases 
in plasma PTH and 1,25-dihydroxyvitamin D3 levels, respectively. 
Technical problems prevented assessment of the set-point in 
these animals, but parathyroid gland CaR mRNA levels were 
identical in both dietary groups. Thus, neither alterations in 
mRNA levels for the CaR nor changes in the set-point play 
demonstrable roles in the pathogenesis of 2~ in these 
models. 
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Introduction 

The concentration of ionized calcium (Ca 2+) in the extracel- 
lular fluid is the primary physiological regulator of para- 
thyroid hormone (PTH) secretion and a steep inverse sig- 
moidal relationship exists between plasma Ca -'+ levels and 
PTH secretion (Mayer & Hurst 1978; Brown, 1991; Fox, 
1991). The Ca -'+ receptor (CAR) that mediates this extracel- 
lular Ca2§ property has been cloned from bovine and 
human parathyroid glands (Brown et al., 1993; Garrett  et al., 
1995), and more recently from rat kidney (Riccardi et al., 
1995). It is predicted to be an ~ 120 kDa glycosylated pro- 
tein with a large extracelluIar domain coupled to a seven 
transmembrane spanning region similar to those in other G 
protein-coupled receptors. 

The 'set-point' for regulation of PTH secretion, an index 
of parathyroid gland sensitivity to extracellular Ca'-*, is 
defined as the Ca '-+ concentration which elicits a 50% inhibi- 
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tion of the maximum PTH secretion rate (Brown (1991). 
There is evidence for alterations in this set point in hyper- 
parathyroid states. For example, the set-point is right-shifted 
both in vivo and in dispersed parathyroid cells from patients 
with primary hyperparathyroidism (l~ (Brown et al., 
1979; D'Amour et al,, 1994). Increased PTH secretion in 
I~ results in hypercalcemia which, because of a putative 
defect in the Ca-'§ mechanism, fails to inhibit hor- 
mone secretion appropriately. Whether the set-point is 
affected in 2~ is less well understood. The set-point was 
right-shifted when assessed in dispersed parathyroid ceils 
from patients with chronic renal insufficiency (CRI) undergo- 
ing parathyroidectomy for severe 2~ (Brown et al., 1982). 
In contrast, more recent studies in 2~ associated with 
CRI (Ramirez et al., 1993; Goodman et al., 1994; St. John et 
al., 1994; Sanchez et al., 1994), dietary calcium and vitamin 
D deficiency (Cloutier et al., 1992), or advancing age (Fox, 
1991; Ud6n et al., 1992; Ledger et al., 1994) have not con- 
sistently identified a defect in the parathyroid gland sen- 
sitivity to Ca-'+; increases, decreases and no change in set- 
point have been reported. The controversy surrounding 
whether the set-point is altered in 2~ may result from the 
severity of the disorder, its pathology and pathogenesis or, at 
least in some of the earlier studies, the use of heterologous 
and insensitive immunoassays for PTH that were not specific 
for the intact peptide. 

The molecular mechanisms responsible for changes in 
parathyroid gland sensitivity to Ca 2§ in both 1 ~ and 2"HPT 
remain unknown, although there is currently no evidence for 
mutations in the CaR gene in parathyroid adenomas 
(Capuano et al., 1994). In contrast, point mutations of the 
CaR gene sequence in familial benign hypocalciuric hyper- 
calcemia can result in a right-shift in the set-point for PTH 
release (Marx et al., 1985; Khosla et al., 1993; Pollak et  al., 
1993; Heath 1994; Heath et al., 1994; Pearce et al. ,  1994). 
Based on these observations we formed the hypothesis that 
not only mutations in the CaR gene, but also changes in the 
level of expression of the normal CaR gene may alter the 
sensitivity of the parathyroid gland to extracellular Ca 2§ 
Supporting this hypothesis is the observation that culturing 
of bovine parathyroid cells results in a progressive loss of 
sensitivity to Ca -'+ and a right-shifted set-point that is 
associated with a rapid reduction in the expression of both 
CaR mRNA and protein (LeBoff et  al., 1985; Mithal et  al., 
1995). The suggestion that reduced levels of functional CaR 
protein may be associated with an elevated set-point is con- 
sistent with the observation that a variety of G-protein 
coupled receptors can undergo downregulation which is 
associated with a corresponding decrease in functional res- 
ponses (Galper et al., 1982; Findlay & Martin, 1984; Teitel- 
baum et aL, 1986). 

These experiments were designed to determine whether the 
set-point for PTH release was affected in two different rat 
models of 2~ The models used were mild-to-moderate 
2~ resulting from CRI and a more-severe 2"HPT, a result 
of prolonged dietary Ca deficiency. We also sought to deter- 
mine if changes in set-point were reflected by corresponding 
changes in the steady-state levels of  mRNA for the CaR in 
the parathyroid glands. 
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Effects of  chronic renal hrsufficiency on set-point and 
parathyroid gland CaR gene expression 

Blood urea nitrogen (BUN) and plasma PTH levels were 
elevated 3.5- and 4.0-fold. respectively, in rats subjected to a 
5/6 nephrectomy seven weeks before study, confirming the 
successful induction of CRI and the development of 2*HPT 
(Figure 1). Plasma Ca 2+ levels were slightly, but significantly 
reduced and plasma phosphate levels were slightly, but 
significantly elevated in rats with CRI. Plasma 1,25- 
dihydroxyvitamin D 3 [I,25(OH)2D3] levels, although lower in 
rats with CRI, were not significantly different from those in 
sham-operated controls (Figure 1). 

The mean plasma PTH vs. Ca 2§ levels curves for the 
sham-operated and CRI rats in the set-point experiments are 
shown in Figure 2. The calculated mean maximum PTH 
levels were significantly (P<0.04) higher in rats with CRI 
(117 + 10 vs. 83 + 13 pg,.ml), whereas the calculated mean 
minimum PTH levels, although 51% higher in CRI rats, were 
not significantly different (5.8+ 1.2 vs. 3.8+0.5pg/ml).  
Similarly, there were no significant differences in the slopes of 
the curves in the sham-operated (22 + 2) and CRI rats 
(18 + 6), or in the set-points (Figure 3). The levels of mRNA 
for the CaR in parathyroid glands were also not significantly 
different between sham-operated and CRI rats (Figure 3). 
Regression analysis of results from all animals in which both 
set-point and CaR mRNA levels were obtained showed that 
there was no significant correlation between parathyroid 
gland CaR mRNA levels and the set-point ( r = - 0 . 4 4 ,  
n = 7). 

Effects o f  dietary Ca deficienc)" on parathyroid gland CaR 
gene expression 

Feeding rats the 0.02% Ca diet for 6 weeks induced a 
marked Ca deficiency and severe 2*HPT. The resultant 
hypocalcemia was associated with 10.3- and 15.0-fold inc- 
reases in the plasma levels of PTH and 1,25(OH),.Da, respec- 
tively. Plasma phosphate levels were also significantly 
elevated in Ca-deficient rats (Figure 4). 

As described in the Methods section, technical problems 
prevented assessment of the set-point in rats fed the semi- 
synthetic Ca-replete and Ca-deficient diets. However, the 
levels of the mRNA for the CaR were identical in 
parathyroid glands of rats fed the normal- and low-Ca diets 
(Figure 4). 

Discussion 

These studies have shown that the levels of mRNA for the 
CaR in parathyroid glands of rats are not affected in mild-to- 
moderate 2*HPT resulting from CRI induced by 5/6 nephrec- 
tomy or in moderate-to-severe 2*HPT resulting from pro- 
longed dietary Ca deficiency. Thus, alterations in mRNA 
levels for the CaR play no demonstrable role at this stage in 
the development of 2~ in either of these models. 
Moreover, the set-point for regulation of PTH secretion by 
plasma Ca 2+ was unchanged in rats with CRI. Taken 
together, these observations indicate that the elevated plasma 
PTH levels in these models of CRI and dietary Ca deficiency 
do not result from a change in the sensitivity of the 
parathyroid cell to extracellular Ca -'+ and/or by changes in 
expression of the CaR gene. 

We have shown previously that steady-state levels of 
mRNA for the CaR in parathyroid glands and kidney of 
vitamin D-deficient rats, another model of 2~ are also 
unaffected by chronic changes in the plasma levels of Ca ~'+ or 
1,25(OH)2D3 that span the pathophysiological ranges (Rogers 
et al., 1995). The results of those and the current studies 
provide strong evidence that steady-state CaR mRNA levels 
in the parathyroid glands of rats are not subject to significant 
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Figure 1 Blood urea nitrogen (BUN), and plasma Ca 2+, PTH, 
phosphate and 1,25(OH)2D 3 levels in normal rats subjected to a 
sham-operation and in rats with CRI induced by a 5/6 nephrectomy 
7 weeks prior to study. Values are means-+S.E. (n = 6-13/group). 
*P < 0.05; **P < 0.01 : significance of difference from sham-operated 
controls 

chronic regulation by factors that have a profound influence 
on parathyroid gland function. Because the solution hyb- 
ridization assay has sufficient power to detect changes of 
"~ 30%, it remains possible that small changes in parathyroid 
gland CaR mRNA levels that we are unable to detect do 
occur in models of 2~ A preliminary report by Zhong et 
al. (1994) also described no effect of dietary hyper- 
parathyroidism on parathyroid gland CaR mRNA levels in 
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Figure 2 Mean plasma Ca 2+ vs PTH curves during the set-point 
experiments in sham-operated rats (solid line) and in rats with CRI 
induced by a 5/6 nephrectomy six weeks before study (dotted line). 
Values are means + S.E. (n = 5-6/group) 
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Figure 3 The plasma Ca -'+ set-point for PTH release (panel A) and 
CaR mRNA levels in the parathyroid glands (panel B) in normal 
sham-operated rats and in rats with CRI induced by a 5/6 nephrec- 
tomy 6 to 7 weeks prior to study. Values are means+S.E. (n = 5-6/ 
group) 

rats. However, these authors did report that the acute 
administration of large doses of 1,25(OH),_D3 can result in 
small, but significant, increases in CaR m R N A  levels in 
the parathyroid glands. Thus, while 1,25(OH)2D3 injections 
may be capable of increasing CaR m R N A  levels acutely, 
it appears that more physiologicat, chronic changes in 
plasma 1,25(OH)zD3 levels induced by 1,25(OH).,D3 infusions 
(Rogers et  al. ,  1995) or, in these experiments and in those by 
Zhong et  al. (1994), by dietary Ca deficiency, do not affect 
steady-state CaR m R N A  levels. Preliminary analysis of the 
first 2 kb upstream region of the human CaR gene has not 
revealed any known regulatory motifs such as those 
associated 1,25(OH)_,D3 regulation of the PTH gene (Okazaki 
et  al. ,  1988; Capuano et  al.,  1994). It is possible that 
1,25(OH).~D3 regulatory elements are located > 2  kb up- 

c- 
O .  
o~ o 7 
o- E 
E 
O3 
t~ 
U_ 

3.~ t 
2.6 

22 t 

1.8 

C 

I 
I I 

I 

~:~ l {200 - 
c~ 

"1- 

 00- 

E 

D 

I ....... 
I 

I 

< 
z 

OI21 

0 I:1. 

2- E 

I i 

I I 

Normal Ca Low Ca 

Figure 4 Plasma Ca 2+, PTH, phosphate and 1,25(OH)~D~ levels and 
parathyroid gland CaR mRNA levels in rats fed 0.8% Ca (normal 
Ca) or 0.02% Ca (low Ca) semi-synthetic diets for 6 weeks prior 
to study. Values are means_+SE (n -- 7-12/group). *P<0.05; 
**P'<0.01: significance of difference from normal Ca controls 

stream or that 1,25(OH)zD3 has indirect effects on CaR 
transcription by regulating expression of other transcription 
factors; alternatively, acute increases in CaR m R N A  levels 
elicited by 1,25(OH)zD3 injections could result from changes 
in mRNA stability. 

The plasma Ca -'+ set-point for PTH release was not  
affected in rats with CRI confirming the results of most in 
vivo studies in humans with reduced renal function (Ramirez 
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et al.. 1993; Goodman et al., 1994; St. John et al., 1994; 
Sanchez et al., 1994). Because of the technical problems 
described in the Methods, it was not possible to measure the 
set-point in Ca-deficient rats so we do not know if 
parathyroid gland Ca -'+ sensitivity is affected in this more- 
severe form of 2*HPT. Cloutier et al., (1992) have reported a 
decreased set-point in dogs during the development of dietary 
Ca and vitamin D deficiency. However, as discussed above, 
parathyroid gland CaR mRNA levels were unaffected in the 
Ca-deficient rat model. An increase in set-point has been 
observed in vitro in dispersed parathyroid cells from a patient 
with severe 2~ (Brown et al., 1982), but this may be due 
to tissue pathology. For example, 1,25(OH)2D3 receptor 
(VDR) levels are substantially reduced in parathyroid tissue 
showing nodular hyperplasia (thought to represent a more- 
advanced stage) than in diffuse hyperplasia (Fukada et al., 
1993). This reduction in VDR levels in parathyroid glands 
may account, in part, for the resistance of parathyroid cells 
to 1,25(OH)2D3 in uremic hyperparathyroidism (Fukagawa et 
al., 1991). It is possible that the CaR is also expressed at a 
lower level in nodular hyperplastic tissue and this, at least in 
part, may account for a right-shift in the set-point and a 
resistance to reduction of PTH levels by elevated extracellular 
Ca 2+. Although histological examination was not performed 
it is unlikely that nodular hyperplasia is present in the rats 
used in these experiments because the stimulation to the 
parathyroid glands was relatively mild and of short duration. 
Additionally, it remains to be determined if parathyroid 
gland CaR mRNA levels are altered in adenomatous 
parathyroid glands in which a right-shift in set-point is more 
consistently observed (Brown et al., 1979; D'Amour et al., 
1994). 

Materials and methods 

Animals and diets 

Normal male Sprague-Dawley rats (Harlan Sprague Dawley, 
Madison, Wl) were used in these studies. They were housed 
in hanging wire cages and permitted unrestricted access to 
deionized water and food. The rats in which the effects of 
CRI on CaR gene expression were to be tested (Experiment 
1) weighed "~250 g upon receipt and were fed commercial 
rodent chow (Purina no. 5001), which contains 0.95% cal- 
cium, 0.67% phosphorus, 23% protein and 4.5 I.U. vitamin 
D/g. The rats in which the effects of Ca-deficiency were to be 
tested (Experiment 2) weighed "--100g. From the time of 
receipt they were fed a semi-synthetic diet (Teklad, Madison, 
WI) which contained 0.5% phosphorus and 2.2 I.U. vitamin 
D3/g and either 0.8% Ca (TD87092; normal-Ca group) or 
0.02% Ca (TD88050; low-Ca group). All experimental proce- 
dures were approved by the NPS Institutional Animal Care 
and Use Committee. 

Experiment 1. Regulation o f  set-point and CaR gene 
expression in chronic renal insufficieno" 

The rats were anesthetized with a combination of ketamine 
(90 mg/kg) and xylazine (7 mg/kg) injected intramuscularly. 
CRI was induced by a one-stage subtotal (5/6) nephrectomy 
which involved removal of  one kidney and ligation and 
excision of the poles of the contralateral kidney. Control rats 
were subjected to a sham-operation which involved exposure 
of both kidneys and subsequent closure of the two separate 
flank incisions. 2~ was allowed to develop over the fol- 
lowing 6 weeks. Then, the animals which were to be used in 
the set-point determinations were reanesthetized with the 
ketamine/xylazine cocktail described above and polyvinyl 
catheters were implanted chronically in the abdominal aorta 
(blood sampling) and inferior vena cava (infusions) as des- 
cribed previously (Fox, 1990). The animals were allowed to 
recover for 3 days prior to the determination of the set-point 
(Fox, 1991). Briefly, following the collection of a basal blood 

sample, hypocalcemia (0.8 to 0.9 raM) was induced over 30 to 
45 min by the i.v. infusion of EGTA. Then plasma Ca -'+ 
levels were increased over 2 to 2.5 h to "~ 1.5 mM, initially by 
progressively reducing the EGTA infusion rate and subse- 
quently by infusing Ca gluconate at a progressively increas- 
ing rate. Blood samples (0.8 ml) were collected at "~0.1 mM 
intervals (about every 15min) as plasma Ca -'+ levels were 
raised. Plasma Ca -'+ levels were measured immediately. 
Plasma was prepared and stored at -20~  for subsequent 
PTH assay. For each blood sample, after removal of the 
plasma sample, the red cell pellet was resuspended in an 
equal volume of normal rat plasma and returned to the study 
animals. 

At least 3 days after the set-point determination and 7 
weeks after the surgical induction of CRI, both catheterized 
and unstudied rats were anesthetized with the ketamine/ 
xylazine cocktail and killed by exsanguination by cardiac 
puncture into a heparinized syringe. Plasma Ca ~'+ levels were 
measured immediately and plasma was stored at -20~ 
prior to additional analysis. With the aid of a dissecting 
microscope, the parathyroid glands were separated from 
associated thyroid tissue, frozen quickly on dry ice, and 
stored at -90~ until analysis. 

Experiment 2. Regulation o f  set-po&t and CaR gene 
expression by dietary Ca deficiency 

The rats were fed the normal- and low-Ca diets described 
above for 5 weeks. Then, five animals from each dietary 
group were catheterized and subjected to a determination of 
the set-point essentially as described in Experiment 1. Most 
of the rats fed the Ca-deficient diet were already markedly 
hypocalcemic and did not require an EGTA infusion to 
initially lower their plasma Ca 2+ levels. Thus, in contrast to 
the rats with CRI studied in Experiment 1 and those fed the 
normal-Ca semi-synthetic diet, most rats fed the low-Ca diet 
started this experiment with an i.v. Ca gluconate infusion. 
However, the majority of the animals in Experiment 2 did 
not tolerate the procedure and exhibited signs of distress 
when plasma Ca 2+ levels reached ~ 1.1 to 1.2 mM. They were 
euthanized before the experiment was completed. The 
reasons for the problems during the Ca infusions are unclear. 
Initially, we thought that the Ca infusions may induce severe 
hypophosphatemia, particularly in the low-Ca group which 
have a severely demineralized skeleton. However, the rats fed 
the semi-synthetic normal-Ca diet in which the initial 
hypocalcemia had to be induced by EGTA infusion reacted 
similarly and subsequent measurements indicated that plasma 
phosphate levels actually tended to increase during the Ca 
infusions (data not shown). Whatever the reasons for the 
unanticipated adverse reaction, particularly because no 
dil~culties were encountered in chow-fed rats with CRI, and 
in aged rats studied previously (Fox, 1991), assessment of  the 
set-point in this experiment was impossible. The remaining 
unstudied rats were anesthetized and blood samples and 
parathyroid glands were collected for analysis as described in 
Experiment 1 above. 

Analyses 

CaR mRNA levels were quantified using a solution hyb- 
ridization assay described in detail previously (Rogers et al., 
1995). Briefly, individual pairs of parathyroid glands were 
homogenized and total nucleic acid was extracted with 
phenol/chloroform and precipitated with ethanol. The RNA 
was hybridized to a 1.2 kb 32p-labeled riboprobe complemen- 
tary to -199 to 994 bp of rat kidney CaR (RaKCaR) mRNA 
(Riccardi et aL, 1995). Synthetic full length RaKCaR mRNA 
was used to generate a standard curve. After hybridization, 
samples were treated with RNase to digest unhybridized 
probe. Hybrids were precipitated with trichloroacetic acid, 
collected on filters, and radioactivity was determined. 
Parathyroid gland CaR mRNA levels were normalized per pg 
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DNA to ensure that the measured concentrations would not 
be influenced by the variable hyperplasia that occurs in the 
parathyroid glands of  rats with 2~ 

Plasma Ca"* levels were measured immediately after col- 
lection on duplicate 35 p.l samples of  heparinized whole blood 
using a Ciba Corning model 634 ionized Ca analyzer. Plasma 
PTH levels were measured using a rat PTH immuno- 
radiometric assay kit (Immutopics, San Clemente, CA). 
Plasma PTH levels are expressed as pg-equivalents of  rat 
P T H - ( I - 3 4 )  per ml. Plasma 1,25(OH)2D3 levels were meas- 
ured using a calf thymus radioreceptor assay kit (Nichols 
Institute, San Juan Capistrano, CA), BUN levels using a kit 
(Sigma no. 640-A) and plasma phosphate levels using the 
method of  Chen et al. (1956). D N A  was determined by 
fluorometric Hoechst stain assay (Labarca & Paigen, 1980). 

All data are expressed as means + S.E. The significance of  

differences between groups was determined by t-test. Curves 
were fit to the plasma Ca 2+ vs. PTH data from the set point 
studies in Experiment  1 with the four-parameter model des- 
cribed by Brown (1983) using commercial software 
(KaleidaGraphrM; Synergy Software, Reading, PA). 
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